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Abstract 0 Studies on transcellular transport across epithelial cell
layers are performed mostly by discontinuous sampling of the
transported compound. This has several drawbacks, e.g., it gives
disturbances in volume, it limits the time-resolution, and is often
laborious. In this report we introduce a method to measure transepi-
thelial transport of fluorescent compounds continuously. The time-
resolution is at the (sub)minute scale, allowing the measurement of
the change in transport rate before and after transport modulation.
We will describe how we used the method to measure transcellular
and paracellular transport. For highly membrane-impermeable com-
pounds, the paracellular transport and the regulation of the tight
junctions was studied in wild-type and MDR1 cDNA transfected
epithelial canine kidney cells (MDCKII). The effect of the multidrug
transporter P-glycoprotein (Pgp) on the transepithelial transport was
studied. Addition of the Pgp inhibitor SDZ PSC 833 showed a
modulation of the idarubicin (IDA) and daunorubicin (DNR) transport,
which was larger during transport from the basolateral to the apical
side than in the reverse direction. By modeling the transepithelial
transport, we found that in these cells Pgp had more effect on the
basolateral to apical transport than vice versa, which can be attributed
to a relatively large passive permeation coefficient for the cellular
basolateral plasma membrane.

Introduction
Compartmentalization is important for multicellular

organisms’ functioning, so that the different biochemical
tasks necessary for life are performed in the proper place
under the proper conditions. The barriers between such
compartments are often such that only regulated biochemi-
cal transport and communication can take place between
the different compartments. Examples of such barriers are
the epithelial cells in the gut and the endothelial cells of
the blood-brain barrier.1-4 Characteristic for these cell
layers is that a-specific transport can hardly take place,
due to the architecture of these layers. Tight junctions
connect neighboring cells firmly to each other and hardly
leave any (paracellular) space between the cells. Thereby
a barrier is created with high transepithelial electrical
resistance (TER) that is highly impermeable for most
hydrophilic compounds.5-8 Specific transporters and car-
riers regulate the transport of this class of compounds
across these barriers.6,8 For lipophilic compounds, which
are able to passively diffuse across the cellular plasma
membrane, epithelia and endothelia are often equipped

with specialized proteins that regulate the transcellular
transport (through the cells) of this class of compounds.
An important example of such a transporter is P-glycopro-
tein (Pgp)9-11 which functions as an ATP-dependent mul-
tispecific cellular drug efflux pump. Pgp was discovered as
a transmembrane protein that induced cellular multidrug
resistance (MDR),11 i.e., resistance against several different
anticancer drugs, e.g., daunorubicin (DNR), vincristine,
taxol. However, not only are some anticancer drugs sub-
strates, but many other types of compounds also interact
with Pgp, e.g., cardiac drugs (verapamil, diltiazem), im-
munosuppressors (cyclosporins) and anti-AIDS drugs.12,13

Epithelia and endothelia, with MDR1 Pgp localized in their
apical plasma membrane, are found at several strategic
sites in the body. Examples of such sites are the endothelial
cells of the blood-brain and the blood-testes barrier and
the epithelial cells lining the gut, where Pgp mediates drug
transport out of the brain, the testes, and the body,
respectively.13-16

Much knowledge on transepithelial transport has come
from in vivo studies. However, ethical constraints limit the
type of experiments that can be conducted in vivo. Also,
because of the complexity of the multicellular organisms,
it is often difficult to pinpoint which phenomena are related
to specific molecular processes. In vitro models simulate
the in vivo situation and do not have these drawbacks.
Until now transepithelial transport has been measured
discontinuously in time, mainly by measuring either the
amount of substrate (mostly radioactively labeled, or
fluorescent) transported from the apical to the basolateral
(A to B) side of the cells (or vice versa) or by measuring
the TER.17-20 By combining knowledge of the study of
MDR,21,22 the use of fluorescence for detection, and the
experience in developing in vitro techniques,23,24 we devel-
oped a technique that can be used to study transepithelial
transport continuously. The method makes use of com-
mercially available plasticware and a fluorometer, equip-
ment present in most biochemical laboratories. The method
detects the transport of fluorescent substrates on-line, it
has a high time-resolution, and effects of transport modu-
lators can be studied within one experiment, thereby
reducing the number of parameters that may give rise to
errors.

With the method we successfully studied transepithelial
transport in several different cell lines (Caco-2, LLC-PK1,
and MDCKII). Here we describe how the technique is
performed, and we report results obtained with the epi-
thelial Madin-Darby canine kidney cell line MDCKII. We
applied the method to carry out two types of experiments:
(1) experiments in which the regulation of the tight junction
is studied and (2) experiments in which the control of Pgp
on the transepithelial transport is studied. Using a 70 kDa
plasma membrane-impermeable fluorescein isothiocyanate-
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labeled dextran (FITC-dextran) or the highly negatively
charged organic anion calcein (Cal), the paracellular trans-
port (through the space between the cells) was studied, both
in the wild-type MDCKII cells and the MDR1 cDNA
transfected MDCKII-MDR1 cells. The influence of Pgp on
the transcellular transport (involving the plasma mem-
brane) was studied in the MDCKII-MDR1 using the
membrane-permeable, fluorescent anticancer drugs dauno-
rubicin (DNR) and idarubicin (IDA). While highly similar
in chemical structure, these anthracyclines differ in their
lipophilicity and membrane permeability, with IDA being
more lipophilic than DNR. For both DNR and IDA, the
transport from the basolateral to the apical (B to A)
compartment and vice versa (A to B) and the effect of Pgp
inhibition were studied. A drug transport model was
developed to explain the differences in kinetics that were
observed.

