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Purpose. The purpose of this work was to determine mrp1-mediated
efflux across the luminal membrane of endothelial cells at the blood–
brain barrier (BBB) in mice.
Methods. The transport of radiolabeled etoposide, 17�-estradiol-D-
17�-glucuronide (E217�G), vincristine, and doxorubicin across the
BBB of mrp1(−/−) and wild-type mice was evaluated by in situ brain
perfusion. Etoposide transport was also determined in P-
glycoprotein-deficient mdr1a(−/−) mice perfused with both etoposide
and mrp1 inhibitors like probenecid or MK571. Cerebral vascular
volume was determined by co-perfusion with labeled sucrose.
Results. Sucrose perfusion indicated that the vascular space was close
to normal in all the studies, indicating that the BBB remained intact.
The transport of etoposide, E217�G, vincristine, and doxorubicin into
the brain was not affected by the lack of mrp1. Trans-efflux studies in
mrp1-deficient mice with etoposide and E217�G confirmed that mrp1
was not involved in the efflux of these substrates across the BBB.
There was also a significant P-gp-mediated efflux of etoposide in
studies with P-glycoprotein-deficient mdr1a(−/−) mice. Perfusion of
mdr1a(−/−) mice etoposide plus probenecid or MK571 did not affect
the brain transport of etoposide.
Conclusion. Efflux mediated by mrp1 does not seem to occur across
the luminal membrane of the endothelial cells forming the mouse
BBB.

KEY WORDS: mrp1; blood–brain barrier; etoposide; P-glyco-
protein; in situ brain perfusion.

INTRODUCTION

The blood–brain barrier (BBB), which is formed by tight
junctions between brain capillary endothelial cells, restricts
the movement of compounds from the circulating blood into
the brain. Efflux transport systems, such as the P-glycoprotein
(P-gp), also act as a barrier at the BBB. Three drug extrusion
pumps belonging to the ATP-binding cassette (ABC) trans-
porter have been found in human and rodent brains, the P-
gps, the multidrug resistance-associated proteins (MRPs; Ref.
1), and the breast cancer resistance protein (BCRP; Ref. 2).
P-gp was first found on the luminal side of endothelial cells
(3) and is believed to limit the entry of a wide spectrum of
compounds into the brain. The precise functions and loca-
tions of the other ABC transporters, the MRPs, and BCRP at

the BBB and on brain parenchyma cells have yet to be de-
termined.

The mRNAs encoding MRP1 and MRP5 have been de-
tected in the normal human brain (4) whereas mRNAs from
MRP3 and MRP4 have been found in human glioma cells (5).
MRP1 is present on the endothelial cells of microvessels in
the brains of cattle and rats (6,7) and on the epithelial cells of
the human and rat choroid plexus (8,9). Zhang et al. (10)
recently used reverse transcription polymerase chain reaction
analysis to detect the expression of MRP1, MRP4, MRP5, and
MRP6 in both primary cultures of bovine brain microvessel
endothelial cells (BMECs) and in capillary-enriched fractions
of homogenates. Nevertheless, the functions of several MRP
homologues in the brain microvessel endothelial cells remain
to be investigated. They could either limit the uptake of vari-
ous MRP substrates by the brain or remove similar com-
pounds from it.

P-gp transports amphipathic, cationic, and neutral com-
pounds across membranes in their native forms whereas mrp1
transports amphipathic anions like glutathione conjugates
(LTC4), glucuronates, and sulfates, such as 17�-estradiol-D-
17�-glucuronide (E217�G) and dianionic bile salts, respec-
tively (11). However, mrp1 can also actively transport certain
unmodified and unconjugated cationic (vincristine, doxorubi-
cin) and neutral (etoposide) compounds using a glutathione
co-transport mechanism (12–16).

Mice lacking the genes encoding mdr1, such as mdr1a(−/−)
or mdr1a/1b(−/−) strains, are good experimental models for
examining the role of P-gp in the uptake of xenobiotics by the
brain (for review, see Ref. 17). We have also used in situ brain
perfusion in P-gp-deficient mdr1a(−/−) mice (18) to screen
substrates that are transported across the BBB by P-gp and/or
modulate its activity (19). The present study was done on
mrp1(−/−) and mdr1a(−/−) mice; we used anionic and non-
anionic substrates and modulators of mrp1 and in situ brain
perfusion to investigate the function of mrp1 at the BBB. The
results indicate that the mrp1 at the luminal side of the mouse
brain endothelial cells does not contribute to drug transport.

