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Purpose. The purpose of this study was to characterize the function of
multidrug resistance-associated proteins (MRPs) (or MRP-like or-
ganic anion transport systems) in the blood-brain barrier (BBB) and
blood-cerebrospinal fluid barrier (BCSFB) using both an in vitro
BBB model and an in vivo microdialysis model.
Methods. In vitro functional studies were performed using bovine
brain microvessel endothelial cells (BBMEC). The accumulation of
fluorescein, an anionic fluorescent dye, in BBMEC was determined
with and without the presence of inhibitors of various efflux transport
proteins. In vivo microdialysis simultaneously monitored fluorescein
concentrations in cortical extracellular fluid and cerebrospinal fluid.
The effect of probenecid on the in vivo distribution of fluorescein was
studied using a balanced crossover design in the rat.
Results. In vitro experiments showed that probenecid, indomethacin,
LY-329146, and all MRP inhibitors significantly increased (two- to
threefold) the accumulation of fluorescein in BBMEC, whereas LY-
335979, a P-gp inhibitor, had no effect on the accumulation of fluo-
rescein. Probenecid significantly increased fluorescein plasma con-
centration and the plasma free fraction in vivo. The distribution of
fluorescein across the BBB and BCSFB was enhanced by 2.2- and
1.9-fold, respectively, when probenecid was coadministered, even af-
ter correction for increased fluorescein plasma concentrations and
free fraction.
Conclusions. These results demonstrate that MRPs or MRP-like
transport system(s) may play an important role in fluorescein distri-
bution across both BBB and BCSFB. This study showed that micro-
dialysis proved to be a powerful in vivo technique for the study of
transport systems in the central nervous system, and in vitro/in vivo
correlations are possible using these model systems.

KEY WORDS: microdialysis; fluorescein; probenecid; multidrug re-
sistance-associated protein; blood-brain barrier; blood-CSF barrier.

INTRODUCTION

Transport systems at the blood-brain barrier (BBB) and
blood-cerebrospinal fluid barrier (BCSFB) are important in

regulating the concentration of drugs in the central nervous
system (CNS). It has long been recognized that acidic com-
pounds can be removed from the CNS by organic anion trans-
port systems located at the choroid plexus epithelium
(BCSFB) and brain capillary endothelium (BBB). The puta-
tive physiological function of these efflux transport systems
includes, but is not limited to, the transport of glucuronide
and glutathione conjugates, inflammatory mediators (e.g.,
leucotriene C4) (1), acid metabolites of neurotransmitters (2),
and xenogenous neurotoxins (3). Previous studies also sug-
gest that these organic anion transporters are involved in the
efflux clearance of therapeutic compounds from the CNS,
such as zidovudine (4).

Recently, the molecular biology of organic anion trans-
port proteins (Oatps) at the BBB and BCSFB has been un-
dertaken, and several transport protein families have been
recognized, such as the multidrug resistance-associated pro-
tein family (MRPs) (5–7), the Oatps (8–10), and the mono-
carboxylic acid transporter (11). Several isoforms of MRP
have been cloned (12), and it has been established that par-
ticular isoforms of the MRP family (MRP1-5) are responsible
for the cellular extrusion of various organic anions (13,14).
The expression of MRP1 at the BCSFB has been demon-
strated in freshly isolated choroid plexus membrane (7,9). Re-
cent studies have also shown that different isoforms of MRP
such as MRP1, MRP5, possibly MRP4, and possibly MRP6
are expressed in the isolated brain capillary endothelial cell
(15,16) the cells that form the blood-brain-barrier. These
studies suggest the possibility that one or more specific MRP
isoform may contribute to the transport of organic anions
across BBB and BCSFB.

