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ABSTRACT. PURPOSE: The aim of this study was
to determine the cause of the decline in phenolsulfon-
phthalein (PSP) excretion in Long-Evans Cinnamon
(LEC) rats. METHODS: The uptake of PSP into rat
renal basolateral membrane vesicles (BLMV) was stud-
ied. Cyclosporin A (CYA) was used to modulate an
ATP-dependent primary active transporter. PSP was
intravenously injected into rats with or without CYA.
The transcellular transport of PSP was examined by
using primary cultured renal proximal tubule cells
(PTC). RESULTS: No significant difference was
found between the uptake of PSP into renal BLMV of
Wistar rats and that into renal BLMV of LEC rats. In
the presence of CYA, the urinary excretion and the
plasma concentrations of PSP in Wistar rats were
decreased and increased, respectively. In primary cul-
tured renal PTC from Wistar rats, the basal-to-apical
transport of PSP was greater than that in the opposite
direction and the basal-to-apical transport of PSP was
substantially reduced by the addition of CYA. How-
ever, CYA did not affect the basal-to-apical transport
of PSP in PTC from LEC rats. CONCLUSIONS:
The results suggest that PSP is transported by primary
active organic anion transporter and that the activity
level of this transporter is reduced in LEC rats.

INTRODUCTION

The Long-Evans Cinnamon (LEC) rat strain is a
mutant strain that was established at the Center for
Experimental Plants and Animals of Hokkaido Uni-
versity. LEC rats are used as pathological animal mod-

els for the study of Wilson's disease (1). In our previous
study, the urinary excretion of phenolsulfonphthalein
(PSP), a drug that is used for testing renal function
because of its high renal clearance (2), after intravenous
injection was found to be extremely low in LEC rats
(3). However, urinary nitrogen and creatinine excre-
tion in LEC rats did not show serious renal failure.
These findings suggested that the function of the secre-
tion system for PSP in the LEC rat kidney is declined.
Secretion of organic anions in renal proximal tubules
involves the uptake of organic anions across basolateral
membranes into cells and exit into the lumen across
brush-border (apical) membranes (4). We recently
reported that rat organic anion transporter 1 and trans-
porter 3 (rOat1/Slc22a6 and rOat3/Slc22a8) are
involved in the renal uptake of PSP and that PSP is a
high-affinity substrate for rOat3 but is a relatively low-
affinity substrate for rOat1 (5). However, the trans-
porters responsible for the transport of PSP in the
brush-border membrane have not been identified. Sev-
eral ATP-binding cassette (ABC) transporters have
been identified in human and rat kidneys (6-8). In the
case of excretion from cells into the lumen of the renal
tubule, ABC transporters are thought to play an
important role as an efflux pump across the brush-bor-
der membrane. However, there is little information on
the contribution of these efflux transporters to the
renal secretion of PSP. Cyclosporin A (CYA) was used
in this study to modulate an ATP-dependent primary
active transporter, since CYA is known to be an inhib-
itor of ABC transporters (9).

The purpose of this study was to investigate the role of
the renal ATP-dependent efflux transport system in
urinary excretion of PSP and to clarify the cause of the
decline in PSP excretion in LEC rats. 
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MATERIALS AND METHODS

Chemicals

PSP was purchased from Wako Pure Chemical (Osaka,
Japan). CYA (Sandimmun®) injections were pur-
chased from a local wholesaler. All other reagents were
of the highest grade available and used without further
purification.

Animals

Male LEC rats, aged 7 to 8 weeks (200-250 g in weight),
were obtained from the Center for Experimental
Plants and Animals of Hokkaido University (Sapporo,
Japan). Male Wistar rats, aged 7 to 8 weeks (300-350 g
in weight), were obtained from NRC Haruna (Gunma,
Japan). The housing conditions were described previ-
ously (10). The experimental protocols were reviewed
and approved by the Hokkaido University Animal
Care Committee in accordance with the “Guide for
the Care and Use of Laboratory Animals”.

