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1 Intestinal xenobiotic transporters are a signi®cant barrier to the absorption of many orally
administered drugs. P-glycoprotein (PGP) is the best known, but several others, including members
of the multidrug resistance-associated protein (MRP) family, are also expressed. De®nitive
information on their precise e�ect on intestinal drug permeability is scarce due to a lack of speci®c
inhibitors and the di�culty of studying non-PGP activity in the presence of high PGP expression.

2 We have investigated the in vitro use of intestinal tissues from PGP knockout (mdr1a (7/7))
mice as a tool for dissecting the mechanisms of intestinal drug e�ux. The permeability
characteristics of digoxin (DIG), paclitaxel (TAX) and etoposide (ETOP) were measured in ileum
from mdr1a (7/7) and wild-type (FVB) mice mounted in Ussing chambers.

3 DIG and TAX exhibited marked e�ux across FVB tissues (B-A :A-B apparent permeability
(Papp) ratio 10 and 17 respectively) which was absent in mdr1a (7/7) tissues, con®rming that PGP
is the sole route of intestinal e�ux for these compounds. The A-B Papp of both compounds was 3 ± 5
fold higher in mdr1a (7/7) than in FVB.

4 Polarized transport of ETOP in FVB tissues was reduced but not abolished in mdr1a (7/7)
tissues. Residual ETOP e�ux in mdr1a (7/7) tissues was abolished by the MRP inhibitor MK571,
indicating involvement of both PGP and MRP.

5 MK571 abolished calcein e�ux in mdr1a (7/7) tissues, while quinidine had no parallel e�ect in
FVB tissues, suggesting involvement of MRP but not PGP.

6 Tissues from mdr1a (7/7) mice provide a novel approach for investigating the in¯uence of PGP
ablation on intestinal permeability and for resolving PGP and non-PGP mechanisms that modulate
drug permeability.
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Introduction

The intestinal epithelium presents a signi®cant barrier to the
absorption of some orally administered drugs. One of the key
components of this barrier is P-glycoprotein (PGP), a

member of the ABC transporter family (Hunter & Hirst,
1997), that is coded for by the MDR1 gene in humans and by
the mdr1a and mdr1b genes in rodents, only mdr1a being

found in intestine (Croop et al., 1989). PGP is a polyspeci®c
transporter that can pump a very broad range of substrates,
including vinca alkaloids, anthracyclines, digoxin, epipodo-
phyllotoxins and b-adrenergic agonists, into the gut lumen

(Hunter & Hirst, 1997). In vivo studies con®rm that PGP
signi®cantly limits the oral bio-availability of several drugs
(Fromm, 2000). As a result, screening of drug candidates for

PGP interaction is becoming a routine part of the drug
development process.

There is, however, a growing awareness that other non-

PGP transporters with the potential for drug e�ux may also
be expressed by the intestinal epithelium (Suzuki &
Sugiyama, 2000). These include members of the multidrug

resistance-associated protein (MRP) family and others, such
as lung resistance protein (LRP) and the breast cancer
resistance protein (BCRP) (Gotoh et al., 2000; Makhey et al.,
1998; Jonker et al., 2000). Relatively little is known about the

transport characteristics of LRP and BCRP. MRP type
transporters, studied primarily in over-expressing cell models,
have the capacity to transport many substances including

common drugs, often following enzymatic conjugation with
glutathione, glucuronide or sulphate, although some MRPs
may also act as unconjugated drug/glutathione co-transpor-
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ters (Rappa et al., 1997; Borst et al., 2000). Several members
of the MRP family have been identi®ed at the molecular level
in intestinal tissues (Mottino et al., 2000; Peng et al., 1999;

Gotoh et al., 2000) and there is evidence that at least one of
these, MRP2, is functionally active in this tissue (Gotoh et
al., 2000). However, their contribution to intestinal drug
e�ux remains poorly de®ned.

Identifying the relative contribution of PGP and non-PGP
processes to intestinal drug e�ux has proved problematic.
This is due mainly to the considerable overlap in substrate

speci®city between di�erent transporters and a lack of
reliable and selective inhibitors. This makes it di�cult to
di�erentiate between transport activities in cells or tissues

such as the intestinal epithelium where multiple transporters
are co-expressed. In addition, the high `background' level of
e�ux by PGP may swamp contributions from less highly

expressed transporters.
Transgenic animal models, in which speci®c transporter

genes have been disrupted (Schinkel et al., 1994; Lorico et al.,
1997), represent important tools with which to address these

questions. The mdr1a (7/7) mouse strain developed by
Schinkel and co-workers has thus far, been used primarily to
demonstrate PGP-mediated e�ects on in vivo toxicity and

pharmacokinetics (Schinkel et al., 1994, 1995; Fromm et al.,
1999; Yokogawa et al., 1999). Given that several factors in
addition to intestinal absorption will determine drug bio-

availability, such studies cannot provide direct information
on the in¯uence of PGP ablation on drug e�ux and
permeability at the level of intestinal tissue. To date, there

appears to have been no attempt to use tissues isolated from
PGP knockout animals in vitro to assess the contributions of
PGP and other transporters to drug e�ux at speci®c sites
such as the intestine.