The characterization of MRP1 transport of organic an-
ions at the BBB has been performed in several in vitro models
(7,17). However, the expression of transport proteins, includ-
ing MRP1 and p-glycoprotein in brain capillary endothelial
cells may depend on different cell culture conditions, includ-
ing time in culture and co-culture with astrocytes or astrocyte-
conditioned media (5,17,18). Therefore, the in vivo environ-
ment surrounding the brain endothelial cells may play a role
in the induction or inhibition of the expression of the trans-
port proteins, which in turn would regulate their functional
role as part of the BBB.

There has been a growing interest in inhibiting MRP to
modulate multidrug-resistant cancers. The present study was
performed to obtain further insight into the magnitude of the
function of MRP or MRP-like drug efflux proteins in the
transcellular transport of organic anions across the BBB and
BCSFB, using both in vitro and in vivo models. The current
study examines organic anion transport in the CNS in the in
vivo situation by the use of the brain microdialysis sampling,
which is a technique that has been widely applied to drug
distribution studies particularly in the CNS (19). In vivo mi-
crodialysis in the cortex and the lateral ventricle was used to
study the transport properties of fluorescein across BBB and
BCSFB, respectively. This transport was examined in a cross-
over design with or without the coadministration of proben-
ecid, an established inhibitor of MRP1 (20). Fluorescein, a
fluorescent dye, is a compound that exists as a negatively
charged species under physiological conditions and has been
used as a substrate of MRP (6).
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MATERIALS AND METHODS

Chemicals

Fluorescein and difluorofluorescein were purchased
from Molecular Probes (Eugene, OR). Probenecid and indo-
methacin were purchased from Sigma (St. Louis, MO). LY-
335979 and LY-329146 were gifts from Eli Lilly (Indianapolis,
IN). Solvents were of high-performance liquid chromatogra-
phy (HPLC) grade, and all other chemicals were reagent
grade or better.

In Vitro Experiments

Isolation and Culture of Brain Endothelial Cells

The procedure for the isolation and culture of bovine
brain microvessel endothelial cells (BBMEC) was described
in an earlier study (6). Briefly, the BBMEC were isolated
from fresh cow brains through enzyme digestion and centrifu-
gation (21). The cells were plated on collagen-coated, fibro-
nectin-treated 6-well plates at a density of 50,000 cells/cm2.
The accumulation and permeability studies were performed
when the cell monolayers reached confluency (10–12 days).

Fluorescein Accumulation in Brain Capillary
Endothelial Cells

The effect of various drug efflux transport inhibitors on
the accumulation of fluorescein was examined in confluent
monolayers of BBMEC. Cells were incubated in media con-
taining fluorescein (100 mM) for 60 min at 37°C, either alone
or in the presence of LY-335979 (1 mM), probenecid (100
mM), LY-329146 (5 mM), or indomethacin (10 mM). BB-
MECs were preincubated with phosphate-buffered saline
(PBS) or PBS containing the inhibitors for 60 min prior to the
fluorescein. The 60-min time point was chosen because in
previous studies we have shown that steady-state flux of fluo-
rescein is reached in the BBMECs by this time point (6).
After the incubation, cells were rapidly washed three times
with ice-cold PBS. The cell monolayers (n 4 3) were solubi-
lized with Triton X-100, and aliquots (250 ml) were removed
for determination of fluorescein using a fluorescence spectro-
photometer (RF5000, Shimadzu, Columbia, MD) with exci-
tation and emission wavelengths of 488 and 510 nm, respec-
tively. Percent accumulation of fluorescein was normalized to
protein content using the method of Lowry et al. (22).

Fluorescein Flux across Brain Capillary Endothelial Cells

BBMECs were grown to confluency on polycarbonate
membranes coated with collagen and fibronectin. Confluent
monolayers were mounted on side-by-side diffusion chambers
and preincubated in PBS for 30 min at 37°C. PBS (3 ml)
containing 1 mM fluorescein was then added to the apical
(donor) side with either no probenecid (control, n 4 3) or 100
mM probenecid (n 4 3). Samples (150 ml with replacement)
were removed from the donor side at time zero and from the
receiver side at 5, 10, 15, 30, and 60 min. Fluorescein concen-
tration in the receiver (basolateral) compartment was not
measurable until 30 min. Fluorescein concentrations in donor
and receiver PBS were measured using spectrofluorometry as
above.