MATERIALS AND METHODS

Drugs and Chemicals

[3H]-vincristine (6.6 Ci/mmol) and [14C]-doxorubicin (55
mCi/mmol) were purchased from Amersham Pharmacia Bio-
tech (Orsay, France). [14C]-sucrose (401 mCi/mmol), [3H]-
sucrose (12.3 Ci/mmol) and [3H]-estradiol 17�-D-glucuronide
([3H]-E217�G; 40.5 Ci/mmol) were from Perkin–Elmer NEN
Life Sciences (Brussels, Belgium). [3H]-etoposide (411 mCi/
mmol) was from Moravek Biochemicals (Brea, CA, USA).
(±)-Verapamil hydrochloride, etoposide and probenecid were
from Sigma (St Quentin Fallavier, France). MK571 was
kindly provided by Merck Frosst (Kirkland, Canada). Di-
methyl sulfoxide was from Merck Eurolab (Strasbourg,
France). All other chemicals were of analytical grade.

Animals

Adult male CF-1 mice [mdr1a(+/+) and mdr1a(−/−)
mice, 30–40 g, 6–8 weeks old] were bred in-house from pro-
genitors genotyped for mdr1a P-gp that were initially ob-

1 INSERM U26, Hôpital Fernand Widal, 200 Rue du Faubourg Saint-
Denis, 75475 Paris cedex 10, France.

2 Department of Tumor Biology, Norwegian, Radium Hospital, Mon-
tebello, 0310 Oslo, Norway.

3 To whom correspondence should be addressed. (e-mail: Salvatore.
Cisternino@fwidal.inserm.fr)

Pharmaceutical Research, Vol. 20, No. 6, June 2003 (© 2003) Research Paper

9040724-8741/03/0600-0904/0 © 2003 Plenum Publishing Corporation



tained from Charles River Laboratories (Wilmington, MA,
USA). The targeted disruption of the mrp1 locus and genera-
tion of mrp1(−/−) mice (129 × c57/BL6 genotype) has been
reported (20). The study was performed on sex and age-
matched 6- to 8-week-old mice of the F5 generation. No ex-
pression of the MRP1 protein was observed in all examined
tissues and organs of mrp1(−/−) mice (20). Animals were
housed in a room with a controlled environment (22 ± 3°C; 55
± 10% relative humidity) with a 12-h dark:light cycle (light
from 6:00 a.m. to 6:00 p.m.). They had access to food and tap
water ad libitum. All experimental procedures complied with
the “Principles of Laboratory Animal Care” (NIH publica-
tion #85-23, revised 1985).

In Situ Brain Perfusion

Surgical Procedure and Transport Studies

We measured blood–brain transport using the in situ
brain perfusion technique (18). Mice were anesthetized by
intraperitoneal injection of xylazine (Bayer, Puteaux, France;
8 mg/kg) and ketamine (Parke Davis, Courbevoie, France;
140 mg/kg). The common carotid artery was ligated caudally.
The external carotid was ligated rostral to the occipital artery
at the level of the bifurcation of the common carotid artery.
The right common carotid was catheterized with polyethylene
tubing (0.30 mm inner diameter × 0.70 mm outer diameter,
Biotrol Diagnostic, Chennevières-les–Louvre, France) filled
with heparin (25 U/mL), and mounted on a 26-gauge needle.
The thorax of the animal was opened and the heart was cut
just before starting perfusion. The syringe containing the per-
fusion fluid was placed in an infusion pump (Harvard pump
PHD 2000, Harvard Apparatus, Holliston, MA, USA) and
connected to the catheter. The perfusion rate was 2.5 mL/min.
The perfusion fluid consisted of bicarbonate-buffered physi-
ologic saline (mM): 128 NaCl, 24 NaHCO3, 4.2 KCl, 2.4
NaH2PO4, 1.5 CaCl2, 0.9 MgCl2, and 9 D-glucose. The solu-
tion was gassed to pH 7.4 with 95% O2/5% CO2 and warmed
to 37°C in a water bath. Tracers (0.2–0.5 �Ci/mL) were added
to the perfusate. Perfusion was terminated by decapitation at
the selected time. The brain was removed from the skull and
dissected out on ice. The right cerebral hemisphere was
placed in a tared vial and weighed. Aliquots of the perfusion
fluid were also collected and weighed to determine tracer
concentrations in the perfusate. Samples were digested in 1
mL of Solvable (Packard, Rungis, France) at 50°C and mixed
with 9 mL of Ultima gold XR (Packard). The dual labels were
counted in a Packard Tri-Carb model 1900 TR (Packard).

