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Drugs

Tacrolimus (prograf® injection: Fujisawa Pharmaceutical, Osaka, Japan) was
diluted with saline immediately before use. The vehicle solution for the control
comsisted of polyoxyethylene castor oil (Cremophor EL® , Sigma Chemical CO.,
St. Louis, MO), ethanol (Wako Pure Chemical Industries Ltd., Osaka, Japan), and
saline. This composition was the same as that for the Prograf® injection. Harmine hy-
drochloride (Sigma Chemical CO., St. Louis, MO) was dissolved in saline. Tacrolimus,
vehicle, and harmine were injected intraperitoneally (i.p.) in a volume of 0.5, 0.5, and
0.1 mL/100 g body weight, respectively.

Influence of the Dosing Time of Tacrolimus on Harmine-Induced Tremors
and the Concentrations of Serum BUN and Creatinine

Effects of tacrolimus on harmine-induced tremors were evaluated as previously
described (Shuto et al., 1998). Tacrolimus (2 mg/kg) or vehicle was injected i.p. once
a day for 7 days at 800 for the light group or 20:00 for the dark group. Each rat
was placed in a screened cage (21.5 x 32x 14 cm) immediately after the 7th in-
jection of tacrolimus to allow adaptation to the new environment and then was
mtroduced to the tremor test. Harmine (10 mg/kg i.p.) was injected 55 min after
the final tacrolimus injection. The summed duration of harmine-induced tremors
was measured during the 15-min period from 5 to 20 min after harmine admin-
istration by the same observer blinded to the pretreatment with tacrolimus or
vehicle.

To determine the serum creatinine and BUN concentrations with a Vision an-
alyzer (Abbot Laboratories, Abbot Park, III), blood samples were collected from
the rat tail vein 24 h after the final chronic treatment (once a day for 14 days) with
tacrolimus (2 mg/kg i.p.) or vehicle at 8:00 or 20:00.

Influence of the Dosing Time of Tacrolimus on Xenograft Survival in Rats
Following Xenotransplantation of a Mouse-To-Rat Skin Graft

To make the xenotransplantation model of the mouse-to-rat skin graft, Wistar
rats and C57BL/6J mice (15-20 g) were employed as recipients and donors, respec-
tively. The animals were operated on under sodium pentobarbital anesthesia. A
square piece (1 cm?) of skin obtained from the back of the donor mouse was trans-
planted to where the skin (1 cm?) was removed from the back of the recipient rat.
The skin grafts were protected by gauze with gentacin ointment and bandages for
6 days and rats were housed individually (Shapira et al., 1999).

Xenotransplantation was performed immediately after the first injection of
tacrolimus (2 mg/kg i.p.) or vehicle at 8:00 (light group) or 20:00 (dark group). The
duration of xenograft survival was determined in each rat with the repeated injec-
tion of tacrolimus or vehicle (once a day at 8:00 or 20:00). Rejection was defined as
a complete separation of the graft (Shapira et al., 1999).
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Pharmacokinetic Influence of the Dosing Time of Tacrolimus

Tacrolimus (2 mg/kg i.p.) was injected once a day at 8:00 (light group) or 20:00
(dark group). Blood samples were obtained from the abdominal aorta at 0.5, 1, 2,
4, 8,12, and 24 h after a single injection or 24 h after the 7th injection. Tacrolimus
concentrations in whole blood were measured with an enzyme immunoassay (IMx;
Abbot Laboratories, Abbot Park, III).

Statistical Analysis

Data are expressed asmeans & S E.M. A one-way analysis of variance (ANOVA)
followed by the post hoc Sheffe’s F-test was used to analyze the concentrations of
BUN, creatinine, and tacrolimus. The duration of harmine-induced tremors and that
of skin graft survival were evaluated using the Mann-Whitney U-test and log-rank
test, respectively. Statistical significance was defined as P < 0.05.

RESULTS

Influence of the Dosing Time of Tacrolimus on Harmine-Induced Tremors
and the Serum BUN and Creatinine Concentrations

On the basis of the results of preliminary experiments, the dose of harmine was
selected to induce a minimal tremor response (the duration of tremors ranged from
0 to 100 s in the light and dark group). Tacrolimus (2 mg/kg i.p., once a day for 7 days)
significantly prolonged harmine-induced tremors 2.7-fold compared to the vehicle in
the light group (P < 0.05), but not in the dark group (Fig. 1). The facilitatory action
of tacrolimus on harmine-induced tremors was greater in the light group than dark
group (Fig. 1; P < 0.05).