Experimental Section
ChemicalssVerapamil (Vp), diltiazem (Dil), calcein (Cal),

fluorescein isothiocyanate labeled dextran (FITC-dextran) (MW
) 70 kDa), 2-deoxy-D-glucose (deoxyglucose), and digitonin were
obtained from Sigma (St. Louis, MO). DNR and IDA were from
Farmitalia Carlo Erba (Brussels, Belgium). SDZ PSC 833 was
obtained from Novartis (Basel, Switzerland). Cell culture media
and supplements were obtained from Flow (Irvine, UK), and
culture plastics from Nunc (Roskilde, Denmark). Fetal calf serum
(FCS) was from Gibco (Paisley, UK), 4-(2-hydroxyethyl)-1-pipera-
zine ethanesulfonic acid (HEPES) was from Serva (Heidelberg,
Germany), and sodium azide (NaN3) and ethylenediaminetet-
raacetic acid (EDTA) were from Baker Chemicals (Deventer, The
Netherlands). Sodium penicillin G was from Yamanouchi (Lei-
derdorp, The Netherlands), and streptomycin sulfate was from
Radiumfarma-Fisiopharma (Italy). Microporous polycarbonate
membrane inserts (transwell No. 3413) with a pore size of 0.4 µm
and a diameter of 6.5 mm were from Corning Costar (Badhoeve-
dorp, The Netherlands). Plastic fluorescence cuvettes were from
Falcon (Leiden, The Netherlands).

Cell Culture and MediasMDCKII cells, wild-type and MDR1
cDNA transfected (MDCKII-MDR1),25 were obtained from Drs.
Evers and Borst (NKI, The Netherlands) and cultured as previ-
ously described.18 Cells were cultured in a cell incubator in
humidified air (supplemented with 5% CO2) at 37 °C, in DMEM
with 20 mM HEPES (pH 7.4), supplemented with 7.5% heat-
inactivated FCS, and penicillin (0.05 mg/mL) and streptomycin
(0.1 mg/mL). For the transepithelial transport experiments, the
cells were seeded on transwell membrane inserts (transwell vial)
at 2500 cells/mm,2 and the medium was refreshed every day.
Confluency of the cell monolayer on the microporous membrane
was monitored by measuring the transepithelial electrical resis-
tance (TER) using a Millicell electrical resistance meter (Millipore).
On the basis of this measurement, the cells could be used for
transport assays between day 3 to 6, when TER values were
between 600 and 300 Ω‚mm2 and approximately 80-90 × 103 cells
were present on the microporous membrane.

Experimental SetupsA transwell vial with cells grown to
confluency was placed in a fluorescence cuvette. To fit a transwell
vial (Costar), the cuvette was composed of a well of a 24-well
polystyrene plate (Costar) placed on top of a polystyrene fluores-
cence cuvette (Falcon). A square, with the inner measurement of
the cuvette, was taken out of the bottom of the 24-well plate well,
creating a free opening between the cuvette and the well (see
Figure 1). The cuvette was placed in a thermostated cuvette holder
equipped with a magnetic stirrer, the latter situated under the
cuvette holder. After each experiment the cuvette was cleaned and
sterilized with ethanol for reuse. The medium in the lower
compartment (cuvette) was stirred with a Teflon-coated magnetic
stirrer bar. The medium in the upper compartment (transwell vial)
was stirred with a small Teflon stirrer, attached to a small 24 V
electric motor. The motor was attached to a metal plate with a
free space fitting the top of the cuvette (see Figure 1). This ensured
that the motor was placed properly. The Teflon stirrer speed was
controlled at 100-150 rpm. During the experiments 3100 µL
medium was present in the cuvette and 250 µL in the transwell

vial. Transport experiments were performed in medium A with
1% FCS. Medium A is a phosphate-buffered saline (PBS) based
medium supplemented with essential amino acids for MEM (Flow)
with 5.5 mM glucose, 4 mM L-glutamine, and 20 mM HEPES,
without bicarbonate (pH 7.4). To remove dust particles, which gave
extra background noise during the transport measurements, the
medium was filtered (0.22 µm, Millipore).