Preparation of Basolateral Membrane Vesicles

Renal basolateral membrane vesicles (BLMV) were pre-
pared by self-orienting Percoll-gradient centrifugation
with some modification as described previously (5).
Kidneys were excised from the rats under sodium pen-
tobarbital anesthesia (40 mg/kg weight, i.p.). Kidney
cortex slices (8 to 12 kidneys) were homogenized in
ice-cold solution A (300 mM sucrose, 5 mM EGTA,
0.1 mM phenylmethylsulfonyl fluoride and 12 mM
Tris / HCl, pH 7.4) with a warning blender at 16,500
rpm for 4 min. The homogenate was rapidly centri-
fuged at 1,500 x g for 15 min, and the supernatant was
recentrifuged at 20,500 x g for 20 min. The fluffy
upper-layer pellet was collected and resuspended in 30
ml of buffer with 8% of Percoll and homogenized
using a glass Teflon homogenizer with 10 strokes. The
crude membrane suspension was centrifuged at 50,000
x g for 60 min. The third fraction from the bottom
(approx. 8 ml) was withdrawn and diluted to 32 ml
with the buffer. After centrifugation of this fraction at
48,000 x g for 30 min, the pellet on the Percoll solid
was collected and resuspended in 20 ml of solution B
(100 mM D-mannitol, 100 mM KCl and 20 mM
HEPES/Tris, pH 7.5) containing 5 mM EGTA and 10
mM MgCl2. The basolateral membrane was precipi-
tated by centrifugation at 3,400 x g for 15 min. Finally,
the pellet was suspended in solution B and recentri-

fuged at 27,000 x g for 30 min, and the basolateral
membrane pellet was resuspended in solution B. Na+-
K+ ATPase (a marker enzyme of basolateral mem-
brane) activity of the basolateral membrane was rou-
tinely more than 15-fold higher than that of the initial
homogenate. In contrast, alkaline phosphatase (a
marker enzyme of brush border membrane) activity of
the basolateral membrane was routinely the same as
that of the initial homogenate. The basolateral mem-
branes were indicated to be enriched at least 15-fold
with respect to the brush border membranes.

Uptake experiments

The uptake of substrates into BLMV was measured by
the rapid filtration technique described previously (11).
In a routine assay, 20 µl of membrane vesicles (0.2-0.3
mg protein) suspension was added to 100 µl of incuba-
tion medium kept at 25° C. The compositions on the
media are described in the figure legend. At selected
time intervals, the uptake was stopped by diluting the
incubation medium with 3 ml of ice-cold 10 mM
HEPES buffer (pH 7.5) containing 150 mM KCl. The
mixture was immediately filtered through a Millipore
filter (0.45 µm in pore size, 2.5 cm in diameter;
HAWP). The filter was rinsed with 3 ml of the same
buffer. Substrate trapped on the filter was extracted
with 500 µl of water, and the concentration of the sub-
strate was determined.

Uptake by kidney slices

Uptake studies were carried out as described in our
previous report (5). Slices of whole kidneys from LEC
rats were put in ice-cold oxygenated incubation buffer.
The incubation buffer consisted of 120 mM NaCl, 16.2
mM KCl, 1 mM CaCl2, 1.2 mM MgSO4, and 10 mM
NaH2PO4/Na2HPO4 adjusted to pH 7.5. Slices (80 to
100 mg) were incubated in a 6-well plate with 3 ml of
oxygenated incubation buffer in each well after they
had been preincubated with incubation buffer for 5
min. The uptake of PSP by kidney slices was measured
at PSP concentrations of 25 µM to 1 mM over a period
of 30 min at 37° C. After incubation, each slice was
immediately removed from the incubation buffer,
washed with ice-cold saline, weighed, and homoge-
nized in 0.5 ml saline and the same volume of metha-
nol. After centrifugation (15,000 x g for 15 min) of the
mixture, the concentration of PSP in the supernatant
was measured. 
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In vivo study