The present study has investigated the in vitro perme-
ability characteristics of ileal tissues from mdr1a (7/7)
mice compared with tissues from wild-type (FVB) control

animals using Ussing chambers. Data are presented on the
basic paracellular and transcellular permeability properties
of these tissues and on their handling of four compounds,

digoxin, paclitaxel, etoposide and calcein. In addition to
de®nitive information on the extent to which PGP
modulates intestinal permeability of these compounds, this
technique also provides data on the extent to which non-

PGP e�ux transporters modulate drug permeability in
intestinal tissues.

Methods

(G-[3H])-digoxin and L-(4-[3H])-propranolol were purchased from
NENLife Science Products (Hounslow, U.K.), (G-[3H])-etoposide
and(G-[3H])-paclitaxelwereobtained fromMoravekBiochemicals,

Inc. (Brea, CA, U.S.A.), and D-(1-[14C]-mannitol was obtained
from Amersham Life Science Ltd (Little Chalfont, U.K.). MK571
was purchased fromA�nitiResearchProductsLtd (Exeter,U.K.).
Calcein was obtained from Molecular Probes (Eugene, OR,

U.S.A.). All other compounds were obtained from Sigma-Aldrich
Chemical Co. Ltd (Poole, U.K.). Wild-type FVB (mdr1a (+/+))
mice (the background strain used toproduce themdr1a (7/7) and

mdr1a/1b (7/7) strains) were obtained from local barrier
maintained stock. Mdr1a (7/7) and mdr1a/1b (7/7) mice were
obtained fromM&B A/S (BomholtgaÈ rd, Denmark).

Animals and tissues

Intestinal tissues were removed from non-fasting male mice

(10 ± 16 weeks, 20 ± 36 g) killed by cervical dislocation. The
ileum (the segment stretching from 1 to 13 cm proximal to
the ileo ± cecal junction) was immediately removed and
¯ushed with ice-cold, bicarbonate-bu�ered Ringer solution

containing (in mmol.l71) Na+ 146, K+ 4.2, Ca2+ 1.2, Mg2+

1.2, Cl7 126, HCO3
7 27, HPO4

7 1.4, D-glucose 10 mM,
which had been equilibrated to pH 7.4 by bubbling with 5%

CO2/ 95% O2. Tissues were mounted intact in modi®ed
Ussing chambers (0.52 cm2 cross-sectional area) without
removal of the serosal muscle layer. Mounting was completed

within 20 min of removal from the animal. All procedures
involving animals conformed to current U.K. Home O�ce
regulations.

Permeability studies

Drug transport across intestinal tissues was measured by

methods similar to those described previously (Collett et al.,
1999). Intestinal mucosa was bathed on the mucosal (apical)
and serosal (basolateral) surfaces with 5 ml of bicarbonate-

bu�ered Ringer, pH 7.4 at 378C. Spontaneous tissue open-
circuit potential di�erence (P.D.), short-circuit current (ISC)
and transepithelial electrical resistance (RT) were monitored

periodically throughout the experiment, otherwise tissues
were maintained under open circuit conditions. A 30 min
equilibration period was allowed prior to beginning perme-

ability measurements to allow stabilization of electrical
parameters. Tissues were excluded in cases where RT values
fell by more than 15% from the value measured at the end of
the equilibration period. Asymmetric permeability of 40 mM
digoxin, 20 mM paclitaxel or 20 mM etoposide was measured
following addition of unlabelled drug with the corresponding
radiolabelled drug (0.2 mCi.ml71, 7.4 kBq.ml71) to apical (A)

or basolateral (B) chambers. Asymmetric permeability of
80 mM calcein was measured ¯uorimetrically (see below).
Drugs were added as stock solutions in DMSO, giving a ®nal

solvent concentration of 0.02 ± 0.3%. In the case of digoxin,
unlabelled drug was added to an aliquot of transport bu�er
from the `donor' chamber, which was vortexed for 1 min and
returned to the chamber to ensure thorough mixing. For all

radiolabelled compounds, 1 ml samples were removed from
the `receiver' chamber at t=0 and after each of six 40 min
¯ux periods and replaced with fresh transport bu�er.

Inhibitors were added to the chamber (where appropriate),
after the third ¯ux period (i.e. at t=120 min). Samples
(100 ml) were also taken from the `donor' chamber at the

beginning of the ®rst period and at the end of the experiment
to monitor any changes in `donor' drug concentrations
during the experiment and to safeguard mass balance. In

calcein experiments, samples taken from the receiver chamber
were 100 ml rather than 1 ml.
As a further test of the viability of the tissues, the cyclic

AMP agonist, forskolin (10 mM) was added basolaterally at

the conclusion of the experiment. This elicited a sharp and
sustained rise in ISC in viable tissues caused by the
stimulation of electrogenic Cl7 secretion (Warhurst et al.,

1996).
Samples were analysed by liquid scintillation counting,

except in calcein experiments, where tracer concentration was
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determined by ¯uorimetry (lexcitation: 497 nm, lemission:
517 nm) using a Perkin-Elmer LS50B ¯uorescence spectro-
meter.