The detection was most sensitive when fluorescent compounds
were added to the transwell vial (upper compartment), and the
appearance of the substrate was monitored in the cuvette (the
lower compartment). To measure transport from the apical to the
basolateral side of the cells (A to B), cells were seeded in the
transwell insert. After attachment and growth of the cells, with
the basolateral side facing the microporous membrane, the tran-
swell vial was suited to measure transport from A to B. To measure
the reversed process, transport from B to A, cells were grown
“reversed”, at the opposing side of the microporous membrane. In
Figure 2 the difference between both ways of growing the cells is
illustrated. Before seeding, the transwell was placed in a beaker
filled with (15 mL of growth medium. The transwell was placed
upside down, in such a way that there was no air present under
the membrane. Then a plastic (polyethylene) supportive ring,
which loosely fitted the transwell, was placed around the transwell
and approximately 5000 cell/mm2 were brought within the sup-
portive ring. After 1 day the supportive ring was removed, and
confluency was checked by measuring the TER.

Transepithelial Efflux Experiments and Calculationss
Just before the start of the transepithelial transport experiment
the cells were washed with medium A (at 37 °C), and the growth

Figure 1sSchematic drawing of the experimental measurement setup. The
cuvette used for the transepithelial experiments was composed of two parts:
(1) a 24-well plate well on top of (2) a plastic fluorescence cuvette. The medium
in the cuvette had a volume of 3100 µL and that in the transwell vial 250 µL.
A Teflon stirrer driven by a 24 V electric motor stirred the medium in the
transwell vial and a magnetic stirrer bar that in the cuvette. Transepithelial
transport was monitored by measuring the fluorescent substrate (added to
the transwell vial) that appeared in the cuvette.

Figure 2sNormal and “reversed” growth of cells on a microporous membrane
is illustrated. The left panel shows how cells are normally grown. The transwell
vial is hanging in a 24-well plate well, and the cells are grown at the inside
of the transwell vial. The right panel shows the “reversed” growth. Now the
transwell vial is turned upside down and is completely immersed in growth
medium. A polyethylene ring is placed over the transwell vial creating a
compartment in which cells can be seeded.
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medium was replaced by medium A supplemented with 5% FCS
and antibiotics. Then the transwell vial was placed in the cuvette,
and the fluorescent substrate was added to the transwell vial. The
fluorescence in the cuvette was measured on a computer-controlled
fluorometer (FluoroMax, SPEX Industries, Edison, NJ) at excita-
tion and emission wavelengths of 480 and 590 nm for DNR and
IDA and 480 and 525 nm for Cal and FITC-dextran. At the end of
the experiment both the cells (with 25 µM digitonin) and the
microporous membrane (mechanically) were disrupted, and then
the equilibrating fluorescence (Feq) was measured, which was used
for calibration. The normalized fluorescence (Fn) was calculated
according to Fn ) (F - Fb)/(Feq - Fb), with F ) measured
fluorescence and Fb ) background fluorescence. From this normal-
ized trace, representing the normalized increase in fluorescence
in time (∆Fn/∆t), the flux (J) in pmol/min‚cm2 was calculated using
J ) (∆Fn/∆t)CTVTVC(VT + VC)-1A-1, in which CT ) the applied
concentration at the start of the experiment; VT ) volume of the
medium in the transwell vial; VC ) volume of the medium in the
cuvette; A ) surface (0.33 cm2). (Note: the substrate is diluted in
VC (VC . VT), and therefore backflux from the cuvette compart-
ment is neglected.) Dividing J by CT gives the permeability (k)
(length‚time-1).17Alternatively,thepermeationcoefficient(volume‚time-1‚number
of cells-1) may be calculated when reference is made to the amount
of cells instead of surface.23,24

Octanol/Water Partition CoefficientsThe octanol/water
partition coefficient is the ratio of the anthracycline concentration
in the octanol phase divided by that in the water () phosphate-
buffered saline (PBS)) phase at equilibrium. The ratio was
determined at ambient temperature (20-25 °C), by adding 750
µL octanol to 750 µL of a 10 µM anthracycline solution prepared
in PBS (pH 7.3). The two phases, which do not mix, were then
vigorously shaken for 1 min and centrifuged to separate both
phases again. Aliquots of 25 µL of both phases were separately
dissolved in 150 µL ethanol (70% solution in water) in a 96-well
plate. To obtain an equal medium composition in all the wells, 25
µL PBS was added to the wells containing the 25 µL octanol
anthracycline solution, and 25 µL octanol was added to the wells
containing the PBS anthracycline solution. The fluorescence of the
plate was determined on a Spectrafluor plate reader (Tecan,
Austria), using an excitation filter of 492 nm and an emission filter
of 595 nm. After background correction, the octanol/water partition
coefficient was calculated by the fluorescence of the octanol phase
divided by the fluorescence of the water phase.