Trans Influx and Efflux Zero Transport Experiments

We first measured the trans-influx zero brain transport of
[3H]-vincristine (50 nM), [3H]-etoposide (0.7 �M), [14C]-
doxorubicin (3 �M), and [3H]-E217�G (7 nM) in wild-type
mrp1(+/+) and mrp1(−/−) mice using a perfusion time of
120 s.

To study the trans-efflux zero transport, the mice were
first loaded with [3H]-etoposide or [3H]-E217�G, which was
followed by a “washing procedure” in mrp1(−/−) and wild-
type mice. Syringe “A” of a dual-syringe pump contained the
bicarbonate-buffered physiologic saline plus the radiotracer,
whereas syringe “B” contained tracer-free bicarbonate buff-

ered physiologic saline. The carotid and syringe catheters
were connected to a four-way valve (Hamilton, Bonnaduz,
Switzerland). The carotid was cannulated and the appropriate
connections were made. Syringe A was then discharged at 2.5
mL/min for 120 s. Syringe A was switched off and syringe B
was switched on for 60 s to wash-out the capillary space. The
mouse was decapitated and its brain removed for radioactiv-
ity count.

We also measured the trans-influx and trans-efflux zero
brain transports of etoposide in P-gp-deficient mdr1a(−/−)
and wild-type mice with and without co-perfusion of proben-
ecid (1 mM) or MK571 (50 �M) in the perfusion fluid.

Calculation of BBB Transport Parameters

Brain vascular volume (Vvasc; �L/g) was estimated from
the tissue distribution of [14C]- or [3H]-sucrose, which diffuses
very slowly across the BBB, using the following equation:

Vvasc = X*�C*perf (1)

where X* (dpm/g) is the amount of sucrose measured in the
right brain hemisphere and C*perf (dpm/�L) is the concentra-
tion of labeled sucrose in the perfusion fluid.

Transport across the BBB is expressed in terms of two
parameters: the apparent volume of distribution (Vbrain) and
the transport coefficient (Kin).

The apparent volume of distribution was calculated from
the amount of radioactivity in the right brain hemisphere us-
ing the equation:

Vbrain = Xbrain�Cperf (2)

where Xbrain (dpm/g) is the calculated amount of [14C]- or
[3H]-tracer in the right cerebral hemisphere and Cperf (dpm/
�L) is the tracer concentration in the perfusion fluid. Brain
tissue radioactivity was corrected for vascular contamination
with the equation:

Xbrain = Xtot − Vvasc � Cperf (3)

where Xtot (dpm/g) is the total quantity of tracer measured in
the tissue sample (vascular + extravascular).

Brain uptake also was expressed as a blood–brain trans-
fer coefficient Kin (�L/s/g) calculated from the following:

Kin = Vbrain� T (4)

where T is the total perfusion time (s).
The perfusion time used in single time in trans-influx

zero studies was long enough to ensure that at least 40% of
the total radioactivity in the tissue was outside of vascular
space (Xbrain � 0.4 Xtot; Ref. 21).