Four male Wistar rats were used in all experiments.
The surgical operation was performed according to a
described technique with minor modifications (12).
The rats were anesthetized with sodium pentobarbital
(40 mg/kg weight, i.p.). The animals were kept on a
warm operating table and PSP (0.75 mg/kg) with or
without CYA (5 mg/kg), dissolved in saline was
injected through the femoral vein of each rat. The vol-
ume of drug solution injected into each animal was l00
µl. Blood samples were taken from the femoral vein at
1, 15, 30, 45 and 60 min after the injection. Plasma was
prepared by centrifugation (850 x g for 15 min) of
blood samples. Methanol, corresponding to a double
volume of plasma, was added to each plasma specimen.
After centrifugation of the mixture (12,000 x g for 15
min), the concentration of substrate in the supernatant
was measured. The whole contents of the bladder were
withdrawn with a syringe at 60 min after injection.

Primary culture of rat renal proximal tubules cells 

Rat renal proximal tubules cells (PTC) were isolated
by self-orienting Percoll-gradient centrifugation with
minor modification (13). Kidney slices (8 kidneys)
were washed 3 times with 10 ml of ice-cold Krebs-
Henseleit saline (KHS; pH 7.4) previously gassed at
room temperature with 95% O2/5% CO2 for 30 min.
The rinsed slices were resuspended in 20 ml of KHS
containing 1.5 mg/ml of collagenase (obtained from
Clostridium histolyticum) and 1.0 ml of 5% bovine
albumin (fraction V) and stirred for 60 min. The tissue
suspension was passed through 40-mesh gauze and cen-
trifuged at 60 x g for 1 min. The tissue pellet was
washed 3 times with 10 ml of ice-cold KHS. The
washed pellet was resuspended in 20 ml of KHS con-
taining 1.1 mg dispase (obtained from Bacillus poly-
myxa) and gently shaken for 1 hr at room temperature.
The suspension was centrifuged at 60 x g for 1 min,
and the pellet was washed 3 times. The pellet was
resuspended in 20 ml of 40% Percoll in KHS and cen-
trifuged at 21,000 x g for 30 min. The proximal tubule
fragment was located at the first fraction from the bot-
tom, and the dispased proximal tubule cells were
located at the second fraction from the bottom. The
cell fraction was collected, washed 3 times with KHS,
and suspended in Dulbecco’s modified Eagle’s medium
(not containing phenol red) supplemented with 10% of
fetal calf serum with 60 µg/ml of streptomycin and 60

IU/ml of penicillin. For the transport studies, the cells
were seeded on polycarbonate membrane filters (3 µm
in pore size, growth area of 1.0 cm2) inside Transwell
cell culture chambers (Costar, Cambridge, MA) at a
cell density of 4 x 105 cells/cm2. The monolayer cul-
tures were grown in an atmosphere of 95% O2/5%
CO2 at 37° C. The medium was renewed every 2 days,
and the cells were used on the sixth day after seeding.
Only monolayers exhibiting transepithelial electrical
resistance (TEER) values > 140 Ω cm2 were used. 

Transport experiments

Transcellular transport of PSP was measured using
monolayer cultures grown in Transwell chambers. For
the transport studies, Dulbecco’s phosphate-buffered
saline (D-PBS) buffer (pH 7.4) containing 137 mM
NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4,
1 mM CaCl2, 0.5 mM MgCl2 and 5 mM D-glucose was
used. After removal of the culture medium from both
sides of the Transwell chamber, the cell monolayers
were preincubated with D-PBS (0.5 ml to the apical
side and 1.5 ml to the basal side) at 37° C for 20 min.
After removal of the medium, the medium on either
the basal or the apical side of the monolayers was
replaced with a fresh medium containing 30 µM PSP
and that on the opposite side was replaced with a fresh
medium alone. The monolayers were incubated for up
to 60 min at 37° C and gently shaken (100 rpm). Ali-
quots (each 300 µl) of the incubation medium on the
other side were taken at specified times. In the inhibi-
tion study, CYA (2 µM) was added to the media on
both sides.