Values of unidirectional transepithelial apparent perme-
ability (Papp) in cm.s71, for each chamber over each 40 min
¯ux period, were calculated by:

Papp � dQ=dt

C :A

where dQ/dt is the rate of appearance of compound in the

receiver chamber, C is the substrate concentration in the
donor chamber and A is the cross-sectional area of the tissue
(0.52 cm2). Values of Papp were then averaged over the ®rst

three 40 min ¯ux periods (before the addition of the
inhibitor) and over the second three 40 min ¯ux periods
(after addition of the inhibitor) to yield baseline and post-

inhibition values. For all drugs (digoxin, paclitaxel, etoposide
and calcein), dQ/dt was shown to be linear over the time
course of the experiment. For analysis, the resulting Papp data

from several experiments were then pooled (see `statistical
methods' below).
Papp values shown are either unidirectional: apical to

basolateral (A-B) or basolateral to apical (B-A) or net Papp

(Papp B-A ± Papp A-B). Where values for net Papp are shown,
positive values represent net secretion in the B-A direction
(i.e. B-A4A-B) while negative values represent net absorp-

tion in the A-B direction (i.e. B-A5A-B).
The e�ect of PGP ablation on the paracellular route was

assessed using the paracellular marker mannitol. Following

tissue equilibration, 100 mM mannitol, containing
0.2 mCi.ml71 [14C]-mannitol, was added to the donor chamber
and samples taken from the receiver chamber at 60 min

intervals. Papp was calculated as described above.

Propranolol, which has been shown to be highly permeable
across intestine (Ungell et al., 1998) was used to assess the
inherent passive transcellular permeability of mouse tissues.

Propranolol was added to the donor chamber at a
concentration of 100 mM with 0.2 mCi.ml71 [3H]-propranolol
and samples were taken from the receiver chamber every
40 min for up to 4 h. For analysis, Papp values were averaged

over 4 h (six 40 min ¯ux periods).
Elucidation of the particular e�ux processes responsible

for net secretion of compounds in mouse ileum was

investigated by apical and basolateral addition of the PGP
inhibitor quinidine (200 mM) or the MRP-selective inhibitor,
MK571 (20 mM). In some experiments, the PGP inhibitor

verapamil (200 mM) was substituted for quinidine.

RT±PCR screen for transporter mRNA expression

Total RNA was prepared from mouse intestine, snap frozen
in liquid N2, using ULTRASPEC reagent according to the
manufacturer's instructions (AMS Biotechnologies Ltd,

U.K.). Two mg of total RNA were reverse transcribed into
cDNA using random primers and MMLV reverse tran-
scriptase (Life Technologies Ltd, U.K.), as per manufac-

turer's instructions in a 10 ml reaction volume. One ml of the
cDNA was then PCR-ampli®ed on a Hybaid PCRSPRINT
PCR block for 35 cycles. Reaction volumes were 50 ml,
comprising: 0.2 mM each of dATP, dCTP, dTTP and dGTP,
16 PCR bu�er (mM) TRIS/HCl 10, pH 8.3, MgCl2 1.5,
KCl 50, and 0.5 mM of each primer (see Table 1). PCR

products were visualized on 1% agarose/TAE gels, contain-
ing 0.01% Ethidium bromide, using a suitable DNA size
ladder (Figure 2A: 100 bp DNA Ladder, Life Technologies,
Paisley, U.K.; Figure 2B: DNA Molecular Weight Markers

Table 1 Forward and reverse olignonucleotide primer sequences used for analysis of expression of MDR and MRP RNA in mouse
intestine

Gene Forward primer Reverse primer Conditions Product position (size)

mdr1a 5' GTC CCA ACT GGG 5' TCC CAG TCC CAC 958C 30 s 4391 ± 4798
(ABCB4) ATA TTG TAC A 3' CCC TCT 3' 588C 75 s (408)
NM_011076.1 728C 75 s

mdr1b 5' TAT GGA TCC CAG 5' GCT GTT TCT TGT 958C 30 s 2030 ± 2771
(ABCB1) AGT GAC ACT G 3' CCT TCA AGG C 3' 608C 75 s (742)
NM_011075.1 728C 75 s

MRP1 5' CTA TGC CAA CGC 5' GCA GTT CGG CTA 958C 30 s 2604 ± 2794
(ABCC1) TGA GCA GG 3' TGC TGC TG 3' 588C 75 s (191)
NM_008576.1 728C 75 s

MRP2 5' TCA TGA AGC ATT 5' CAA GGC ATT CAC 958C 30 s 2579 ± 2811
(ABCC2) CGG GAC CT 3' ACT TTT AAT T 3' 588C 75 s (233)
NM_013806.1 728C 75 s

MRP5 5' AGC TGG TTC CCA 5' CTA AGG CGA CAG 958C 30 s 4904 ± 5334
(ABCC5) GCC CCA GG 3' AAT GTC TAG T 3' 588C 75 s (431)
NM_013790.1 728C 75 s