In Vivo Experiments

Microdialysis Probe Placement

Male Wistar rats weighing between 260 to 340 g were
used in this study. The surgical procedures for implantation of
the microdialysis probe guide cannula, probe placement, and
the cannulation of the femoral artery and vein were similar to
Yang et al. (23) with slight modification.

Microdialysis Sampling Procedure

For both in vitro and in vivo microdialysis sampling,
CMA-12 probes were perfused with artificial CSF (119.5 mM
NaCl, 4.75 mM KCl, 1.27 mM CaCl2, 1.19 mM KH2PO4, 1.19
mM MgSO4, 1.6 mM Na2HPO4 (pH 7.2)) using a micropro-
cessor controlled syringe pump (Harvard 22, Harvard Appa-
ratus, Natick, MA). The perfusate flow through both the ven-
trical probe (1 mm) and the cortical probe (3 mm) was 0.5
ml/min. Microdialysates were collected over 20-min intervals
directly into the injection loops of a multiport valve (E-36,
Valco, Houston, TX) controlled by a digital valve sequence
programmer (DVSP2, Valco). Microdialysates were then di-
rectly injected into the HPLC for analysis.

Microdialysis Probe Calibration

To quantify the fluorescein concentration in the extra-
celluar fluid of the cortical and the ventricular CSF using
microdialysis sampling, the in vivo recovery of the probes was
determined using the method of retrodialysis (24). This
method uses the loss of a structural analog from the perfusate
to determine the fractional recovery of the analyte of interest
from the sampled extracellular fluid (ECF), i.e., cortical ECF
or ventricular CSF. Difluorofluorescein (2FF), a fluorinated
analog of fluorescein, was added to the perfusion fluid; its
relative loss was used to determine the recovery of fluorescein
through the following relationship:

Recoveryin vivo = 1 −
Cout

Cin
= 1 −

PA2FF(out)

PA2FF(in)
(1)

in which PA2FF(out) was the peak area of 2FF in the dialysate
leaving the probe, and PA2FF (in) was the peak area of di-
fluorofluorescein in the perfusate entering the probe. The
concentration of fluorescein in the dialysates from the cortical
ECF and ventricular CSF was then corrected using the in vivo
recovery to obtain the fluorescein concentration-time profiles
in the respective brain tissues.

Determination of Fluorescein Free Fraction in Rat Plasma

The extent of protein binding of fluorescein in rat plasma
and the influence of probenecid on that binding were deter-
mined in vitro. Aliquots of rat plasma were spiked with fluo-
rescein concentrations covering the range found in the in vivo
microdialysis studies. Total plasma concentrations were de-
termined by HPLC. Plasma was placed in an ultrafiltration
device (Centrifree Micropartition Device, Millipore, Bedford,

Fluorescein Transport in the CNS 1543



MA), incubated at 37°C for 20 min, and free drug was sepa-
rated from protein-bound drug by centrifugation at 1,600g for
20 min at 37°C. Free fluorescein concentration in the ultra-
filtrates was determined by HPLC. In some fluorescein-
spiked plasma aliquots, probenecid was also added in concen-
trations of 50 and 300 mg/ml to examine the effect of proben-
ecid on fluorescein free fraction.