A Model for Transepithelial Drug TransportsA biomath-
ematical transport model was developed to describe transepithelial
transport and the effect of Pgp inhibition by SDZ PSC 833 for
transepithelial drug transport from A to B and vice versa. Figure
3 shows a schematic presentation of epithelial cells, with CA )
the apical compartment concentration; Ci ) the intracellular
concentration; and CB ) the basolateral compartment concentra-
tion. The paracellular flux is the concentration in the transwell
vial times the paracellular permeation coefficient kp (per unit

surface). The passive plasma membrane flux over the apical
membrane is the difference between CA and Ci times the passive
permeation coefficient of the apical membrane kA (per unit
surface). Similarly, the passive flux across the basolateral mem-
brane is the difference between CB and Ci times the passive
permeation coefficient of the basolateral membrane kB (per unit
surface). Pgp is expressed at the apical side of the cell. The Pgp-
mediated transport rate (vPgp) is supposed to follow Michaelis-
Menten kinetics:

with KM ) the Michaelis constant and Vmax ) the maximum
transport rate. When Ci , KM, eq 1 can be simplified to

For the transport from A to B, RAfB is defined as the transepi-
thelial flux after inhibition (J-Pgp) divided by the transepithelial
flux before inhibition (J+Pgp):

At quasi-steady-state (either with or without Pgp transport),
the flux across the apical membrane () CokA - CikA) equals the
flux across the basolateral membrane () CikB) and RAfB can be
described in terms of the fluxes across the basolateral membrane
plus the paracellular flux. Then eq 3 becomes

with Ci ) the free intracellular concentration in the presence of
SDZ PSC 833 and Ci′ ) the free intracellular concentration in the
absence of SDZ PSC 833. (Note that since DNR is strongly diluted
in the cuvette compartment the backflux into the cells is ne-
glected.)

In the quasi-steady-state (dCi/dt ) 0) the intracellular concen-
tration is constant and is determined by the influx from the apical
compartment and the efflux out from the cellular compartment,
which gives

The possibility that the “unstirred” cytosol acted as an ad-
ditional barrier was neglected. Based on Fick’s first law of
diffusion, a diffusion coefficient at 37 °C of 4 × 10-6 cm2/s, and an
average diffusion path length of 5 × 10-6 m, it can be calculated
that for the examples mentioned the cytosol forms less than 5%
of the total resistance () the reciprocal permeability) of the cell
monolayer. When eq 5 is rewritten, the equation for the intrac-
ellular concentration evolves to:

Equation 6 gives the equation for the intracellular concentration
when Pgp is active. When Pgp is inactive (Vmax ) 0), the last term
in the denominator is zero. Substitution into eq 4 and dividing by
(CAkB) gives the equation for the SDZ PSC 833 induced slope
change in terms of kA, kB, kp, and Vmax/KM:

An equation for RBfA, defined as the flux without SDZ PSC 833

Figure 3sSchematic presentation of an epithelial cell monolayer and the
different transport components. Tight junctions are indicated. Pgp is localized
in the apical plasma membrane and is modeled using Michaelis−Menten
kinetics. The free substrate concentrations in the different compartments are
defined as CA, the apical compartment concentration; Ci, the intracellular
concentration; and CB, the basolateral compartment concentration. Passive
plasma membrane transport across the apical membrane is dependent on CA

and Ci and proceeds with a first-order rate constant kA. Similarly, passive
transport across the basolateral membrane takes place, depending on CB

and Ci, and proceeds with a first-order rate constant kB.
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divided by the flux with SDZ PSC 833, can be derived in a similar
way as was done for RAfB. RBfA is given by

Ci and Ci′ are now given by

Substitution of eq 9 into eq 8 gives the equation for RBfA:

Results and Discussion
Transport with and without Cells on the Mi-

croporous MembranesFigure 4 shows the transport of
daunorubicin (DNR) with and without cells present in the
transwell vial. Without cells the DNR transport is much
faster than with cells on the microporous membrane.
Without cells on the membrane, the influence of stirring
or not stirring of the upper compartment was clearly
reflected in the transport rate after turning the stirrer on
and off (data not shown). With cells on the membrane this
effect was hardly visible for DNR transport, indicating that
diffusion in the transwell compartment was not limiting
for the transepithelial transport of DNR. To ensure good
mixing of a broad range of compounds, the medium was
always gently stirred.

After adding DNR to the transwell compartment with
cells on the membrane, a lag time of approximately 30 min
was first observed. Thereafter the transport rate became
virtually constant. During the lag time, the intracellular
free DNR concentration increases until the cellular influx
of DNR equals the cellular efflux from the cells. When this
is the case, both the transepithelial transport and intrac-
ellular free drug concentration stay constant and are at
quasi-steady-state. For the DNR transport in wild-type and
MDR1 cDNA transfected MDCKII-MDR1 cells, this quasi-
steady-state continued for at least 2 h. From ∆Fn/∆t (see
Figure 4) at quasi-steady-state the permeation coefficient
in cm/min was determined (see Experimental Section). For
the DNR transport from A to B the transepithelial perme-
ation coefficients were 0.67 ( 0.05 (×10-3) cm/min for the

wild-type MDCKII cells and 0.44 ( 0.3 (×10-3) cm/min for
the MDCKII-MDR1 cells (Table 1). The increased expres-
sion of Pgp in the apical25 membranes of the MDCKII-
MDR1 cells, after transfection of wild-type cells with the
MDR1 cDNA, led to a lower A to B transepithelial transport
rate compared to the untransfected MDCKII cells (due to
backward pumping to A).