MRP6 5' GTC GGG CCT CGC 5' CCT TGG AAT AAA 958C 30 s 4493 ± 4902
(ABCC6) TTG AAT GA 3' CAG GGC AG 3' 588C 75 s (410)
NM_018795.1 728C 75 s

Genes identi®ed by common name, standardized name in parentheses as speci®ed by the draft nomenclature guidelines (September
2001) of the HUGO Gene Nomenclature Committee (www.gen.ucl.ac.uk/nomenclature/genefamily/ABC.html) and GenBank accession
number. Product position and size are given in bases.
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XIV, Roche Molecular Biochemicals, Lewes, U.K.) for
veri®cation of product sizes. In all cases, the identity of
PCR products was con®rmed by double-restriction digest,

followed by visualization of restriction fragment sizes by
agarose gel electrophoresis and commercial sequencing (Lark
Technologies Inc., Sa�ron Walden, U.K.). Sequencing data
indicated that identity of ampli®ed products with corre-

sponding published sequences (GENBank) was 499% in all
cases.

Statistical methods

Values are expressed as mean+s.e.mean (n). Values of n

represent the number of tissue segments used in each
experimental group. The number of animals from which the
tissues were collected is also shown in the ®gure legends.

Statistical analyses were carried out using PRISM 2.01
(Graphpad Software Inc.). Single comparisons of unidirec-
tional and net Papp values, electrical parameters and the
e�ects of inhibitors on substrate ¯uxes were made using

Student t-test with a signi®cance level of 5%. Where multiple
comparisons were made this was done using one-way analysis
of variance (ANOVA) with a Bonferroni post test, using a

signi®cance level of 5%.

Results

Mannitol and propranolol permeability and electrical
properties of normal and mdr1a (7/7) mouse ileum

Initial studies examined the baseline electrical parameters and
stability of ileum isolated from FVB control and mdr1a

(7/7) animals and mounted in Ussing chambers (Figure 1).
A limited number of studies were also performed in mdr1a/1b
(7/7) double knockout animals. Initial values for potential

di�erence (PD) were similar in all strains (Figure 1A) and
increased consistently by &20% over a 4-h period (P50.05,
paired t-test). Electrical resistance (RT) remained stable for at

least 4 h following mounting in FVB and mdr1a (7/7) mice
(Figure 1B), although the resistance of tissues from mdr1a/1b
(7/7) animals was signi®cantly lower (P50.01, ANOVA)

than the other two strains at all time points. In addition,
tissues from mdr1a/1b animals exhibited a signi®cantly higher
Isc (49.2+2.5 compared to 42.9+2.9 and 40.5+3.0 mA.cm72

in FVB and mdr1a (7/7), respectively; P50.01, ANOVA,

n=17 tissues in each group). Addition of 200 mM quinidine,
which was used as a PGP inhibitor during the latter stages of
permeability studies in tissues from control mice caused a

signi®cant decrease in PD (P50.05) and concomitant
signi®cant rise in RT (P50.001, Figure 1A and B,
respectively) consistent with the blockade of membrane K+

channels (Richards & Dawson, 1986).
The paracellular pathway in FVB and mdr1a (7/7) mice

was also assessed by following mannitol permeability.

Mannitol (Papp) across mdr1a (7/7) ileum was stable over
4 h (3.6+0.6 and 4.0+0.561076 cm.s71 at t=60 and t=240
respectively) and showed no evidence of asymmetry (A-B
3.6+0.6; B-A 4.4+0.861076 cm.s71 at t=60 ). Similar

results were observed in ileum from FVB control mice with
no signi®cant di�erences in paracellular ¯ux between the
control and mdr1a (7/7) strains.

Permeability of the passive transcellular marker proprano-
lol was approximately 10 fold greater than mannitol, and also
symmetrical in both FVB (A-B 45.2+0.761076 cm.s71; B-A

40.4+0.861076 cm.s71, n=6) and mdr1a (7/7) tissues (A-
B: 40.2+0.361076 cm.s71; B-A 37.9+0.561076 cm.s71,
n=6). The values obtained for propranolol and mannitol
permeability in unstripped mouse ileum are very similar to

those reported for stripped rat intestine (Ungell et al., 1998)
suggesting that the presence of an intact muscle layer in
mouse ileum has no signi®cant e�ect on passive permeability.

RT±PCR screen for multidrug resistance transporter
expression

As expected, an RT±PCR screen for expression of mdr1a
and mdr1b genes in mouse tissues (Figure 2A) revealed

mdr1a expression in wild-type mouse ileum and kidney, but
not in the same tissues taken from mdr1a (7/7) mice.
Mdr1b was not detected in ileum from either mdr1a (+/+)
or mdr1a (7/7) mice, but was detected in the kidneys of both

strains. The expression of MRP isoforms in mdr1a (7/7)
intestine was also investigated (Figure 2B). MRP1 mRNA
could be detected in both small and large intestine of mdr1a

(7/7) mice while MRP2 expression was seen only in
jejunum and ileum. There was no detectable expression of
MRP5 (MOAT-C) or MRP6 (MOAT-E) in mdr1a (7/7)

