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

(Part 2)
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Penetration of the blood-brain barrier or blood-cerebrospinal fluid

barrier is necessary if a drug is to achieve the required concentration for

a desired pharmacological effect. Efflux transport systems at such barriers

provide protection for the CNS by removing drugs from the brain or

cerebrospinal fluid, and transferring them to the systemic circulation. In

Part 2 of this review, in vivo and in vitro studies of efflux transport via these

barriers are discussed, with reference to the transporters previously

described in Part 17.
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V Efflux transport of organic cations and
neutral compounds across the BBB

Two studies23 have investigated the mecha-
nism that restricts the brain penetration of
doxorubicin and cyclosporin A by using
rats with transient brain ischemia, caused
by occlusion of the vertebral and common
carotid arteries. The brain uptake clearance of
cyclosporin A and doxorubicin determined by
an in situ brain perfusion technique demon-
strated a threefold (from 100 to 315 pl min-1)
and a 17-fold increase (from 14 to 243 ul min-1)
under such conditions, respectively?3. There
was no significant difference in the brain up-
take clearance of [4C]sucrose after occlusion
compared with that in rats without the occlu-
sion. This suggests that the increase in the
brain uptake clearance of doxorubicin and cy-
closporin A caused by brain ischemia cannot
be attributed to an increase in non-specific
transport via the paracellular route23. This
was further supported by the observation that
the brain uptake clearance of doxorubicin
returned to normal after 30 min and 24 h of

cerebral recirculation of blood following tran-
sient ischemia2. ATP concentration in the
brain, measured 20 min after occlusion, was
reduced to 3% of the value in rats without
occlusion, and returned to normal after the
recirculation of blood? The brain uptake
clearance of doxorubicin was inversely corre-
lated with the ATP concentration in the brain,
which was confirmed in vitro using primary
cultured bovine brain capillary endothelial
cells (BCECs)2. These results suggest that the
mechanism restricting the brain uptake of these
drugs is located at the blood-brain barrier
(BBB) and is driven by ATP.

Some drugs can also increase the brain up-
take of other drugs from the blood. For exam-
ple, when quinidine was administered via a
microdialysis probe implanted into rat brain,
the brain uptake of cyclosporin A increased
twofold3 during single-pass after bolus-input
to the carotid artery (brain uptake index
method#). Furthermore, verapamil, cyclosporin
A and progesterone increase the intracellular
accumulation of vincristine in bovine and rat
primary cultured BCEC56. Correspondingly,
verapamil inhibits the efflux of vincristine
from the primary cultured BCEC’. Two stud-
ies used immortalized mouse BCEC (known
as MBEC4) cultured on a porous membrane,
and measured the transcellular transport
of vincristine and cyclosporin A (Refs 7,8).
Basal-apical transport of these compounds
was greater compared with transport from the
opposite direction and was reduced in the
presence of verapamil”.8. This in vitro trans-
port might correspond to in vivo brain-blood
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Table 1. K, ,.i, values in Mdrla(-/-) and Mdrla(+/+) mice after intravenous injection of various drugs
Drugs Ko brain Ratio Time (h) after Ref.
(Ko, brain, ko Kp, brainwt) administration
Mdrla(-/-) Mdrla(+/+)

Asimadoline? 2.9 0.31 9.4 1 39
Cyclosporin A 3.3 0.3 11.0 4 40
Dexamethasone 0.7 0.3 2.3 4 40
Digoxin 1.5 0.08 18.8 4 40
Doxorubicin 0.0025 0.00077 3.2 1 41
FK506P 16.4 2.73 6.0 5 42
Grepafloxacinb.< 1 0.34 2.9 2 43
HSR903 0.96 0.38 2.5 2 16
Indinavir 17.0 1.6 10.6 4 44
Ivermectin 0.59 0.041 14.4 4 45
Loperamide 2.0 0.3 6.7 4 18
Morphine 0.72 0.47 1.5 4 40
Ondansetron 1.9 0.5 3.8 0.5 18
Quinidine 4.8 0.2 24.0 0.16 15
SDZ PSC833 1.2 0.6 2.0 4 46
Sparfloxacinb.c 0.54 0.14 3.9 2 43
Verapamil 3.3 0.4 8.3 1 17
Vinblastine 18.7 1.7 11.0 4 10
Colchicined 1 0.26 3.8 13