Sample Analysis

The determination of fluorescein concentration in
plasma, ultrafiltrate, and microdialysate was done using
HPLC with fluorescent detection. The HPLC system con-
sisted of a LC-10AD pump, RF-10A fluorometric detector,
and CR501 integrator (Shimadzu). Separations were carried
out on a BDS-Hypersil C-18 column (2.0 × 150 mm, 5 mm)
(Keystone Scientific, Inc., Bellefonte, PA). The mobile phase
was an acetonitrile:buffer mix (13.6:86.4, w/w) with a buffer
composition of 10 mM ammonium phosphate and 10 mM
sodium citrate (pH 6.4). The flow rate was 0.25 ml/min, and
the column eluate was monitored at excitation and emission
wavelengths of 488 and 510 nm, respectively. Plasma samples
were deproteinized with acetonitrile prior to HPLC injection.
The fluorescein plasma assay was linear from 0.01 to 2 mg/ml
in a low-range standard curve, and it was linear from 0.5 to 50
mg/ml for a high-range standard curve. The specimen prepa-
ration was different in these two ranges to avoid saturation of
the fluorescent detector. The on-line analysis of the microdi-
alysates had a linear range of 0.001 to 0.35 mg/ml, adequate to
cover all concentrations measured from the cortical ECF and
the ventricular CSF. The interday variability was always less
than 10% coefficient of variations.

The concentration of probenecid in plasma was assayed
according to the method reported by Galinsky et al. (25) with
modification. The HPLC system was the same as described
above except for ultraviolet detection (SPD-10AV, Shi-
madzu). The column was a mBondapakTM (Water, Millford,
MA) C-18 column (3.9 × 300 mm, 10 mm). The mobile phase
was acetonitrile:10 mM KH2PO4 buffer (22:78 w/w), and the
flow rate was 1.0 ml/min with the column eluate monitored at
a 254-nm ultraviolet wavelength. The probenecid plasma as-
say was linear from 25 to 500 mg/ml (our standard curve
range), however, the sensitivity was 2 mg/ml. The interday
variability was less than 10% coefficient of variations.

Study Design and Drug Administration

The distribution of fluorescein to the CNS was examined
in vivo using an intravenous infusion with balanced-crossover
design. A dose of 6 mg/kg/h fluorescein was administered by
intravenous infusion to 6 rats with or without probenecid. In
the probenecid-treatment phase, rats received a 100-mg/kg
loading dose of probenecid followed by a constant probenecid
infusion of 30 mg/kg/h. Fluorescein was administered imme-
diately following the probenecid loading dose. In the study,
rats were equally divided into two groups. Group A received
fluorescein with probenecid in phase one and received fluo-
rescein without probenecid in phase two. Group B received
the opposite treatment order. There was a minimum of 24 h
washout between treatment arms. Blood sampling began at
12 h after the initiation of the infusion (steady state). Micro-
dialysate samples from frontal cortex and lateral ventricle

were continuously taken for approximately 24 h. The concen-
tration of fluorescein in the microdialysate was corrected us-
ing the in vivo probe recovery (see above) to obtain the fluo-
rescein brain concentration-time profile.

Data Analysis

The rate of change of the amount of fluorescein in the
CSF or in the ECF of a region of brain tissue can be expressed
by the following differential equation:

dAbrain/dt = CLin × Cplasma − CLout × Cbrain (2)

in which Abrain is the amount of fluorescein in the respective
CNS compartments, Cplasma is the total fluorescein concen-
tration measured in plasma, and Cbrain is the fluorescein con-
centration in the brain space (i.e., cortical ECF or ventricular
CSF) measured by microdialysis after correction for recovery.
Clin and Clout represent the clearance into, and out of, each
brain compartment, respectively.

In the case of intravenous infusion, when fluorescein
concentrations reach steady state, we obtain:

CLin

CLout
=

Css,brain

Css,plasma
(3)

in which Css is the concentration at steady state in the respec-
tive tissues.

The ratios of Css brain to Css plasma (Eq. 3) were used to
estimate the ratio of distributional clearances and the equi-
librium distribution coefficient of fluorescein across the BBB
and BCSFB in the in vivo intravenous infusion study. A pa-
rameter designated the distributional enhancement index,
DE, was calculated from the ratio of probenecid treated-to-
control equilibrium distribution coefficients, as shown in
Eq. 4.

DE = SCss,brain

Css,blood
D

treated
YSCss,brain

Css,blood
D

control
(4)

Statistical Analysis

The statistical tests used for comparison between groups
was a Student’s t test with P < 0.05 taken as a significant
difference.