Figure 1 Electrical parameters of isolated mouse ileum. Tissue
electrical parameters measured over a 4 h time course following
mounting of unstripped intestine in Ussing chambers as indicated in
Methods. Values at each time point are means+s.e.mean for 81, 38,
and 19 tissues from 20 mdr1a (+/+), 11 mdr1a (7/7) and 5 mdr1a/
1b (7/7) mice respectively. (A) Mean potential di�erence (PD, mV);
*P50.05 value at t=240 compared with value at t=0. In a subset of
the mdr1a (+/+) group only, 200 mM quinidine was added from
t=120 onwards as indicated by the dashed line, **P50.05 value at
t=240 compared with t=120; both comparisons made by paired t-
test. (B) Mean transepithelial resistance (Rt, O.cm

2); {P50.001, value
at t=240 compared with t=120 (paired t-test), {P50.01 compared
with mdr1a (7/7) and mdr1a (+/+) by one-way ANOVA.

British Journal of Pharmacology vol 135 (8)

Drug efflux in intestine from mdr1a (7/7) miceR.H. Stephens et al 2041



intestine. MRP3 (MOAT-D) and MRP4 (MOAT-B) have yet
to be cloned in the mouse and were not investigated.

Polarized efflux of digoxin and paclitaxel is mediated
solely by P-glycoprotein in mouse ileum

Both digoxin and paclitaxel have been reported to exhibit

polarized e�ux across epithelial cell monolayers consistent

with interaction with xenobiotic transporters such as PGP
(Fromm et al., 1999; Fromm, 2000; Sparreboom et al., 1997).
Comparative studies across FVB control and mdr1a (7/7)

mouse ileum were used to de®ne the degree to which PGP
in¯uences the permeability of these compounds in intestinal
tissues. In tissues from control animals, digoxin permeability
showed marked e�ux (Figure 3) with permeability in the B-A

direction being 10 fold greater than in the A-B direction. This
e�ux was abolished in the presence of quinidine (200 mM),
which caused a 4 fold increase in A-B permeability of digoxin

(11.9+1.3 vs 3.1+0.661076 cm.s71 in the presence and
absence of quinidine respectively (n=4); P50.01). In
contrast, in mdr1a (7/7) tissues, digoxin permeability was

virtually identical in both directions with no evidence of
e�ux (Figure 3). A-B permeability of digoxin was also
markedly higher in mdr1a (7/7) animals compared to FVB

controls (8.4+0.7 vs 3.1+0.661076 cm.s71 (n=6 and 4,
respectively); P50.001), these values being similar to
quinidine-treated control tissues. Addition of the MRP
inhibitor, MK571 to mdr1a (7/7) tissues had no e�ect on

digoxin permeability in either direction (P40.1).
Paclitaxel exhibited similar permeability properties with a 17

fold greater permeability in the B-A than A-B direction in FVB-

control ileum. (A-B: 2.3+0.2; B-A: 38.9+2.261076 cm.s71

(n=4); P50.001) which was quinidine sensitive (Figure 4).
Again, no asymmetry was observed for paclitaxel in mdr1a (7/7)

ileum but the absorptive (A-B) permeability of the drug was 5 fold
greater than in tissues from control animals expressing the mdr1a
gene (Figure 4). The MRP inhibitor MK571 (20 mM) once again

had no e�ect on Papp for paclitaxel (P50.1). These data from
mdr1a (7/7) tissues provide clear evidence that PGP is the sole
mediator of intestinal e�ux of both digoxin and paclitaxel and that
the transporter has a signi®cant inhibitory e�ect on the absorptive

¯ux of these compounds in tissues.

Etoposide absorption across mouse ileum is influenced by
P-glycoprotein and MRP transporters

In common with the other compounds used in this study,

etoposide exhibited luminal secretion (e�ux) in control
mouse ileum characterized by a 9 fold asymmetry in the

Figure 3 Digoxin permeability in control and mdr1a (7/7) mouse
intestine. Unidirectional (A-B, B-A) and net permeability of digoxin
(40 mM) across unstripped ileum from (A) FVB-control and (B)
mdr1a (7/7) mice. Values shown are mean Papp+s.e.mean (cm.s71)
in the absence of inhibitor and after addition of 200 mM quinidine in
the case of FVB-control or before and after addition of 20 mM
MK571 in mdr1a (7/7) mice. n=4±6 tissues in each direction for
both groups (3 ± 5 animals in each group). *P50.01 compared to
A-B in the absence of quinidine, #P50.005 compared to A-B in
FVB-control in the absence of quinidine.

Figure 4 Paclitaxel permeability in control and mdr1a (7/7)
mouse intestine: Unidirectional (A-B, B-A) and net permeability of
paclitaxel (20 mM) across unstripped ileum from (A) FVB-control and
(B) mdr1a (7/7) mice. Values shown are mean Papp+s.e.mean
(cm.s71) in the absence of inhibitor and after addition of 200 mM
quinidine in the case of FVB-control or before and after addition of
20 mM MK571 in mdr1a (7/7) mice. n=4 tissues in each direction
for both groups (three animals in each group). *P50.01 compared to
A-B in the absence of quinidine, #P50.01 compared to A-B in FVB-
control in the absence of quinidine.