Drugs were administered intravenously to both wild-type and Mdr1a or Mdr1a/Mdr1b double knockout mice. Plasma and brain concentrations were determined at

the time of death. K
aKp,brain

bK
p,brain
cMdr1a/Mdr1b double knockout mice were used for this experiment.

p,brain
of asimadoline is the tissue:blood concentration ratio.

was obtained by dividing the amount associated with the brain by the plasma concentration.

values of grepafloxacin and sparflocaxin were evaluated using plasma unbound concentration.

dThe brain uptake clearance of colchicine was determined using an in situ brain perfusion technique.

transport, if the apical localization of P-glycoprotein on
MBEC4 cells is taken into consideration!”. These results
suggest that an active efflux transport system at the
BBB is responsible for extruding drugs into the systemic
circulation.

The drugs described in this section are either substrates
or inhibitors of P-gp, and the anti-human P-gp neutralizing
antibody, MRK-16, increases the intracellular accumu-
lation of cyclosporin A in primary cultured bovine BCECs?.
Taken together, these facts suggest that P-gp plays a role in
BBB function.

Studies using Mdr1a and Mdr1a/Mdr1b knockout
mice

The Mdrla and Mdr1b isoforms of P-gp are primary active
transporters with broad substrate specificity that confer
multidrug resistance to cells, as discussed in Part 1 of this
review!l. Mdrla and Mdrla/Mdr1b double knockout mice
have been generated by Schinkel and coworkers? 10, In ad-
dition, Umbenhauer and colleagues have found naturally
occurring subpopulations of CF-1 mice that are Mdrla-
deficient!!. No expression of P-gp in the BBB and the small

intestine was observed in Mdrla knockout micel0.12, but
the expression of Mdr1b in the liver and kidney was found
to be increased!0, Furthermore, Mdrla knockout mice
and Mdrla-deficient CF-1 mice are much more sensitive
(3-100-fold) than normal mice to the neurotoxicity caused
by avermectins, such as abamectin and ivermectin, and
to vinblastinel®12, The brain uptake of ivermectin and
vinblastine is markedly increased 26-fold and 11-fold,
respectively, in Mdrla knockout micel0.12,

Two studies have confirmed that the integrity of the BBB
is maintained in Mdrla knockout mice and Mdrla-deficient
CF-1 mice by comparing the brain-plasma partition coeffi-
cient (K, pin) Of fluorescein and fluorescein-dextran-4000
with the vascular volume of sucrose and inulin, respec-
tively!3.14. The brain concentration of P-gp substrates was
increased significantly in knockout mice compared with
that in normal mice (Table 1)10.13,15-18 Although the brain
uptake was expressed as K , a significant difference was
still observed (Table 1).

To examine the role of P-gp at the BBB, the alteration of
the plasma concentration-time profile should be consid-
ered. Prolonged plasma elimination, caused by a lack of

p, brain
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P-gp-mediated biliary and urinary excretion, might con-
tribute, at least in part, to the increase in brain concen-
tration. Dagenais and coworkers evaluated the brain
uptake clearance of colchicine using an in situ brain perfu-
sion technique, and found that it increased by two- to
four-fold in Mdrla-deficient CF-1 mice compared with
normal mice!3. These results further suggest that P-gp is
involved in one of the barrier transport mechanisms at the
BBB.

Efflux transport of organic anions across the BBB

In vivo studies using an intracerebral microinjection
technique

As described previously!, two studies have found that the
efflux of 1-napthyl-17B-glucuronide (N17BG), and the
cyclic peptide RC160, following injection into the cerebral
cortex, is carrier mediated!?20. Using the brain efflux index
(BEI) technique, it was demonstrated that the efflux trans-
port of p-aminohippurate (PAH), azidodeoxythymidine
(AZT), dideoxyinosine (DDI), taurocholate (TCA) and the
endothelin antagonist BQ123 is also carrier-mediated?2!-23.
Although AZT and DDI are nucleoside analogues and are
not negatively charged, their efflux from the brain is
thought to be via the same efflux transport system as for
organic anions22. After injection, these drugs are elimi-
nated from the brain with a rate constant value of 0.059
(PAH), 0.032 (AZT), 0.025 (DDI), 0.023 (TCA) and 0.078
(BQ123) min-1, respectively?1-23, The saturable component
of the barrier accounted for a major proportion of the total
efflux of TCA and PAH from the brain, and 50%-60% of
the total efflux of BQ123 and DDI (Refs 21-23). The appar-
ent K, values of PAH, TCA, BQ123 and DDI, which were
determined using the concentration of non-radiolabeled
ligand in the injectate, were 2.4, 0.4 and 2.9 nmol/0.2 ul
injectate and 0.8 nmol/0.5 pl injectate, respectively21-23,
The quantity of residual AZT radioactivity in the brain was
increased only slightly in the presence of a high substrate
concentration and organic anions, such as probenecid,
PAH and benzylpenicillin, which suggests that transporters
for organic anions might make only a minor contribu-
tion?22.