RESULTS

Effects of Various Inhibitors on Fluorescein Accumulation
in BBMEC

The effect of efflux transport inhibitors on the accumu-
lation of fluorescein in the BBMEC monolayers is shown in
Fig. 1. The specific and potent p-glycoprotein inhibitor LY-
335979 (26) shows no significant increase in accumulation of
fluorescein over control. However, probenecid, LY-329146,
and indomethacin, which are organic anion transport inhibi-
tors and have been shown to inhibit MRP-mediated transport
(20,27,28) show significant increases in accumulation over
control, as high as 300% of the control value. Figure 2 shows
a dose response curve for the effect of probenecid on fluo-
rescein accumulation in the BBMEC monolayers. Maximal
effects occurred at concentrations at or above 100 mM pro-
benecid.

Sun, Miller, and Elmquist1544



Fluorescein Permeability Study

The effect of probenecid on the flux of fluorescein across
the BBMEC monolayer is shown in Fig. 3. Probenecid sig-
nificantly increased the apical to basolateral flux of fluores-
cein.

Microdialysis Probe Recovery

The in vitro recovery by loss of the probe calibrator, 2FF,
determined by measuring the loss of 2FF from the perfusate
to buffer medium surrounding the probe at 20°C was 32%.
This was equivalent to the fluorescein recovery by gain
(33%), which was determined by measuring the gain of fluo-
rescein from the buffer medium into the perfusate. However,
the equivalence of 2FF and fluorescein probe recovery in vivo
must be demonstrated, because it has been shown that the
determinants of probe recovery in vitro and in vivo are dif-
ferent (24). The in vivo recoveries by loss of fluorescein and
2FF were 17% and 16% (3-mm probe length), respectively, in
the cortex, and 13% and 11% (1-mm probe length), respec-

tively, in the ventricle. With the coadministration of proben-
ecid, the in vivo recovery of fluorescein was decreased. How-
ever, the magnitude of this effect was the same on the in vivo
recovery of retrodialysis calibrator, 2FF (29). Additionally,
the use of 2FF as the retrodialysis calibrator could conceiv-
ably affect the transport of fluorescein via active transport by
an efflux transport system in the capillary, given that 2FF is a
close structural analog of fluorescein. We have published evi-
dence to the contrary, indicating that the fluorescein efflux
transport system must have a relatively high capacity and is
still in the linear range even with the local delivery of the
structural analog, 2FF, via the microdialysis probe. In this
recently published study, the local delivery of 2FF, given at
the same concentration as the current study, did not affect the
recovery of the FLR or the effect of probenecid on that re-
covery (29). Therefore, 2FF has been validated as an appro-
priate in vivo recovery calibrator in the absence and presence
of the drug efflux inhibitor.

In Vivo Brain Distribution of Fluorescein

Rats were given a 6-mg/kg/h constant infusion of fluo-
rescein for 16 h. In the control phase, fluorescein concentra-
tions in both the cortex and CSF reached a steady state after
4 to 5 h. While in the probenecid-treated phase, because of
the increasing probenecid plasma concentrations, the time for
fluorescein concentrations to reach steady state in both the
cortex and CSF was prolonged. At 12 h after the start of the
experiment, probenecid plasma concentration reached steady
state and was 335 ± 59 mg/ml. At this time, fluorescein con-
centrations in cortical ECF and ventricular CSF in proben-
ecid-treated phase were relatively constant and were consid-
ered at steady state (Fig. 4). Probenecid treatment signifi-
cantly increased fluorescein concentrations at steady state in
cortical ECF from 118 ± 26 to 2,045 ± 440 ng/ml, and in
ventricular CSF from 101 ± 72 to 1,421 ± 734 ng/ml, respec-
tively. The total fluorescein plasma concentration in both
phases reached a steady state after 4 to 5 h (Fig. 4). Proben-
ecid increased fluorescein plasma concentration but to a
much less extent, i.e., from 6.8 ± 0.33 to 28 ± 2.03 mg/ml. Table
I lists the tissue (i.e., cortical ECF and ventricular CSF) to
plasma concentration ratio at the steady state with or without
the coadministration of probenecid. Probenecid significantly

Fig. 2. Effect of various concentrations of probenecid on fluorescein
accumulation in bovine brain microvessel endothelial cell monolay-
ers. Mean ± SE.