Statistical Analysis

Data are presented as means ± standard deviation (SD)
for three to six animals unless otherwise specified. Student’s
unpaired t test was used to identify significant differences
between groups when appropriate. All tests were two-tailed
and statistical significance was set at p < 0.05.
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RESULTS

Assessment of BBB Integrity

The physical integrity of the BBB and the brain vascular
space were checked with radiolabeled sucrose. This radioac-
tive marker was perfused with mrp1 substrate to detect any
opening of the BBB by these drugs or any other changes in
BBB integrity after the disruption of the ABC transporter in
the genetically deficient mice. The vascular sucrose volumes
of the mrp1-deficient mice (15.8 ± 1.2 �L/g) and the wild-type
mice (16.3 ± 1.3 �L/g) did not differ significantly, and were
similar to published values (18,19).

Blood-Brain Transport Coefficients for 4 mrp1 Substrates

The blood–brain transfer coefficients (Kin) of the four
compounds tested after 120 s of brain perfusion in deficient
mrp1(−/−) and wild-type mice are shown in Fig. 1. The Kin

values ranged from 0.06 �L/s/g (vincristine) to 0.22 �L/s/g
(doxorubicin). The initial brain uptake of each compound was
not affected by the lack of mrp1.

Blood-Brain Transport of [3H]-E2 17�G and
[3H]-Etoposide in Wild-Type and Mrp1(−/−) Mice

The efflux transport of [3H]-E217�G and [3H]-etoposide
was measured in both deficient and proficient mrp1 mice with
and without the wash-out procedure. The wash-out procedure
did not significantly influence the brain Kin of [3H]-E217�G
in wild-type (0.15 ± 0.01 �L/s/g) or mrp1-deficient mice (0.14
± 0.03 �L/s/g) as compared, respectively, to the wild-type
(0.16 ± 0.02 �L/s/g) or mrp1-deficient mice (0.14 ± 0.02 �L/
s/g) that did not receive the wash-out procedure. Moreover,
the [3H]-E217�G Kin coefficients for the mrp1(−/−) and wild-
type mice determined by the wash-out procedure were not
significantly different, despite the difference in mrp1 status.
The transport of [3H]-etoposide was measured under similar
conditions. Unlike [3H]-E217�G, the [3H]-etoposide Kin was
affected by the wash-out procedure in both deficient or pro-
ficient mrp1 mice (Fig. 2). Moreover, the [3H]-etoposide Kin

values obtained with wash-out were similar for the mrp1-
deficient mice and the wild-type mice. This suggests that the
etoposide efflux could be caused by another efflux trans-

porter and/or to passive retrodiffusion into the capillary
space.

Influence of mdr1a P-Glycoprotein on the Blood–Brain
Transport of [3H]-Etoposide

We examined the capacity of P-gp to modulate the
blood-brain transport of etoposide by perfusing wild-type and
P-gp-deficient mdr1a(−/−) mice, with [3H]-etoposide for 120
s. The Kin for [3H]-etoposide was significantly (p < 0.001)
1.5-fold greater in mdr1a(−/−) mice (Kin � 0.12 ± 0.01 �L/s/g)
than in the wild-type mice (Kin � 0.08 ± 0.01 �L/s/g). We
then assessed the effect of P-gp on efflux by measuring the
trans-efflux of [3H]-etoposide in mdr1a(−/−) and wild-type
mice. Wash-out significantly decreased the transport of [3H]-
etoposide in wild-type mice, but had no significant effect on
the [3H]-etoposide Kin of mice lacking P-gp mdr1a (Fig. 3).

Fig. 1. Brain transport coefficients (Kin, �L/s/g) of 4 mrp1 substrates
in wild-type (solid columns) and mrp1(−/−) mice (empty columns)
measured by in situ brain perfusion. The mice were perfused via the
common carotid artery for 120 s. Data are means ± SD of four to six
animals. We found no statistically significant differences between
wild-type and mrp1(−/−) for any of the compounds.

Fig. 2. The brain transport coefficient (Kin, �L/s/g) of [3H]-etoposide
was measured by in situ brain perfusion in wild-type and mrp1(−/−)
mice. [3H]-etoposide was perfused for 120 s (solid columns). The
empty columns indicate the mice given a 60 s tracer free wash-out
after the 120 s of brain perfusion with [3H]-etoposide. Data are means
± SD for 4 – 6 mice. ** p < 0.01 comparing wash-out and nonwash-out
groups of each strain.