Because TCA and BQ123 inhibited each other’s elimi-
nation from the brain following injection?3, it is possible
that they are eliminated from the brain via the same mech-
anism. Furthermore, because the efflux of TCA via the BBB
is not inhibited by PAH at 10 nmol/0.2 ul injectate, which
is the concentration sufficient to saturate PAH efflux via the
BBB, then the efflux transport system for TCA might differ
to that for PAH21.23, These results suggest the existence of at
least two efflux transport mechanisms at the BBB for TCA
and BQ123, and for PAH. The organic anion transporter

208

DDT Vol. 6, No. 4 February 2001

polypeptide 2 (Oatp2) is expressed at the plasma membrane
of isolated rat brain capillary, and, because Oatp2 accepts
TCA and BQ123 as substrates24, it is a possible transporter
involved in the efflux of these compounds from the brain!.

Primary active transport in immortalized BCECs
A primary active transporter that restricts brain uptake of
organic anions at the BBB has not yet been identified. In a
series of studies carried out using MBEC4 cells25.26, the uptake
of glutathione (GSH) conjugates, such as dinitrophenyl-
S-glutathione (DNP-SG) and leukotriene C, (LTC,), into
membrane vesicles was stimulated by ATP, but not by
ADP or AMP25. Reduction of the ATP-dependent uptake of
DNP-SG caused by an ATPase inhibitor, vanadate, suggests
the involvement of a primary active transporter2s.
Monochlorobimane (MCB) is an agent used to measure
the intracellular content of reduced-GSH. MCB undergoes
conjugation with GSH inside cells to form glutathione-
bimane (GS-B), which is fluorescent. When MBEC4 cells
are cultured on a porous membrane, GS-B is preferentially
excreted into the apical side2¢. As the concentration of
MCB in the medium increased, the excretion of GS-B into
the basal side was significantly increased compared with
the apical side26. This result can be accounted for by the
difference in the affinity of GS-B for two different trans-
porters, because kinetic analyses using membrane vesicles
prepared from MBEC4 cells revealed that there are two
binding sites for the ATP-dependent uptake of GS-B
(Ref. 26). It has been suggested that these high- and low-
affinity sites correspond to transporters on the apical and
basal membrane, respectively, and that excretion into the
apical side is saturated even at the lowest concentration of
MCB. The expression of multidrug resistance-associated
protein (Mrp1) has been confirmed in MBEC4 cells by RT-
PCR and Western blot analysis?5, and it has been proposed
that Mrp1 is responsible for the efflux transport of GSH
conjugates on the apical side. The transporter on the basal
side remains unidentified: as discussed in Part 1 of this
review!, MRP1 expression at the BBB is debatable.

Efflux transport via the blood-cerebrospinal fluid
barrier

The blood-cerebrospinal fluid barrier (BCSFB) consists of
choroid epithelial cells that are tightly connected to each
other and polarized to form brush-border and basolateral
membranes27.28. The brush-border membrane of choroid
epithelial cells faces the cerebrospinal fluid (CSF) (Fig. 1).
CSF fills the ventricle and bathes the brain, and is secreted
from the choroid plexus and absorbed into the venous
blood flow through the arachnoid membrane, which
results in a physiological flow (bulk flow). In the rat, this
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(a) Blood-brain barrier (b) Blood-CSF barrier (c) Capillaries in other tissues
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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.

bulk flow rate is 2.9 ul min-1, therefore, the CSF (250 ul per
rat) is replaced every 2-3 h. The efflux transport of organic
anions from the CSF has been characterized in vivo by cere-
broventricular—cisternal perfusion and intracerebroventric-
ular administration27.28, In addition to bulk flow, there are
two elimination routes from the CSF, via the choroid
plexus and ependyma surface2’.28. The elimination from
the CSF via the choroid plexus consists of two steps: up-
take from the CSF to the choroid plexus via the brush-
border membrane, followed by excretion from the cell to
the circulating blood through the basolateral membrane

(Fig. 1).