Fig. 1. Effect of various drug efflux protein inhibitors on the accu-
mulation of fluorescein in the bovine brain microvessel endothelial
cell monolayers. Mean ± SE. *P > 0.1, not significantly different from
control value; **P < 0.05; ***P < 0.001, significantly different from
control value.

Fig. 3. Effect of probenecid on the apical to basolateral permeability
of fluorescein across bovine brain microvessel endothelial cell mono-
layers. Mean ± SE.
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increased the Css, tissue to Css, plasma ratio, and the distribution
enhancement index calculated from Eq. 4 was 4.44 ± 0.95 and
3.90 ± 1.63 in cortex and ventricle, respectively.

Fluorescein free fraction was studied to examine the ef-

fect of probenecid on the free fraction of fluorescein in rat
plasma. The total concentrations of fluorescein used in the
protein-binding experiments to establish linearity were 10 to
50 mg/ml plasma, which encompasses the range observed of

Table I. The Effect of Probenecid Treatment on the Distribution of Fluorescein in Cortical ECF and Ventricular CSF

Rat

Cortex Ventricle

(CSStissue/CSSplasma)
control

(CSStissue/CSSplasma)
treated

Distribution
enhancement

treated/control
(CSStissue/CSSplasma)

control
(CSStissue/CSSplasma)

treated

Distribution
enhancement

treated/control

1 0.023 0.110 4.85 0.016 0.042 2.69
2 0.011 0.040 3.64 0.003 0.008 3.28
3 0.015 0.085 5.61 0.013 0.081 6.26
4 0.013 0.067 5.03 0.029 0.063 2.17
5 0.019 0.067 3.54 0.016 0.054 3.47
6 0.026 0.087 3.31 0.011 0.062 5.53

Mean 0.018 0.076 4.33* 0.015 0.052 3.90*
SD 0.006 0.024 0.95 0.009 0.025 1.63

* Significantly greater than unity, P < 0.01.

Fig. 4. Fluorescein concentration-time profile in cortical ECF (V), ventricular CSF (,), and plasma (M) in control phase (A) and probenecid
treated phase (B) during a 6-mg/kg/h intravenous infusion of fluorescein in a representative rat.
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steady-state concentrations in the control and probenecid-
treated phases of the crossover. Fluorescein free fraction in
control groups was ∼32% and not concentration dependent.
However, when 50 mg/ml probenecid was added to the
plasma, the free fraction of fluorescein was slightly but sig-
nificantly increased to 37 ± 0.3%. Three-hundred micro-
grams/milliliter probenecid, which is around the average
steady-state probenecid concentration reached in infusion
study, increased fluorescein free fraction by ∼1.74-fold to a
value of 58 ± 1.8%.

The distribution of fluorescein to brain at steady state
was estimated after correction for changes in protein binding
and was calculated using the free fraction of fluorescein from
both phases. The brain-to-plasma unbound fluorescein con-
centration ratios in both cortical ECF and ventricular CSF
were significantly increased by probenecid (Fig. 5). The brain
distribution enhancement index after correction for free frac-
tion was 2.23 ± 0.50 and 1.94 ± 0.88 for cortical ECF and
ventricular CSF, respectively, and is significantly different
from unity (P < 0.01).

DISCUSSION

In the present study, we used both in vitro and in vivo
approaches to study organic anion transport in the CNS. Both
in vitro and in vivo data demonstrate that fluorescein, an
organic anion, was removed from the CNS by a probenecid-
sensitive efflux system, which could be an MRP isoform or
MRP-like (organic anion) efflux protein that exists at the
BBB and BCSFB.