Analytical procedures

PSP concentration was determined using an HPLC sys-
tem equipped with a Hitachi L-6000 pump and L-4200H
UV/VIS detector. The column was a Hitachi ODS Gel
#3053 (4 mm i.d. x 250 mm). A mobile phase containing
20% acetonitrile and 50 mM H3PO4 with pH adjusted to
3.0 by NaOH was used. Column temperature and flow
rate were 55° C and 0.7 ml/min, respectively. Wave-
length for detection of PSP was 432 nm. Protein was
measured by the method of Lowry et al. (1951) with
bovine serum albumin as a standard (14)

Data analysis

Kinetic parameters in the uptake by kidney slices were
obtained using the following equation:
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v = Vmax1 • S/(Km1 + S)+ Vmax2 • S/(Km2 + S)+Kd• S

where v is the uptake rate of PSP (pmol/min/g kidney), S
is the PSP concentration in the medium (µM), Km is the
Michaelis-Menten constant (µM), and Vmax is the maxi-
mum uptake rate (pmol/min/g kidney). Kd is the rate
constant of nonsaturated permeation (nl/min/g kidney).
Km1 and Vmax1 represent the high-affinity component
parameter. Km2 and Vmax2 represent the low-affinity
component parameter. The area under the plasma con-
centration-time curve (AUC) was estimated by the trape-
zoidal rule using the plasma data from 0 to 60 min. The
clearance values of urine (CLurine) were determined by
dividing the amounts excreted into urine from 0 to 60
min by the AUC from 0 to 60 min. The apparent perme-
ability coefficient (Papp) expressed in cm/s was obtained
using the following equation:

Papp = dQ/dt • 1/(A • C0),

where dQ/dt is the linear appearance rate of mass in
the receiver solution, A is the filter/cell surface area
(4.71 cm3), and C0 is the initial concentration of PSP
(30 µM). Student's t-test was used for statistical analy-
sis, and a value of P < 0.05 was considered significant.

RESULTS

Function of rOats in the basolateral membrane of 
LEC rats

rOat1 and rOat3 have been shown to function as a
dicarboxylate-coupled anion exchanger (15, 16). In the
BLMV prepared from the Wistar rat, an inward Na+

gradient stimulates the glutaric acid (GA) uptake, and
this intravesicular GA is exchanged with extravesicular
PSP (Figure 1A).

The uptake of PSP into the renal BLMV of LEC rats
was evaluated. As shown in Figure 1B, the initial
uptake of PSP into BLMV of LEC rats was strongly
stimulated by the inward Na+ and GA gradients.

The uptake of PSP by kidney slices prepared from
LEC rats were examined (Figure 2).

We reported that the uptake of PSP by kidney slices at
30 min was used to examine the concentration-depen-
dence (5). The Km1, Vmax1, Km2, and Vmax2 were
determined by kinetic analysis to be 24.3 µM, 2.01nmol/

min/g kidney, 896.1 µM and 18.2 nmol/min/g kidney.
The profile of the PSP uptake by kidney slices in LEC
rats was similar to that in Wistar rats (5).

Figure 1: Effects of inward sodium and glutarate
gradients on the uptake of PSP by Wistar (A) and LEC (B)
rat renal BLMV. Membrane vesicles were suspended in
100 mM D-mannitol, 100 mM KCl and 20 mM HEPES/
Tris (pH 7.5). The drug solution contained 100 mM D-
mannitol, 0.5 µM glutaric acid, 120 µM PSP, 100 mM KCl
or NaCl and 20 mM HEPES/Tris (pH 7.5). Each column
represents the mean with S.D. of three preparations. *P <
.05, significantly different from no gradient.
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Figure 2: Concentration dependence of the uptake of PSP
by kidney slices in LEC rats. The uptake by kidney slices
was measured at PSP concentrations of 25 µM to 1 mM
over a period of 30 min. The solid and broken lines
represent the fitted line and the uptake corresponding to
nonsaturable component, respectively. Each value
represents the mean with S.D. of four determinations.

Inhibitory effect of CYA on the disposition of PSP in 
Wistar rats

The inhibitory effect of CYA on the excretion of PSP
in Wistar rats was examined. The amount of urinary
excretion of PSP over a period of 60 min after intrave-
nous injection was determined (Figure 3A).