Paracellular TransportsTo investigate the tightness
of the monolayers, the transport of the plasma membrane
permeable DNR was compared with that of highly plasma-
membrane-impermeable compounds. Figure 5 shows the
A to B transport of the organic anion calcein (Cal), the
bulky compound FITC-dextran (70 kDa), and DNR for the
MDCKII cells. Table 1 presents the transepithelial per-
meation coefficients for the wild-type and the MDCKII-
MDR1 cells for the transport from A to B. The transepi-
thelial transport of Cal for the MDCKII-MDR1 cells is
approximately 4 times faster than for the wild-type cells.
For FITC-dextran the transepithelial permeation for the
wild-type cells was approximately 2 times slower. Why
there are these differences between the two lines is not
clear. It cannot be explained by differences in TER values
of the batches of cells that were used since these were
comparable. Possibly components cotransfected or the
MDR1 gene itself causes this difference in the epithelial
permeability. More certainty about this may be obtained
by a detailed mechanistic study, but this does not lie within
the scope of this study.

To show the tightness of the cell monolayer, the effect
of opening the tight junctions by the calcium chelator
EDTA8,27 was studied. Figure 6 shows the effect of EDTA
on the transepithelial transport of FITC-dextran. After a
constant flux was observed, EDTA was added as indicated
in the figure. A lag time of ∼15 min after the EDTA
addition was observed, and then the increased transport
rate became constant. The inset shows transepithelial
transport during the transition from closed to opening of
the tight junctions in more detail.

From the constant fluxes before and after addition of
EDTA, transepithelial permeation coefficients were calcu-
lated. Table 2 gives the transepithelial permeation coef-

Figure 4sDNR (2 µM) transport from the upper to the lower (cuvette)
compartment (a) without cells and (b) with MDCKII cells grown on the
microporous membrane.

RBfA )
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]-1

+
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Table 1sTransepithelial Transport for MDCKII-MDR1 Cells

Direction
MDCKII-MDR1
(×10-3) cm/min

MDCKII
(×10-3) cm/min

DNR A to B 0.44 ± 0.3a 0.67 ± 0.05
Cal A to B 0.17 ± 0.01 0.04, 0.07
FITC-dextran A to B 0.04 ± 0.02 0.02, 0.01

a Data are given as the mean ± SD of at least three experiments or stated
otherwise.

Figure 5sComparison of (a) DNR (2 µM), (b) Cal (0.4 µM) and (c) FITC-
dextran (8 µM) transport across MDCKII wild-type cells grown on microporous
membranes. Fluorescent compounds were added to the upper compartment,
and transport from the apical to the basolateral side of the cells was measured
by monitoring the fluorescence in the cuvette. Representative traces are shown.
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ficients for FITC-dextran, DNR, and IDA for the transport
from A to B and vice versa, both in the presence and
absence of EDTA. DNR and IDA were used because they
are highly similar in chemical structure, but differ in
lipophilicity. The difference in lipophilicity was measured
by their octanol/water partition coefficient. The partition
coefficients were 16.6 ( 0.2 for IDA (mean ( SEM; n )3)
and 4.9 ( 0.1 for DNR. The IDA transepithelial transport
in the presence of SDZ PSC 833 was a factor 2-3 larger
than that of DNR, reflecting the difference in lipophilicity.
In all tested cases the permeability increased after addition
of EDTA. This increase of the paracellular transport
component is expected to be independent of the lipophilic-
ity. It therefore reduces the relative difference between
total transport of DNR and IDA through the cellular layer.
Measurement of transport from A to B showed a slightly
larger permeability for DNR than for IDA. We attribute
this to biological variations between cellular layers. To
partially avoid effects of these biological variations, the
ratio (RTJ) of the fluxes before and after addition of EDTA
was calculated within the same experiment. RTJ is pre-
sented in Table 2 and decreased in the order FITC-dextran
> DNR > IDA. For the hydrophilic compound FITC-
dextran the transepithelial flux was strongly dependent
on the paracellular route, while for the highly lipophilic
IDA, opening of the tight junction hardly influenced the
flux, which is in accordance with what can be expected from
an increase in lipophilicity (comparing DNR and IDA). This
illustrates that the dependence of total transport on the

paracellular transport decreases as the lipophilicity/passive
membrane permeability increases. From the effects of the
tight junctions on the transport, we may conclude that the
cell layers stayed intact under the applied conditions. Note
that the data presented here were obtained with the
MDCKII-MDR1 cells in the presence of SDZ PSC 833 to
inhibit Pgp. Similar results were also found for the
wild-type MDCKII cells and LLC-PK120 cells (data not
shown).

Cellular Control of the Tight JunctionsThe tight-
ness of epithelia and endothelia may be regulated by the
cells in order to control the flux of certain molecules (or
cells).8,9 The mechanism by which EDTA triggers the cells
to open the paracellular transport route is still under
investigation.6,7,26,28 Extracellular calcium and calcium-
dependent protein kinases (PKC) have shown to be directly
or indirectly involved in the tight junction tightness.27,29-31

To show the usefulness of the current method in such
regulations studies, we examined (1) the effect of adding
EDTA to either side of the monolayer and (2) the influence
of ATP-depletion-induced metabolic inhibitors.