Fluorescein has excellent physicochemical properties for
microdialysis (i.e., hydrophilicity and detectability) and was
used in the present study as an organic anion probe to exam-
ine organic anion transport in the CNS. Fluorescein, as well as
its derivatives 28,78-bis-(2-carboxyethyl)-5-(6)-carboxy-
fluorescein, carboxy-28,78-dichlorofluorescein and calcein,
have been used as a substrate of MRP in studies examining
MRP-mediated transport (6,27). In the present in vitro study,
the accumulation of fluorescein was examined in BBMEC, an
in vitro BBB model that has been shown to express various
MRP isoforms, i.e., MRP1, MRP4, MRP5, and MRP6 (6,15).
The accumulation of fluorescein in the BBB cells was en-
hanced by LY-329146, indomethacin, and probenecid. Pro-

benecid is a well-known organic anion transport inhibitor and
has also been shown to be a modulator of MRP1-mediated
transport (20). LY-329146 is a raloxifene analog that has
shown excellent activity against MRP1 with a IC50 (0.8 mM)
for the inhibition of leucotriene C4 transport (a high affinity
MRP substrate) that is similar to the potent MRP1 inhibitor
MK-571 (0.6 mM) (26,30). Indomethacin has been shown to
sensitize MRP-overexpressing cells to vincristine and doxo-
rubicin and has also been reported to be an MRP1 inhibitor
(28). The enhancement of fluorescein accumulation in the
BBMEC by three different MRP1 inhibitors further suggests
that fluorescein is a substrate of MRP1. Furthermore, we
have recently reported that in MDCKII MRP1-transfected
cells, the accumulation of fluorescein was significantly lower
(∼40% lower) than that in wild-type MDCKII cells (31).
Therefore, the use of fluorescein in the present study will help
characterize organic anion transport in the CNS and may be
indicative of MRP-mediated transport in vivo.

Besides the expression of the MRP isoforms, Oatp1 has
been shown expressed in choroid plexus (8) and has been
suggested to transport compounds from CSF to choroid
plexus epithelium and therefore work in concert with MRP1
in the efflux transport of substrates across BCSFB (9). More-
over, fluorescein may be a substrate for other MRP isoforms
or other organic anion transporters such as Oatp 1. Therefore,
although this specificity has not been reported, it is possible
that other MRP isoform(s) and Oatp1 (BCSFB) is also in-
volved in this process.

The in vivo study showed that probenecid increased the
distribution enhancement of fluorescein to the ECF and CSF
by approximately four- to fivefold (Table I), which is in agree-
ment with the inhibition effect of probenecid on the efflux
transport of fluorescein in the in vitro BBB model (increased
accumulation, see Figs. 1–3). Given that high concentrations
of probenecid decreased the protein binding of fluorescein,
the distribution enhancement was corrected using the free
plasma concentration and was ∼1.94 ± 0.88 (range, 1.1–3.2) for
the ventricle CSF and 2.23 ± 0.50 (range, 1.72–2.91) for the
ECF. It is interesting to note that the distribution enhance-
ment in the cortical ECF (BBB transport) in the in vivo study
is similar to the increase in the accumulation in the in vitro
fluorescein study in the BBMEC model (Fig. 1), indicating a
reasonable in vitro/in vivo correlation for the effects of or-
ganic anion transport inhibition in the BBB.