The amount of urinary excretion of PSP was signifi-
cantly decreased by CYA. The plasma concentration
of PSP in the presence of CYA was significantly higher
than that in the absence of CYA (Figure 3B).

The calculated AUC value was significantly higher in
the presence of CYA. The value of CLurine for PSP in
the presence of CYA was significantly lower than the
control values (Figure 3C). 

Since urinary excretion of PSP was extremely low in
LEC rats, the effect of CYA on the excretion of PSP in
LEC rats was not determinable.

Figure 3: Effects of CYA on the plasma concentrations
(A), urinary excretion (B) and urinary excretion clearance
(C) of PSP in Wistar rats. PSP (0.75 mg/kg) was injected
through the femoral vein with (closed symbols) or without
(open symbols) CYA (5 mg/kg). The time profiles for
plasma concentrations and the ratio of the excreted
amount of PSP over a period of 60 min in a urine sample
to the percent of the injected amount were determined.
CLurine values were calculated from the values in Figure
3A and 3B. Each value represents the mean with S.D. of
four determinations. *P < .05, significantly different from
that in the absence of CYA.

Figure 4: Time course of PSP (30 µM) transport across
Wistar rat renal PTC monolayers in the presence or
absence of 2 µM CYA. Each value represents the mean
with S.D. of three determinations. *P < .05, **P < .01,
significantly different from apical-to-basal transport. †P
< .05, ††P < .01, significantly different from that in the
absence of CYA.
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Transcellular transport of PSP in renal proximal 
tubule cells

The transcellular transport of PSP in primary cultured
renal PTC of Wistar rats was investigated. As shown in
Figure 4, the basal-to-apical transport of PSP was
greater than the apical-to-basal transport.

In the presence of 2 µM CYA, the basal-to-apical trans-
port of PSP significantly decreased. The transcellular
transport of PSP in primary cultured renal PTC of
LEC rats was also investigated. As shown in Table 1,
the basal-to-apical transport of PSP in LEC rats was
significantly lower than that in Wistar rats. CYA had
no effect on the basal-to-apical transport of PSP in
LEC rats.

Table 1: Effect of CYA on the transepithelial fluxes of PSP
across rat renal PTC

PSP (30 µM) in the sample buffer (control) or in the presence of 2 µM
CYA was added to the basal side of primary cultured PTC monolay-
ers. After 60 min at 37°C, PSP transported into apical side was
determined and the apparent permeability coefficients were calcu-
lated as described in Materials and Methods. Each value represents
the mean with S.D. of three to six determinations. ***P < .001, sig-
nificantly different from that in the absence of CYA. ††P < .01, signif-
icantly different from the values in Wistar rats.

DISCUSSION

LEC rats are recognized to be a unique and useful ani-
mal model of human Wilson’s disease (1). Wilson’s dis-
ease is an autosomal recessive disorder of copper
metabolism characterized by hepatic cirrhosis and neu-
ronal degeneration. The Wilson’s disease gene is
expressed as a single 7.5-kb transcript in the normal rat
liver, and the LEC rat is deficient in this expression
(17). LEC rats have defective urinary excretion of PSP,
whereas urinary nitrogen and creatinine excretion did
not show serious renal failure (3). In the present study,
we attempted to clarify the cause of the decline in PSP
excretion in LEC rats. 

In the first part of this study, we investigated the func-
tion of basolateral organic anion transporters in LEC
rats. Recently, we have found that rat organic anion
transporters are involved in the renal uptake of PSP on
the basolateral membrane of proximal tubules (5).
Thus, it is possible that dysfunction of these transport-
ers is responsible for the reduction of PSP excretion in
LEC rats. No significant difference was found between
the initial uptake of PSP into renal BLMV in Wistar
rats and that into renal BLMV in LEC rats. Moreover,
the profile of the PSP uptake by kidney slices in LEC
rats was similar to that in Wistar rats. These results
suggest that the functions of organic anion transporters
in the renal basolateral membrane are normal in LEC
rats.