Efflux transporters for organic anions on the choroid
plexus

Organic anion transporting polypeptide 1 (Oatpl) is lo-
cated on the brush-border membrane of the choroid
plexus, whereas Oatp2 and Mrp1 are on the basolateral
membrane in rat (Fig. 2)!. The elimination of estradiol-17§-
glucuronide (E,17BG, a typical substrate of Oatpl, Oatp2
and Mrpl) from the CSF is more rapid than the bulk flow
rate after intracerebroventricular administration, and elim-
ination can be inhibited by probenecid?. N17BG is also
eliminated from the CSF and this efflux is saturated at high
substrate concentration!. These organic anion trans-
porters are considered to be responsible for the efflux of
E,17B8G and N178G from the CSF into the systemic circu-
lation. Furthermore, because benzylpenicillin does not in-
hibit the uptake of E,17BG into the isolated rat choroid

plexus, the uptake mechanism of benzylpenicillin is
thought to be different from that of E,178G (Ref. 29). In
terms of driving force, the uptake mechanism of 2,4-
dichlorophenoxyacetate (2,4D) is also thought to be differ-
ent from that of E,17BG (Ref. 30). Whether benzylpenicillin
and 2,4D share the same uptake mechanism in the choroid
plexus remains to be clarified, and, as yet, no information
regarding their mechanism of excretion at the choroid
plexus is available.

Studies using Mrp1 knockout mice

Studies using Mrp1 knockout mice could aid our under-
standing of the role of human MRP1 at the BCSFB.
Sensitivity to etoposide is increased in Mrpl knockout
mice31. Because etoposide is a substrate of P-gp, Wijnholds
and colleagues investigated the role of Mrpl using
Mdrla/Mdrlb double knockout mice and Mrpl/Mdrla/
Mdr1b triple knockout mice32. CSF was collected during
the experiment using a perfusion technique after intra-
venous administration of etoposide, and the plasma and
brain concentrations of etoposide were determined at the
time of death32. There was no significant difference in
plasma and brain concentrations of etoposide between the
double and triple knockout mice, suggesting a minor role
for Mrpl in barrier function at the BBB, at least where
etoposide is concerned. However, the CSF concentration
of etoposide in Mrp1/Mdrla/Mdr1b triple knockout mice
was significantly increased: eightfold relative to the CSF
concentration in the double knockout mice and threefold
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Figure 2. A possible scheme for efflux transporter systems for organic anions at the blood-
cerebrospinal fluid barrier of rat is shown. Oatp1 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-17B3-glucuronide (E,17BG) and 1-naphthyl-17f3-
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 Oatp1.
Abbreviations: OA, organic anion; Oatp1, organic anion transporting polypeptide 1;
Oatp2, organic anion transporting polypeptide 2; Oat 1, organic anion transporter 1;
Mrp1, multidrug resistance associated protein 1; UGT, UDP-glucuronosyl! transferase; GST,
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with a value determined previously in
vivo (43 um)?7. A metabolic inhibitor,
dinitrophenol, reduces the uptake of
benzylpenicillin, which suggests the
involvement of active transport?’. An
outward-concentration gradient was
produced by preloading anions, such
as Cl°, HCO,, SCN™ and SO,?, into
the ATP-depleted choroid plexus, and
the uptake of benzylpenicillin was
measured?’. A stimulatory effect with
preloaded CI” or HCOj;', but not with
other anions, was observed for ben-
zylpenicillin uptake into the choroid
plexus. These anions are, therefore,
candidates for the driving force
behind benzylpenicillin uptake into
the choroid plexus (Fig. 2)27. The sub-
strate specificity of this uptake system
has been examined kinetically by
comparing K, and K, values. In addi-
tion to B-lactam antibiotics, cefodiz-
ime (a cephalosporin antibiotic),
fleroxacin (a quinolone antibiotic),
fluorescein, phenol red and riboflavin
(Vitamin B,) share the same efflux
transport system as benzylpenicillin
(Fig. 2)33-35, although the transporter

glutathione transferase; LTC,, leukotriene C,; 2,4 D, 2,4-dichlorophenoxyacetate.

responsible for this has not yet been

relative to the brain concentration in the triple knockout
mice. This can be accounted for by the reduction of efflux
from CSF in the triple knockout mice. Further studies are
required to quantitate the contribution of Mrpl to the
elimination of a substrate of Mrpl from the CSF, com-
paring either the double and triple knockout mice, or
wild-type and Mrp1 knockout mice.