The free fraction of probenecid has been shown to in-
crease non-linearly with increasing total concentration, indi-
cating a possible drug interaction at the plasma protein bind-
ing level when using high concentration of probenecid (32).
Our protein binding study showed that probenecid displaced
fluorescein from plasma protein binding sites, increasing the
free fraction of fluorescein in plasma. The extent of the dis-
placement was dependent on the total probenecid plasma
concentration. The fact that probenecid significantly in-
creased the plasma concentration of fluorescein at steady
state (Fig. 4) indicates that probenecid decreased the systemic
clearance of fluorescein in rat. Therefore, part of the signifi-
cant increase in fluorescein brain distribution is due to the
effect of probenecid on the systemic clearance of fluorescein.
However, it is clear that there are effects on the BBB and
BCSFB efflux transport. This is a good example of the com-
plexity of drug interactions that are a result of transport in-

Fig. 5. The brain-to-plasma unbound fluorescein concentration ratios
in cortical ECF and ventricular CSF. *P < 0.01, significantly different
from control in the corresponding tissue (n 4 6, mean ± SE).
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hibition. The interaction must be examined at the systemic
level as well as at the specific tissue or organ barrier of inter-
est, such as barriers in the CNS.

Given that there is a significant research effort to de-
velop and use modulators of multidrug resistance proteins
(such as MRPs), it is important to recognize that coadminis-
tration of those modulators may influence the disposition of
other therapeutic agents and even endogenous compounds. If
MRP inhibitors affect the CNS transport of MRP substrates,
then modulators of MRP-mediated multidrug resistance may
affect the CNS exposure of a variety of substrates, including
neurotoxic oncolytic agents without regard to whether the
transport is actually mediated by MRP or not. The signifi-
cance of this study will remain important even if the relevant
brain efflux transporter is an MRP-related organic anion
transport system. In a recent study of the brain distribution of
etoposide performed by Wijnholds et al. (33), the accumula-
tion of etoposide in various tissues of mrp1/mdr1a/1b triple-
knockout mice was compared with those of mdr1a/1b double-
knockout mice. It is important to note that an increased ac-
cumulation of etoposide was observed in the ventricular CSF
in the triple knockout mice compared with the double knock-
out animals. It is known that mrp1 acts as an efflux transport
system in the choroid plexus (7), presumably explaining the
increased levels of etoposide in the CSF in the mrp1-deficient
mice. However, in the total brain homogenates (to which CSF
levels may add insignificant amounts) there was no increase in
the levels of etoposide. This result would be expected if the
mrp1 genotype did not affect the BBB transport of etoposide.
It is therefore possible that probenecid is affecting organic
anion transport systems in the BBB other than MRP1.

The finding that Oatp 2 (10) is expressed in the BBB and
BCSFB and that this transport protein may serve as an influx
transport system would suggest that the effect of probenecid
on an efflux transport system (such as an MRP-like trans-
porter) might be attenuated by the concurrent inhibition of an
organic anion influx system. However, in our study we see an
increase in the brain ECF and CSF concentrations of fluores-
cein when probenecid is administered. Therefore, one can
draw the conclusion that the probenecid-sensitive efflux
transport is more active than a probenecid-sensitive influx
system in both the BBB and the BCSFB.

Our microdialysis studies show that the blood-brain and
blood-CSF barriers formed significant barriers for fluorescein
distribution into the cortical ECF and the ventricular cere-
brospinal fluid (CSF). The distribution of fluorescein into the
brain and CSF was significantly enhanced by the coadminis-
tration of probenecid. The in vivo results correlated well with
the probenecid-enhanced cellular accumulation and direc-
tional flux of fluorescein in an in vitro model of the BBB, the
BBMEC. These results indicate that the CNS distribution of
various drugs may be affected when there is the coadminis-
tration of inhibitors of drug efflux systems related to the MRP
family of transport proteins. Moreover, the in vivo microdi-
alysis model has been shown to be useful in the examination
of drug interactions that affect drug efflux at the BBB and the
BCSFB.

The results of the present study further characterize the
processes that influence organic anion transport in the CNS.
A more complete appreciation of the kinetics of the active
transport systems in the CNS will help describe the distribu-
tion of organic anions in brain and allow predications of the

relative significance of drug-drug interactions. This informa-
tion will aid in avoiding drug interactions that may result in
CNS toxicity and also it may allow the design of new drug
delivery strategies to specifically enhance the brain distribu-
tion of therapeutically desirable agents to the CNS.
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