Figure 2 Molecular expression of e�ux transporters in mouse
intestine. (A) RT±PCR screen for mRNA expression of mdr1a and
mdr1b genes in mdr1a (+/+) wild-type and mdr1a (7/7) knockout
mouse tissues, visualized on a 1% agarose/TAE gel, containing 0.01%
Ethidium bromide, using a 100 bp DNA Ladder (Life Technologies,
Paisley, U.K.) for veri®cation of product sizes. (B) RT±PCR screen for
MRP1, MRP2, MRP5 and MRP6 genes in mdr1a (7/7) mouse
intestine. Reaction products were visualized on a 1% agarose/TAE gel,
containing 0.01% Ethidium bromide, using 100 base pair ladder (DNA
Molecular Weight Markers XIV, Roche Molecular Biochemicals,
Lewes, U.K.) for veri®cation of product sizes.
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B-A direction (Figure 5). However, in this case, 200 mM
quinidine only partially inhibited the asymmetry (77%)
leaving a residual B-A/A-B ratio of &2 fold. The remaining

component of etoposide e�ux was abolished by addition of
20 mM MK571. The net e�ect of quinidine and MK571
addition was to increase the A-B permeability of etoposide by
a factor of 4 (P50.001, ANOVA).

Complementary studies in mdr1a (7/7) ileum were also
performed (Figure 5). In this system devoid of PGP, etoposide
exhibited a 2.7 fold asymmetry in the B-A direction, which was

essentially abolished by MK571. The handling of etoposide in
mdr1a (7/7) intestine was compared to that of calcein (Figure
6), which is known to interact with MRP (Fujita et al., 1996)

but has a very low a�nity for PGP. Although the unidirectional
permeability of calcein was much lower than etoposide, it
exhibited a similar level of asymmetry in the B-A direction (2.2

fold), which was also sensitive to inhibition by MK571
(P50.05). Calcein also displayed asymmetry in FVB mice,
which was similar in magnitude to that seen in mdr1a (7/7)

intestine and which was insensitive to the PGP inhibitor
quinidine (Figure 6). These data con®rm that calcein
permeability is in¯uenced by MRP but not PGP in mouse
small intestine, while etoposide permeability is in¯uenced by a

combination of both PGP and MRP transporters.
Studies were also performed in wild-type tissues comparing

the inhibitory e�ects of verapamil and quinidine, both of

which are used extensively as PGP inhibitors (Table 2). The
data show signi®cant di�erences in inhibitory potency, which
were dependent on the compound being studied. For

example, quinidine and verapamil at 200 mM abolished
luminal secretion of digoxin and paclitaxel in FVB mouse
ileum. However, quinidine was signi®cantly more e�ective

than verapamil in inhibiting etoposide secretion at the same
concentration (% inhibition of etoposide secretion: 200 mM
quinidine: 76.8+1.2% vs 200 mM verapamil: 44.5+2.5%,
(n=four and three animals respectively); P50.02).

Lack of involvement of mdr1b in drug efflux in mouse
intestine

Although mdr1b is absent from the intestine of normal mice
(Croop et al., 1989), the expression of this gene is known to

be upregulated in the kidney and liver of mdr1a (7/7) mice
(Schinkel et al., 1994). To investigate potential compensatory
e�ects in intestine the transport of paclitaxel and etoposide

was measured in intestine from mice in which both mdr1a
and mdr1b expression had been ablated (Figure 7). In
common with its pro®le in mdr1a (7/7) ileum, paclitaxel
permeability was symmetrical in mdr1a/1b (7/7) tissues.

Similarly, etoposide showed a 2.2 fold asymmetry in the B-A
direction, which was sensitive to MK571 (P50.05). These
data show that disruption of the mdr1b gene in addition to

the mdr1a gene has no additional impact on drug
permeability in small intestine suggesting that mdr1b is not
involved in intestinal drug e�ux.

Discussion

The mdr1a (7/7) mouse developed by Schinkel and co-
workers has proved an invaluable model for investigating

Figure 6 Calcein apparent permeability (Papp) across mouse intes-
tine. Unidirectional (A-B, B-A) and net permeability of calcein
(80 mM) across unstripped ileum from (A) FVB control and (B)
mdr1a (7/7) mice (n=6 and 4 tissues in each direction, four and
three animals in each group, respectively). Values shown are
mean+s.e.mean in the absence of inhibitor and after addition of
(A) 200 mM quinidine or (B) 20 mM MK571. *P50.05 compared with
net Papp in absence of inhibitor.

Table 2 Di�erential e�ect of PGP inhibitors on luminal
secretion of digoxin, paclitaxel and etoposide in FVB mouse
ileum in vitro

Digoxin Paclitaxel Etoposide

Baseline 22.0+1.8 (12)* 37.5+2.6 (10)* 15.2+1.1 (15)*
+Quinidine 0.41+0.69 (4) 2.97+1.7 (4) 3.58+0.8 (4)*
+Verapamil 72.20+0.9 (3) 5.62+2.7 (4) 7.41+0.1 (3)*{

Values are mean net Papp+s.e.mean, (cm.s71) (number of
tissue segments in each direction). Data from 18 animals are
shown, six per substrate (digoxin, paclitaxel, etoposide). In
three of these, quindine was added, while verapamil was
added in the other three. Quinidine and verapamil added to
both apical and basolateral sides of the Ussing chamber to a
®nal concentration of 200 mM. *P50.05 with respect to zero,
{P50.05 with respect to quinidine.