Fig. 3. The brain transport coefficient (Kin, �L/s/g) of [3H]-etoposide
was measured by in situ brain perfusion. Wild-type and mdr1a(−/−)
mice were perfused with [3H]-etoposide for 120 s (solid columns).
The empty columns indicate mice that were given a 60-s tracer-free
wash-out after 120 s of brain perfusion with [3H]-etoposide. Data are
means ± SD for four to six mice. ***p < 0.001 comparing washout and
nonwash out group of each mouse strain.
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Effect of Probenecid and MK571 on the Blood–Brain
Transport of [3H]-Etoposide in P-gp mdr1a(−/−)
Deficient Mice

We used mdr1a(−/−) mice to minimize the contribution
of P-gp to the transport of [3H]-etoposide. The Kin for [3H]-
etoposide were measured in trans-influx or -efflux zero con-
ditions with or without co-perfusion of modulators known to
inhibit mrp1 transport. The Kin for [3H]-etoposide were not
significantly different with or without probenecid (1 mM) in
the perfusion fluid (Fig. 4). Adding 50 �M MK571 to the
perfusion fluid also had no effect on the transport of [3H]-
etoposide measured with wash-out.

DISCUSSION

There has been no clear indication to date of how mrp1
may influence the transport of xenobiotics across the BBB.
Although mrp1 seems to be present in primary cultures of
rodent BMEC (7), the in vivo function of mrp1 needs to be
assessed because cells in culture frequently overproduce cer-
tain proteins. The luminal or abluminal location of mrp1 in
polarized endothelial cells like those of the BBB must be also
determined. If the BMEC produce mrp1, its substrates might
be transported in two ways. The first assumes that mrp1 is
anchored, like P-gp, in the luminal membrane of the BMECs.
The substrates would then be transported from the brain to
the blood in a same way as those of P-gp. Hence mrp1 could
be another restrictive determinant of BBB permeability. If
however, mrp1 is present at the abluminal membrane of the
BMEC, its substrates could be transported from the cytosol of
the BMECs into the brain extracellular fluid. These two pos-
sible mrp1 location on the endothelial cells are exclusive be-
cause ABC proteins more often transport their substrates
from the cell cytosol or plasma membrane to the outside using
the energy source provided by the cytosolic ATP catalytic
domains. The mrp1 protein has been found on the basolateral
side of the epithelial cells of the choroid plexus. It has also
been detected in many other tissues, including the basal layer
of the oropharyngeal mucosa, the bronchial epithelium and
the basal membrane of the testicular Sertoli cells (Ref. 22, for
a review, see Ref. 23). In situ brain perfusion can only inves-

tigate the transport of compounds at the luminal membrane
of endothelial cells. Because mrp1, unlike P-gp, is generally
found on the basolateral membrane of polarized cells it is
more likely to be on the abluminal side of BMECs. Several
known mrp1 substrates were assayed, some of them, like vin-
cristine, doxorubicin and etoposide, are also substrates of
P-gp. This is why we also used P-gp-deficient mice to isolate
the action of P-gp from that of the hypothetical mrp1 in the
blood–brain transport of several substrates.