Figure 7 (line a) shows the transport of FITC-dextran
and the effect of EDTA added to the apical or to the
basolateral side. Addition of EDTA to the apical side had
no effect. Only when EDTA was present at the basolateral
side, then the tight junction opened and an increased FITC-
dextran transport was observed. These results are similar
to recent observations on the basolateral side specificity
of Ca2+.32,33 Figure 7 (line b) shows the effect of adding an
excess of both the nonmetabolizable deoxyglucose (6 mM)
and the respiratory inhibitor NaN3 (10 mM), added to both
compartments, on the FITC-dextran transport. It can be
seen that addition of NaN3/deoxyglucose caused an instant
increase in the background fluorescence, which may be
related to the yellowish color. Looking at the fluxes, it can
be seen that the ATP-depletion itself did not affect the
FITC-dextran transport rate. However, under these condi-
tions EDTA did not open the tight junctions anymore.
Similar results were also obtained for LLC-PK1 cells both
measuring the transepithelial transport and measuring the
TER (data not shown). This strongly suggests that the
effect of EDTA on the tight junctions is ATP-dependent and
most probably involving ATP dependent phosphorylation
mechanisms.31,34-36 However, at this point we cannot
exclude direct interactions between deoxyglucose or NaN3

Figure 6sThe effect of binding the extracellular calcium with EDTA (2 mM)
on the transport FITC-dextran (8 µM) across MDCKII-MDR1 cells. FITC-dextran
was added to the upper compartment, and the transport from the apical to
the basolateral side of the cells was measured by monitoring the fluorescence
in the cuvette. The inset shows the transition from closed to open tight junctions
in more detail (85 to 115 min). The traces are representative for at least
three experiments.

Table 2sPermeation Coefficients: The Effect of Opening of the Tight
Junctions (TJ) for MDCKII-MDR1 Cells

direction
controlb

(×10-3) cm/min
TJ open with EDTAb

(×10-3) cm/min RTJ
c

DNR B to A 0.8 ± 0.4a 2.9 ± 1.0 5.3 ± 2.6
IDA B to A 1.6 ± 0.2 2.1, 2.9 1.3, 1.7
DNR A to B 0.7 ± 0.3 4.0 ± 1.1 5.3 ± 1.7
IDA A to B 2.2 ± 0.9 2.4, 2.9 0.9, 1.1

FITC-dextran both 0.04 ± 0.02 0.5 ± 0.2 13.1 ± 4.7

a Data are given as the mean ± SD of at least three experiments or stated
otherwise. b SDZ PSC 833 (5−20 µM) was present to inhibit Pgp. c Please
note that RTJ cannot be derived from the first two columns, because RTJ was
calculated from individual (paired) data.

Figure 7sSpecificity of the EDTA effect on transepithelial transport of FITC-
dextran (8 µM) of MDCKII cells. (a) Effect of adding EDTA apically or
basolaterally. As indicated, EDTA (2 mM) was first added to the apical side
and then to the basolateral side. (b) Effect of ATP-depletion by the addition
of deoxyglucose (6 mM final concentration) and NaN3 (10 mM final
concentration) on the EDTA effect. Deoxyglucose and NaN3 were added to
both the apical and basolateral compartments. Thereafter, EDTA (2 mM) was
added (apically and basolaterally). The traces are representative for at least
three experiments.
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and EDTA. These experiments show that our system can
be useful for further elucidating mechanisms of paracel-
lular transport. This application shows that the method
can be useful to study (1) compounds that diffuse rapidly
(e.g., when the tight junctions are open) and (2) modulators
that induce rapid changes (in the minute time range) in
the transepithelial transport.

Effect of Pgp on Transepithelial DNR and IDA
TransportsThe apical localization of Pgp results in a
decreased flux from A to B and an increased flux from B
to A. Consequently, inhibition of Pgp will lead to an
increase in transepithelial flux from A to B and to a
decrease from B to A. To be able to perform experiments
in which Pgp can be modulated, three Pgp inhibitors,
verapamil (Vp), diltiazem (Dil), and SDZ PSC 833, were
tested for their effect on the paracellular transport of FITC-
dextran across MDCKII-MDR1 cells. At concentrations
needed to rapidly inhibit Pgp, Dil (>0.5 mM) and Vp (>200
µM) increased the FITC-dextran transport (not shown). Pgp
inhibitor SDZ PSC 833 (1-25 µM) did not influence the
FITC-dextran (and Cal) transport and was used for further
study of the effect of Pgp inhibition on the transepithelial
transport of DNR and IDA. Figure 8 shows the transepi-
thelial transport using the MDCKII-MDR1 cells for DNR
(Figure 8a) and IDA (Figure 8b) for transport from A to B
and vice versa. After the quasi-steady-state was reached,
the effect of Pgp inhibition was measured by adding SDZ
PSC 833 (5 µM) to both compartments, as is indicated in
Figures 8a and 8b. The addition of SDZ PSC 833 to the
cuvette gave rise to an increase of the background fluo-
rescence, due to the weak fluorescence of SDZ PSC 833.
In later experiments it was found that addition of 5-20
µM SDZ PSC 833 only to the transwell compartment was