Figure 5 In¯uence of PGP and MRP transporters on etoposide
permeability in mouse ileum. Unidirectional (A-B, B-A) and net
permeability of etoposide (20 mM) across unstripped ileum from (A)
FVB-control and (B) mdr1a (7/7) mice. Values are mean
Papp+s.e.mean (cm.s71) in the absence of inhibitor and following
sequential addition of either 200 mM quinidine or a mixture of 200 mM
quinidine and 20 mM MK571 in FVB control or following addition of
20 mM MK571 alone in mdr1a (7/7). n=4±6 tissues in each
direction for both groups, 3 ± 6 animals in each group. *P50.02
compared to A-B in absence of quinidine, **P50.01 compared to
A-B in the presence of quinidine, #P50.02 compared to A-B in FVB
control in absence of quinidine, ##P50.02 compared to A-B in
mdr1a (7/7) in absence of MK571. All comparisons were made
using one-way ANOVA.
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the in¯uence of PGP on drug pharmacokinetics in vivo
(Schinkel et al., 1994, 1995). However, the potential
usefulness of this model in understanding the precise role

that PGP plays in controlling permeability in speci®c tissues
such as the intestine has not been addressed. This study
reports data on the in¯uence of PGP ablation on the
intestinal handling of four compounds, paclitaxel, digoxin,

etoposide and calcein, using isolated ileum from the mdr1a
(7/7) mouse compared to tissues from FVB control
animals expressing the mdr1a gene. The ®rst three of these

compounds were chosen as prototypical PGP substrates for
which there is clear evidence of both in vitro interaction with
PGP and impaired bio-availability in in vivo systems

(Schinkel et al., 1995; 1997; Cavet et al., 1996; Sparreboom
et al., 1997; Makhey et al., 1998; Walle & Walle, 1998;
Doppenschmitt et al., 1999; Fromm et al., 1999). The data

presented here indicate that PGP plays an important role in
de®ning the intestinal permeability of these compounds. For
example, the permeability of digoxin and paclitaxel is an
order of magnitude greater in the basolateral to apical

direction in tissues from control animals. The complete
abolition of this secretory ¯ux in mdr1a (7/7) tissues
indicates that it is wholly mediated by PGP. Perhaps more

importantly, the observation that apical to basolateral
permeability of digoxin and paclitaxel is increased 3 ± 5 fold
in mdr1a knockout tissues gives a key insight into the role

of PGP in regulating the e�ciency of intestinal absorption in
general.
In contrast, the handling of etoposide by mouse intestine

is far more complex than that of digoxin or paclitaxel, with

evidence that multiple transporters are involved in limiting
its permeability. While PGP is undoubtedly the major e�ux
protein present in mammalian intestine there is good

evidence that other transporters are also expressed,
including several members of the MRP family. Sugiyama
and co-workers have shown MRP2 to be functionally

expressed in Caco-2 and rodent intestine, transporting
organic anions and glutathione conjugates in a blood-to-
lumen direction (Gotoh et al., 2000; Hirohashi et al., 2000).

MRP1 and MRP3 are also expressed in intestinal cells
although the functional signi®cance of these transporters
remains to be determined (Peng et al., 1999; Ortiz et al.,
1999; Hirohashi et al., 2000).

The present studies suggest that etoposide permeability is
in¯uenced by both PGP and MRP transporters in mouse
intestine. Luminal secretion of etoposide was only partially

reduced in mdr1a (7/7) tissues but could be completely
abolished by the MRP-selective inhibitor, MK571. Etoposide
is known to interact with PGP and studies in everted
intestinal sacs show that the e�ciency of etoposide absorp-

tion can be increased by incubation with a monoclonal
antibody against PGP (Leu & Huang, 1995). However, there
is also a close correlation between etoposide resistance or

transport and MRP expression in several cell systems (Cole et
al., 1994; Paul et al., 1996a, b; Gaj et al., 1998), and Makhey
et al. (1998) showed etoposide e�ux in rat intestine to be

reduced by leukotriene C4, an MRP substrate.
The e�ux of calcein in mdr1a (7/7) ileum is similar to

that described by Fujita et al. (1996) in rat jejunum and its

abolition by MK571 (Figure 6) provides further evidence for
the functional involvement of one or more MRP transporters
in drug e�ux in the mdr1a (7/7) mouse intestine. In
contrast to etoposide, PGP inhibitors had no e�ect on calcein

e�ux in wild-type mouse intestine which is consistent with
previous evidence that this compound is a substrate for MRP
but not PGP transporters (Hollo et al., 1994).