Uptake mechanism of benzylpenicillin into the
choroid plexus

In vivo studies using techniques such as cisternal-magna
perfusion and intracerebroventricular administration have
revealed that there is an efficient efflux transport system in
the choroid plexus that removes 50% of benzylpenicillin
during a single pass in the dog, and accounts for 64%
of total efflux from the CSF in the rat?’. The uptake of
benzylpenicillin into the choroid plexus has been charac-
terized in vitro using isolated rat choroid plexus?’. The K,
value for the uptake of benzylpenicillin into the rat choroid
plexus was determined to be 64 um, which is consistent
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identified.

Uptake mechanism of 2,4D into the choroid plexus
The uptake of 2,4D into the isolated rabbit choroid plexus
is saturable (K, value = 72 pm) and inhibited by probenecid
and salicylate36. These in vitro results are consistent with in
vivo observations: 2,4D undergoes more rapid elimination
from the CSF than inulin, and the elimination of 2,4D
from CSF is inhibited by salicylate3¢. The inhibitory effect
of the Na*/K" uptake inhibitor, ouabain, suggests the partial
involvement of a sodium-dependent uptake mechanism.
Pritchard and coworkers found that glutarate stimulated
the uptake of 2,4D into rat isolated choroid plexus, and
that this was dependent on extracellular sodium39. In addi-
tion, an outwardly directed gradient of glutarate across the
membrane stimulated the initial uptake of 2,4D into
brush-border membrane vesicles prepared from choroid
plexus30. Because a sodium-dependent uptake system of
glutarate is located on the brush-border membrane3?, the
uptake mechanism of 2,4D is thought to be driven by
glutarate, which is accumulated by the sodium-glutarate
co-transporter (Fig. 2)30. This transport property is similar
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to the organic anion transporter

(OAT1)!. Although Pritchard and | (@ 8004 @ B 20

coworkers have demonstrated that ~ 6004 @ ‘?‘E 15
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choroid plexus39, the expression of 2001 @ g °

OAT1 in the choroid plexus has not 0 - : . . . 04

been confirmed. Whether OAT1 ac- 0 10 20 30 40 50 Basal Apical
cepts 2,4D as a substrate also remains Incubation time (min)

to be elucidated. Drug Discovery Today

Excretion of conjugated

metabolites across the basolateral
membrane of the choroid plexus
The enzymatic activity of glu-
curonidation  (UDP-glucuronosyl
transferase; UGT) per unit weight of
tissue in the choroid plexus is as high
as that in the liver3’. Therefore, this

Figure 3. A monolayer of rat choroid epithelial cells was cultured on a porous membrane
and incubated in the presence of 1-napthol. The excreted amount of 1-naphthol-17§-
glucuronide (N17BG) was determined every 10 min. The time-profiles of the cumulative
excretion (red, apical; blue, basal) of N17BG are shown in (a). The excretion rate was
obtained from the profile of the cumulative excretion amount of N178G.

(b) N17BG formed in the choroid epithelial cells was preferentially excreted into the basal
side. The excretion rate of N17BG into the basal side is ~threefold greater than that into the
apical side. This suggests that UDP-glucuronosy! transferase and efflux transporters play a
role in restricting the entry of xenobiotics into the cerebrospinal fluid. Figure reproduced,
with permission, from Ref. 38.

suggests that xenobiotics undergo
glucuronidation in the choroid plexus
followed by efflux into the systemic circulation. Strazielle
and coworkers evaluated the excretion of N17BG from pri-
mary cultured rat choroid epithelial cells by loading them
with 1-naphthol38. The cumulative amount of N178G ex-
creted into the basal side was threefold greater than that
into the apical side (Fig. 3)38. This difference corresponds
to the difference in efflux transport activities. The excre-
tion of N178G into basal side medium was inhibited by
probenecid, suggesting the involvement of a transporter3s:
Mrpl and Oatp2 are thought to be responsible for this
excretion.