sufficient to inhibit Pgp with a lower disturbance of the
background signal. After the addition of SDZ PSC 833, the
transepithelial flux changed slowly and stabilized after
approximately 30 min. In the case of A to B transport, the
flux increased, and in the case of B to A transport, the flux
decreased (Figure 8; Table 3). From the fluxes at quasi-
steady-state, the transepithelial permeation coefficients
were calculated, which are presented in Table 3. To be able
to compare the effect of Pgp inhibition for the different
compounds, the effect of SDZ PSC 833 was quantified by
the ratio of the fluxes before and after Pgp inhibition. This
ratio was called the SDZ PSC 833-induced slope change
(R). To be able to compare R for the transport from A to B
and vice versa, the R was defined as the larger slope
divided by the smaller slope. Table 3 shows the obtained
SDZ PSC 833-induced slope changes. For FITC-dextran,
addition of SDZ PSC 833 did not lead to change in the flux.
For IDA and DNR, addition of SDZ PSC 833 led to changes
in the transepithelial fluxes. Moreover, it was found that
for both IDA and DNR the effect of Pgp inhibition was
largest for the transport from B to A.

Comparison of Experimental Data with the Models
To seek an explanation for the difference in effects of SDZ
PSC 833 on the transport from A to B and vice versa, a
biomathematical transport model was developed (see Ex-
perimental Section). Figure 3 shows a schematic presenta-
tion of an epithelial monolayer. Using eqs 7 and 10, which
describe R for transport from A to B (RAfB) and from B to
A (RBfA), respectively, the theoretical differences between
the transport from the A to B and transport vice versa were
studied for nonsaturating conditions. Figure 9a shows a
simulation of the relationship between R and the Pgp
concentration (∼Vmax/(KMkA)). In this simulation the pas-
sive permeation coefficients were kept constant and equal.
The figure shows a linear relationship between the Pgp
concentration and RAfB. A nonlinear relationship was
found for RBfA. In the lower range (Vmax/(KMkA) , 1) RBfA
increases almost linearly with increasing Pgp concentra-
tion. At values of Vmax/(KMkA) > 1, RBfA goes to a plateau
and Pgp loses control over the transepithelial flux. The
latter can be explained by the high Pgp activity, resulting
in Ci values approaching zero and the basolateral mem-
brane getting more and more in control of the transcellular
flux. In the extreme case Pgp completely clears the cell of
almost all drug, while the transcellular flux becomes equal
to the flux across the basolateral membrane () CBkB).
When also paracellular transport is taking place, R de-
creases (dashed lines Figure 9a) and RAfB seems to be more
affected by the paracellular flux than RBfA. The simula-
tions in Figure 9a show that in general one may expect
that Pgp has a higher control over the transport from A to
B than vice versa, which seems in contradiction with our
experiments. However, kB and kA may not be equal for
these cells. Figure 9b shows the relationship between kB/
kA and both RBfA and RAfB. At low ratios of kB/kA, RAfB is
larger than RBfA; however, at higher ratios of kB/kA (>2)

Figure 8sSDZ PSC 833 modulation of (a) the DNR (2 µM) and (b) the IDA
(2 µM) transepithelial transport across MDCKII-MDR1 cells. The effect of SDZ
PSC 833 was measured for the transport from A to B and from B to A, as
indicated. After reaching the quasi-steady-state, SDZ PSC 833 (5−20 µM)
was added to the cells to inhibit Pgp. The traces are representative for at
least three experiments.

Table 3. sPermeation Coefficients: the Effect of SDZ PSC
833-Induced Pgp Inhibition for MDCKII-MDR1 Cells

direction
control

(×10-3) cm/min
with SDZ PSC 833

(×10-3) cm/min Rb

DNR B to A 2.6 ± 1.0a 0.8 ± 0.4 3.7 ± 1.4
IDA B to A 3.8 ± 1.3 1.6 ± 0.2 2.4 ± 0.6
DNR A to B 0.44 ± 0.3 0.7 ± 0.3 1.6 ± 0.5
IDA A to B 1.4 ± 0.5 2.2 ± 0.9 1.5 ± 0.2
FITC-dextran both 0.04 ± 0.02 0.04 ± 0.02 1.1 ± 0.3

a Data are given as the mean ± SD of at least three experiments. b Please
note that R cannot be derived from the first two columns, because R was
calculated from individual (paired) data.
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the situation is reversed and RBfA becomes larger than
RAfB. When the paracellular transport of DNR and IDA
are approximately equal to the transepithelial transport
of Cal, then the paracellular transport will make up 10-
30% of the total transepithelial transport of DNR and IDA.
Introducing a paracellular flux in the model leads to an
overall decrease of the ratios (dashed lines Figure 9b).
However, the crossing of the lines for RAfB and RBfA occurs
at approximately the same kB/kA (range 1.6-2). At kB >
2kA the model predicts similar results as found in the
experiments. Although the relations plotted in Figure 9b
still are dependent on the Vmax/KM, the passive membrane
permeabilities, and the paracellular permeability, these
results show that for both DNR and IDA, kB > kA. On the
basis of our transport data for DNR and IDA, kB will be
approximately 3-7 times larger than kA, and this estimate
tends to be larger for DNR than for IDA. This difference
could be due to the differences in passive membrane
permeation coefficients (Figure 9a).