The lack of selectivity of current MRP inhibitors does not
allow the identi®cation of the speci®c MRP protein(s)
involved in etoposide and calcein e�ux. Expression of

MRP1 and MRP3 have both been shown to confer resistance
to etoposide consistent with e�ux (Gaj et al., 1998; Kool et
al., 1999) but there is little direct evidence for interaction with

MRP2 (Chen et al., 1999). Further studies are underway to
examine how etoposide permeability varies regionally in the
mdr1a (7/7) intestine, which may give us further insights
into the identity of the transporter, given that MRP2, for

example, is expressed at very low levels or not at all in rodent
large intestine (Figure 2 and Gotoh et al., 2000; Stephens et
al., 2001).

The pro®le of PGP expression in rodents is complicated by
the presence of two genes mdr1a and mdr1b (Croop et al.,
1989). However, both absorptive (A-B) permeability and the

degree of e�ux of paclitaxel and etoposide was essentially
identical in tissues from mdr1a (7/7) and mdr1a/1b (7/7)
animals, suggesting that mdr1b is not involved in drug e�ux
in the intestine. This is supported by molecular studies

showing the absence of mdr1b expression in the intestine of
both FVB and mdr1a (7/7) animals, although it is present
in other tissues. The ®nding that mdr1a/1b (7/7) animals

exhibit a &20% increase in Isc (accompanied by a similar
reduction in RT) is interesting and has not previously been
reported. Such a di�erence is consistent with changes in

electrogenic ion transport although the physiological sig-
ni®cance and mechanism of these changes will require further
investigation.

Isolated tissues from mdr1a (7/7) animals o�er several
signi®cant advantages over existing in vitro systems for
studying drug e�ux. Firstly, de®nitive information on the
in¯uence of PGP on a compound's permeability is produced

without recourse to inhibitors. The e�cacy of even common
inhibitors such as verapamil and quinidine appears to vary
considerably depending on the competing substrate and it can

be di�cult to achieve complete and selective inhibition. In the
present study, quinidine and verapamil abolished luminal
secretion of digoxin and paclitaxel but showed variable

Figure 7 Drug transport in double knockout mice. Unidirectional
(A-B, B-A) and net permeability of (A) paclitaxel (20 mM) or (B)
etoposide (20 mM) across mdr1a/1b (7/7) double-knockout mouse
ileum. Values shown are mean Papp+s.e.mean (cm.s71) before and
after addition of 20 mM MK571 (n=4 tissues in each direction, three
animals in each group) *P50.05 compared with net permeability in
the absence of MK571.
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e�ectiveness in inhibiting etoposide secretion (Table 2).
Similarly, a previous study reported signi®cant regional
variation in the interaction between verapamil and PGP

along the rat intestine (Saitoh & Aungst, 1995). Variability in
responsiveness to inhibitors makes it di�cult to gather
reliable, quantitative information on the true impact of
PGP on intestinal permeability. It is also possible that

inhibitors may in¯uence other epithelial transport processes
in addition to their e�ects on drug e�ux so presenting a
confused picture. For example, in this study the PGP

inhibitor quinidine also caused a signi®cant increase in tissue
resistance and a decrease in potential di�erence which may be
due to its known inhibitory action on epithelial K+ channels

leading to membrane depolarization (Richards & Dawson,
1986).
Secondly, the mdr1a (7/7) model facilitates identi®cation

of non-PGP transporters and allows their relative contribu-
tion to intestinal e�ux to be de®ned. The high level of PGP
in intestine and the fact that PGP inhibitors exhibit
signi®cant cross-reactivity with other transporters confounds

such studies in normal tissues. For example, both verapamil
and quinidine have been shown to interact with MRP
transporters (Tomonaga et al., 1996; Makhey et al., 1998;

Vezmar & Georges, 2000). Recent studies have implicated
non-PGP, non-MRP transporters as possible limiting factors
for intestinal permeability (Soldner et al., 2000; Jonker et al.,

2000) and there is a growing awareness that our under-

standing of the drug e�ux systems present in the intestine is
far from complete. The PGP knockout mouse may be an
important in vivo tool in this respect, as demonstrated by a

recent pharmacokinetic study pointing to breast cancer
resistance protein (BCRP) as a limiting factor in intestinal
uptake and bioavailability of topotecan (Jonker et al., 2000).
Combining this with complementary studies using the ex vivo

technique described here will provide a powerful approach
for de®ning the in¯uence of multiple e�ux transporters on
drug absorption.

Thirdly, the ability to directly compare permeability in
tissues in the presence and absence of PGP not only allows
quantitative determination of PGP e�ects in a physiologically

relevant system but also provides de®nitive measures of a
compound's passive permeability, information that may be
useful in developing mechanistic models of intestinal drug

e�ux (Doppenschmitt et al., 1999). Such information can be
gathered from tissues isolated from di�erent regions of the
intestine and such studies are currently underway.
In conclusion, this study has examined the e�ects of PGP

ablation on the intestinal permeability of paclitaxel, digoxin
and etoposide using a novel approach based on the use of
tissues from PGP-knockout mice. The data shows the

profound e�ect of PGP on intestinal permeability of these
compounds and also provides evidence that both PGP and
MRP-type transporters in intestinal tissues in¯uence absorp-

tion of etoposide.
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