Concluding remarks
The efflux transport processes at the BBB and BCSFB,
which are major factors determining the brain concen-
tration of drugs has been summarized. Kinetic analyses re-
vealed that active efflux from the brain or CSF maintains
drug concentrations in the CNS at a lower level than the
unbound concentration in the blood. To date, a number of
transporters have been identified. P-gp has been shown to
restrict the penetration of drugs into the brain. Some trans-
porters such as Oatpl, Oatp2 and MRP1 are thought to be
involved in the elimination of drugs from the brain and
CSE. Further studies are required to confirm whether these
transporters are able to completely explain CNS drug
disposition.

Gene expression systems of human transporters are use-
ful tools for examining their transport properties in vitro.
To extrapolate the results obtained from in vitro studies to

in vivo quantitatively, the contribution of each transporter
to the total efflux transport must be evaluated. Primary
cultures and immortalized cell lines have served as in vitro
models of the barriers. However, dedifferentiation of
BCECs when they are cultured or immortalized is a major
problem, which will influence the down- and up-regu-
lation of transporters, transport via the paracellular route
and transendothelial electrical resistance. Further studies
are required to confirm whether these in vitro models
maintain expression of transporters, and, hence, are valuable
in the study of barrier function.

References

1 Kusuhara, H. and Sugiyama, Y. (2001) Efflux transport systems for drugs
at the blood-brain barrier and blood-cerebrospinal fluid barrier (Part 1).
Drug Discov. Today 6, 150-156

2 Ohnishi, T. et al. (1995) In vivo and in vitro evidence for ATP-
dependency of P-glycoprotein-mediated efflux of doxorubicin at the
blood-brain barrier. Biochem. Pharmacol. 49, 1541-1544

3 Sakata, A. et al. (1994) In vivo evidence for ATP-dependent and
P-glycoprotein-mediated transport of cyclosporin A at the blood-brain
barrier. Biochem. Pharmacol. 48, 1989-1992

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

5 Tsuji, A. et al. (1992) P-glycoprotein as the drug efflux pump in primary
cultured bovine brain capillary endothelial cells. Life Sci. 51, 1427-1437

6 Barrand, M.A. et al. (1995) Comparisons of P-glycoprotein expression in
isolated rat brain microvessels and in primary cultures of endothelial
cells derived from microvasculature of rat brain, epididymal fat pad and
from aorta. FEBS Lett. 374, 179-183

7 Tatsuta, T. et al. (1992) Functional involvement of P-glycoprotein in
blood-brain barrier. J. Biol. Chem. 267, 20383-20391

211



reviews

8

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

research focus

Shirai, A. et al. (1994) Transport of cyclosporin A across the brain
capillary endothelial cell monolayer by P-glycoprotein. Biochim.
Biophys. Acta 1222, 400-404

Schinkel, A.H. et al. (1997) Normal viability and altered
pharmacokinetics in mice lacking mdr1-type (drug-transporting)
P-glycoproteins. Proc. Natl. Acad. Sci. U. S. A. 94, 4028-4033

Schinkel, A.H. et al. (1994) Disruption of the mouse mdrla
P-glycoprotein gene leads to a deficiency in the blood-brain barrier and
to increased sensitivity to drugs. Cell 77, 491-502

Umbenhauer, D.R. et al. (1997) Identification of a P-glycoprotein-
deficient subpopulation in the CF-1 mouse strain using a restriction
fragment length polymorphism. Toxicol. Appl. Pharmacol. 146, 88-94
Lankas, G.R. et al. (1997) P-glycoprotein deficiency in a subpopulation
of CF-1 mice enhances avermectin-induced neurotoxicity. Toxicol. Appl.
Pharmacol. 143, 357-365

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

De Lange, E.C. et al. (1998) BBB transport and P-glycoprotein
functionality using MDR1A (-/-) and wild-type mice. Total brain versus
microdialysis concentration profiles of rhodamine-123. Pharm. Res. 15,
1657-1665

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

Hendrikse, N.H. et al. (1998) Complete in vivo reversal of P-glycoprotein
pump function in the blood-brain barrier visualized with positron
emission tomography. Br. J. Pharmacol. 124, 1413-1418

Schinkel, A.H. et al. (1996) P-glycoprotein in the blood-brain barrier of
mice influences the brain penetration and pharmacological activity of
many drugs. J. Clin. Invest. 97, 2517-2524

Leininger, B. et al. (1991) In vivo study of the elimination from rat brain
of an intracerebrally formed xenobiotic metabolite, 1-naphthyl-p-p-
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. (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

Reichel, C. et al. (1999) Localization and function of the organic anion-
transporting polypeptide Oatp2 in rat liver. Gastroenterology 117, 688-695
Kusuhara, H. et al. (1998) Characterization of efflux transport of
organic anions in a mouse brain capillary endothelial cell line.