Because of the limited methodology available for evalu-
ating transport across the brush-border membrane, the
excretion mechanism for organic anions on the brush-
border membrane of proximal tubules remains to be
clarified (18). In the second part of this study, we
focused on the excretion system for PSP across brush-
border membranes. Several ATP-dependent efflux
transporters have been identified in human and rat kid-
neys (6-8). These transporters confer multidrug resis-
tance against a wide spectrum of cytotoxic agents. We
investigated the function of ABC transporters in LEC
rats. CYA reduced the CLurine value for PSP in Wistar
rats. In primary cultured renal PTC of Wistar rats, the
basal-to-apical transport of PSP was greater than that
in the opposite direction. Since this basal-to-apical
transport was substantially reduced by the addition of
CYA, apical-localized ABC transporter(s) may be
responsible for the secretion of PSP into the proximal
lumen. In the final part of this study, we investigated
the function of ABC transporters in LEC rats using
primary cultured PTC. The Papp BL to AP value of PSP
in LEC rats was significantly lower than that in Wistar
rats. In contrast to the Papp BL to AP value of PSP in
Wistar rats, CYA had no effect on the Papp BL to AP
value of PSP in LEC rats. These results suggest that the
apical-localized ATP transporter(s) is impaired in LEC
rats. Deficient expression of the Wilson’s disease gene
may affect the function of this ABC transporter(s).

Two ABC transporters for amphipaths, Mdr1 P-glyco-
protein (P-gp/Abcb1) and multidrug resistance-associ-
ated protein 2 (Mrp2/Abcc2), have been shown to be
localized to the renal brush-border membrane (6, 7).
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Generally, a substrate of P-gp is thought to be a lipo-
philic and neutral or cationic drug (19). On the other
hand, Mrp2 recognizes glucuronide conjugates and
non-conjugated organic anions (20). Therefore, it is
likely that Mrp2 plays a role in the urinary excretion
of PSP because PSP has the structure of an amphip-
athic anion. However, it has been reported that the
transporter function of organic anions on the kidney is
maintained in Mrp2 mutant rats (21-23). Therefore, it
has been proposed that the contribution of Mrp2 to
urinary excretion is minor. Recently, it was found that
Mrp4 (Abcc4), another multidrug resistance-associated
protein, is localized to the brush-border membrane of
renal proximal tubules (8). Mrp4 may be responsible
for the urinary excretion of PSP in Wistar rats and the
activity level of Mrp4 may be decreased in LEC rats.
However, no substrates or inhibitors that are selective
for Mrps have yet been found. Molecular analysis is
needed to clarify the renal transport system of PSP. 

Regulation of the function of transporters should
allow efficient development of drugs with ideal phar-
macokinetic profiles. As the development of drugs that
involves the use of transport mechanisms proceeds, the
need for an effective in vitro screening system for
transporters will also increase. Accordingly, methods
enabling rational prediction and extrapolation of in
vivo drug disposition from in vitro data are also essen-
tial (24). Although several in vitro models have been
used to identify substrates of Mrp2, elucidation of the
key in vivo role of Mrp2 in hepatobiliary disposition
and elimination of drugs and their conjugates has been
facilitated by the discovery of mutant rats with heredi-
tary defect resulting in the loss of expression of func-
tional Mrp2 (25). The complexity introduced by
multiple roles of transporters in the elimination of
drugs emphasizes the need to have appropriate in vivo
models to evaluate the significance of an individual
drug transporter in the disposition and elimination of
drugs. In the absence of highly specific and potent
inhibitors of drug transporters, the use of mutant
strains and knockout models is clearly pivotal in the
understanding of this role. LEC rats might be useful
for clarifying the renal transport mechanism of organic
anions.

In summary, the results of this study suggest that the
functions of organic anion transporters in the renal
basolateral membrane are normal in LEC rats. More-

over, it is possible that the apical-localized ABC trans-
porter(s) actively secretes PSP into the proximal tubule
lumen and that the activity level of this transporter is
decreased in LEC rats. LEC rats should be useful for
clarifying the renal transport mechanism of organic
anions.
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