The in situ perfusion of the brain with vincristine, doxo-
rubicin, and etoposide, three known unmodified and overlap-
ping substrates of both P-gp and mrp1, indicates that the entry
of these three substrates into the brain is not controlled by
mrp1. The transport of the glucuronate conjugate E217�G,
which is transported by mrp1 and by at least two organic
anion transporters (like OATP2 and OAT; Ref. 24) but not
by P-gp, was not affected by the mrp1 status. We looked more
specifically at the efflux mediated by these ABC pumps using
a trans-efflux zero study with etoposide and E217�G. This
experimental procedure showed no mrp1-mediated efflux of
E217�G. The brain transport of etoposide was affected by the
wash-out procedure in both wild-type and mrp1-deficient
mice, suggesting that an other efflux transporter is involved,
or that [3H]-etoposide binds non-specific to the luminal mem-
brane of the endothelial cells and was removed by the wash-
out. Etoposide is a substrate of P-gp (25) unlike E217�G. Our
brain trans-efflux zero study of etoposide transport in P-gp-
deficient mdr1a(−/−) mice confirmed that the efflux of eto-
poside from the brain is due mainly to P-gp-mediated trans-
port at the luminal membrane of the endothelial cells. We
also measured mrp1-linked etoposide efflux with known in-
hibitors like the broad-specific organic anion transporter in-
hibitor probenecid, and a more specific mrp1 inhibitor,
MK571, co-perfused with [3H]-etoposide in P-gp-deficient
mdr1a(−/−) mice to circumvent the significant contribution of
P-gp. The transport of etoposide was not modulate in trans-
influx or trans-efflux zero studies, despite the inclusion of
mrp1 inhibitors. Hence, the P-gp at the BBB may well be
critical for the brain disposition of etoposide in the brain, and
mrp1 may make no significant contribution. Previous studies
support our findings. Wijnholds et al. (26) used mrp1(−/−)
single knockout and mrp1(−/−), mdr1a/1b(−/−) triple knock-
out mice in a conventional pharmacokinetic study and dem-
onstrated that a lack of the mrp1 transporter did not influence
the amount of etoposide in the whole brain. They concluded
that mrp1 does not limit the entry of etoposide into the brain.
However, the concentration of etoposide in the cerebrospinal
fluid of the triple knockout mice was higher than in the ce-
rebrospinal fluid of the P-gp-deficient mice. This may indicate
that mrp1 acts as an efflux pump at the choroid plexus (26), as
indicated by in vitro and in vivo studies with other compounds
like 99mTc-sestamibi (8). Studies using intraperitoneal arse-
nite, another efficiently transported mrp1 substrate, showed
no significant difference in the whole brains of mrp1(−/−) and
wild-type mice (27). However, one study on rodents sug-
gested that mrp1 at the BBB was involved in efflux (28).
Tamai et al. showed that, grepafloxacin, a new quinolone an-
tibacterial agent, was effluxed from the brains of mice and
rats in vivo and a study on immortalized rat brain capillary
endothelial cells showed that they had both P-gp and mrp1
and another anion-efflux transporter sensitive to 4,4�-
diisothiocyanatostilbene-2,2�-disulfonic acid and bicarbonate

Fig. 4. Brain transport coefficient (Kin, �L/s/g) for [3H]-etoposide.
P-gp-deficient mdr1a(−/−) mice were perfused with [3H]-etoposide,
with or without 1 mM probenecid, for 120 s (solid column). The
empty columns represent mice that were given a 60 s tracer free
wash-out (WO) with or without MK571 (50 �M) after a brain per-
fusion of [3H]-etoposide with or without coperfusion of MK571 (50
�M). Data are means ± SD for four to six mice.
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(28). The authors concluded that several efflux transporters
are involved in the efflux of quinolones from the brain. It is
possible that another MRP isoform, such as mrp2 that trans-
ports several quinolones like grepafloxacin, and their conju-
gated metabolites (29–31), may also be involved since confo-
cal transport experiments have shown that mrp2 is an efflux
transporter in the luminal membrane of isolated porcine brain
microvessels (32,33). Nevertheless, in situ brain perfusion of
grepafloxacin in the rat, showed no influence of mrp1 efflux
(28). We therefore conclude that the possibility of mrp1 at the
luminal side of the BMEC should be discarded.

In vivo experiment to characterize transport-mediated
efflux across the BBB can be complicated by factors such as
the presence of other transporters like the multiple members
of organic anion and cation families, which have overlapping
interactions with many drugs. Although animals lacking spe-
cific transporters are ideal for evaluating the contribution of
each transporter to drug resistance, the basal production or
up-regulation of other transporters could mask or reveal
other transport pathways, so preventing arrival at a clear con-
clusion. The particular cellular architecture of the BBB may
add another confusing element. The concentration of mrp1 is
higher in rat primary cultured astrocytes than in endothelial
cells, suggesting that its preferential presence in astrocyte
endfeet that surround the brain microvessels (34) may help to
concentrate mrp1 substrates in the brain extracellular fluid.
This would create a steep concentration gradient in this fluid,
facilitating clearance of the mrp1 substrate across the BBB. In
conclusion, our findings tend to support that the mrp1 is not
present at the luminal side of the mouse endothelial cells
forming the BBB.
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