J. Pharmacol. Exp. Ther. 285, 1260-1265

Homma, M. et al. (1999) High-affinity efflux transport system for
glutathione conjugates on the luminal membrane of a mouse brain
capillary endothelial cell line (MBEC4). J. Pharmacol. Exp. Ther. 288,
198-203

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

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

212

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

DDT Vol. 6, No. 4 February 2001

Nishino, J. et al. (1999) Transepithelial transport of organic anions
across the choroid plexus: possible involvement of organic anion
transporter and multidrug resistance-associated protein. J. Pharmacol.
Exp. Ther. 290, 289-294

Pritchard, J.B. et al. (1999) Mechanism of organic anion transport
across the apical membrane of choroid plexus. J. Biol. Chem. 274,
33382-33387

Wijnholds, J. et al. (1997) Increased sensitivity to anticancer drugs and
decreased inflammatory response in mice lacking the multidrug
resistance-associated protein. Nat. Med. 3, 1275-1279

Wijnholds, J. et al. (2000) Multidrug resistance protein 1 protects the
choroid plexus epithelium and contributes to the blood-cerebrospinal
fluid barrier. J. Clin. Invest. 105, 279-285

Ooie, T. et al. (1996) Characterization of the transport properties of a
quinolone antibiotic, fleroxacin, in rat choroid plexus. Pharm. Res. 13,
523-527

Nohjoh, T. et al. (1989) Transport of cefodizime, a novel third
generation cephalosporin antibiotic, in isolated rat choroid plexus.

J. Pharmacol. Exp. Ther. 250, 324-328

Hakvoort, A. et al. (1998) Active transport properties of porcine choroid
plexus cells in culture. Brain Res. 795, 247-256

Kim, C.S. et al. (1983) Saturable accumulation of the anionic herbicide,
2,4-dichlorophenoxyacetic acid (2,4D), by rabbit choroid plexus: early
developmental origin and interaction with salicylates. J. Pharmacol. Exp.
Ther. 225, 699-704

Ghersi-Egea, J.F. et al. (1994) Localization of drug-metabolizing enzyme
activities to blood-brain interfaces and circumventricular organs.

J. Neurochem. 62, 1089-1096

Strazielle, N. and Ghersi-Egea, J.F. (1999) Demonstration of a coupled
metabolism-efflux process at the choroid plexus as a mechanism of
brain protection toward xenobiotics. J. Neurosci. 19, 6275-6289
Jonker, J.W et al. (1999) Role of blood-brain barrier P-glycoprotein in
limiting brain accumulation and sedative side effects of asimadoline, a
peripherally acting analgesic drug. Br. J. Pharmacol. 127, 43-50
Schinkel, A.H. et al. (1995) Absence of the Mdrla P-glycoprotein in
mice affects tissue distribution and pharmacokinetics of
dexamethasone, digoxin and cyclosporin A. J. Clin. Invest. 96,
1698-1705

van Asperen, J. et al. (1996) Altered pharmacokinetics of vinblastine in
Mdrla P-glycoprotein deficient mice. J. Natl. Cancer Inst. 88, 994-999
Yokogawa, K. et al. (1999) P-glycoprotein-dependent disposition
kinetics of tacrolimus: studies in Mdr1 knockout mice. Pharm. Res. 16,
1213-1218

Tamai, I. et al. (2000) Limited distribution of new quinolone
antibacterial agents into brain caused by multiple efflux transporters at
the blood-brain barrier. J. Pharmacol. Exp. Ther. 295, 146-152

Kim, R.B. et al. (1998) The drug transporter P-glycoprotein limits oral
absorption and brain entry of HIV-1 protease inhibitors. J. Clin. Invest.
101, 289-294

Schinkel, A.H. et al. (1995) Multidrug resistance and the role of
P-glycoprotein knockout mice. Eur. J. Cancer 31A, 1295-1298
Desrayaud, S. et al. (1998) Effect of the Mdrla P-glycoprotein gene
disruption on the tissue distribution of SDZ PSC 833, a multidrug
resistance-reversing agent, in mice. J. Pharmacol. Exp. Ther. 285,
438-443

DDT online

e High quality printouts (from PDF files)
e Links to other articles, other journals and cited software
and databases

http://www.drugdiscoverytoday.com