An explanation for the larger kB may be a larger
basolateral membrane than apical membrane surface. The
simplest model of a cell is a cube, with the tight junction
localized to the top rim of the cells, with 1/6 of the
membrane localized apically and 5/6 localized basolaterally.
However, most epithelial cells contain microvilli at their
apical side and basolateral clefts at their basolateral side,
making it more complicated to compare both surface areas.
A low number of microvilli when compared to basolateral

clefts may also explain our observation. However, different
compositions in lipids or proteins of the apical and baso-
lateral membranes may also explain such differences in
membrane permeabilities. For instance basolaterally lo-
cated transport proteins, like the organic cation transporter
(Oct1),37 may increase the basolateral transport for neutral
as well as for the protonated38 form of DNR and IDA.
Recent studies have shown that such transport proteins
may be involved in the basolateral uptake of organic cations
and are present in renal cell lines.39

In summary, we present here a new method to measure
the transepithelial transport of fluorescent compounds on-
line and at (sub)minute time resolution. It makes use of
commercially available plasticware and a fluorometer,
equipment present in most biochemical laboratories. It is
simple to perform and relatively inexpensive. To reduce the
influence of stagnant layers17 on the transport, the media
in both the apical and basolateral compartments can be
continuously stirred and thermostated. We have shown
that both paracellular and transcellular transport and
modulation of both types of transport can be studied.
Moreover, the paracellular transport studies showed that
the monolayer stayed intact during the experiments (up
to 4 h) and was not disrupted by the stirring of the medium,
which was confirmed by microscopy (not shown). Related
to this point we like to bring up that when the cell
monolayer was already leaky at the beginning of the
experiment (less than 5% of the cases) this became directly
evident from the transport that was observed. Thus the
method allowed us to terminate and discard such experi-
ments. Comparing the fluorescent compounds DNR, IDA,
Cal, and FITC-dextran, we found the highest transepithe-
lial transport rate for the highly membrane-permeable IDA
and the lowest for bulky and membrane-impermeable
FITC-dextran. Site specificity for the EDTA-induced open-
ing of the tight junctions was bound to basolateral side of
the cells, which has also been reported by other groups.32,33

Moreover, we found that adding an excess of metabolic
inhibitors could inhibit the effect EDTA on the tight
junctions. These experiments show that the method can
be useful to study paracellular transport. For the transepi-
thelial transport of DNR and IDA with the MDCKII-MDR1
cells, we found that Pgp inhibition was most effective for
transport form B to A. Modeling showed that this was
possible at kB > 2kA. We estimated that kB was ap-
proximately 3-7 larger than kA. The biomathematical
transport model showed that the effect of Pgp on the
transepithelial transport is dependent on the Pgp concen-
tration and on the ratio of kB/kA. At higher Pgp concentra-
tions and at lower ratios of kB/kA, Pgp gets more control
over the A to B transepithelial transport, but loses control
over the B to A transport. Extrapolation of these results
to the in vivo situation of patients receiving anticancer
drugs such as DNR or other Pgp-interacting drugs suggests
that decreased efflux from the blood or increased influx
from the lumen of the gut by treatment with Pgp modula-
tors can differ quantitatively, depending on the contribu-
tion of transport components for uptake and efflux across
the apical or basolateral membrane. Where there is a
basolaterally localized uptake system involved in the
transport, it may be worthwhile to inhibit this transport,
thereby indirectly reducing the Pgp-mediated excretion.
Moreover, inhibition of Pgp after an intravenous bolus
injection of Pgp substrate drugs may lead to unexpected
differences in clearance from the blood and uptake into the
brain, depending on the (passive) permeation properties
of the drug that is used. Using the method described here,
one may study these properties in greater detail and so
may understand and predict the in vivo situation better.

Figure 9sSimulations of the SDZ PSC 833-induced slope change for the
transport from A to B and from B to A. In (a) Pgp was varied by changing the
dimensionless factor Vmax/(KMkA), while kA and kB were both kept constant at
6.25 × 10-3 cm/min. These relative estimates correspond to those of
moderately multidrug resistant cells.21 (b) Simulation of the dependence R on
the ratio of the basolateral over the apical membrane permeation coefficient
(kB/kA). Vmax/KM was kept constant at 12.5 × 10-3 cm/min; (kB + kA) was set
at 12.5 × 10-3 cm/min, and the ratio kB /kA was varied. In both a and b three
conditions are shown: (1) when there is no paracellular transport (solid lines);
(2) when the paracellular permeability is 10% (long dashes); (3) 30% (short
dashes) of the total transepithelial permeability.
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