In the light group, tacrolimus (2 mg/kg i.p., once a day for 14 days) increased
significantly BUN concentrations by 74.7% (Fig. 2(A), P < 0.01) and moderately
raised creatinine concentrations by 39.5% (Fig. 2(C)). Tacrolimus-affected BUN
levels were significantly higher in the light group than dark group (P < 0.05). In
the dark group, there were only slight differences in the serum BUN and cre-

atinine concentrations between tacrolimus and vehicle treatment (Fig. 2(B) and
2(D)).

Influence of the Dosing Time of Tacrolimus on Xenograft Survival

Figure 3 shows survival curves of the skin xenograft for the light (A) and dark
(B) group. The mouse-to-rat skin graft transplanted in the light phase (vehicle;
14.8 + 0.6 days) survived for a longer period than that transplanted in the dark phase
(vehicle; 12.3 £ 0.5 days). In the dark group, tacrolimus (2 mg/kg i.p.) significantly
increased the mean survival time by 20% (P < 0.05), leading to almost the same lev-
els as those in the light group treated with vehicle or tacrolimus. In the light group,
no significant differences were observed between vehicle and tacrolimus treatment.
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Fig. 1. Influence of the dosing time (8:00 (light)
or 20:00 (dark)) of tacrolimus on harmine-induced
tremors in rats. The animals were subjected to sub-
chronic treatment with tacrolimus (T) (2 mg/kg i.p.)
or vehicle (V) once a day for 7 days. Rats were in-
jected with harmine (10 mg/kg i.p.) 55 min after the
final injection of vehicle or tacrolimus. The summed
duration of tremors was measured during a 15 min pe-
riod from 5 to 20 min after harmine injection (n = 10~
12 per group). *P < 0.05; sxgmﬁcantly different from
the vehicle-treated group. 1P < 0.05; 51gn1ﬁcant1y dif-
ferent from the tacrolimus-treated group in the dark
phase.

Pharmacokinetics Influence of the Dosing Time of Tacrolimus
After Single or Repeated Injection

The curves for mean tacrolimus concentration versus time after single injections
are shown in Fig. 4(A). Tacrolimus levels in whole blood at 1, 4, and 8 h after injection
were slightly, although not significantly, higher in the light group than dark group. As
shown in Fig. 4(B), the dosing time (light or dark phase) for the repeated injection
of tacrolimus had no significant influence on trough levels.

DISCUSSION

The present study demonstrated that the repeated injection of tacrolimus in the
light phase (8:00) produced a significantly greater increase than that in the dark phase
(20:00) in the duration of harmine-induced tremors and in BUN concentrations in
rats. An immunosuppressive effect of tacrolimus on the xenotransplantation of a
mouse-to-rat skin graft was apparent in the dark phase but not in the light phase.
These findings suggest that treatment in the dark phase (an active phase in the rat
diurnal rhythm) ameliorates the neurotoxicity and nephrotoxmlty while maintaining -
the immunosuppressive effect of tacrolimus in rats.
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Fig. 2. Influence of the dosing time (8:00 or 20:00) of tacrolimus on the BUN and cre-
atinine concentrations in rats. The animals were subjected to subchronic treatment with
tacrolimus (2 mg/kg i.p.) or vehicle once a day for 14 days. Blood samples were col-
lected from the tail vein 24 h after the final tacrolimus injection. Values represent the
means £ S.E.M. for 5-7 rats. (A) The BUN concentrations in the light group (BUN-
light): (B) The BUN concentrations in the dark group (BUN-dark); (C) The creati-
nine concentrations in the light group (Cr-light); (D) The creatinine concentrations in
the dark group (Cr-dark). **P < 0.01; significantly different from the vehicle-treated
group. TP < 0.05; significantly different from the tacrolimus-treated group in the dark
phase.

No chronopharmacological research has been published concerning immuno-
suppressant-induced neurotoxicity. The present study is the first to provide evidence
that a facilitatory action of tacrolimus on harmine-induced tremors shows a diurnal
rhythm with a potent effect in the light phase in rats. Harmine is reported to induce
tremors by activating serotonergic neurons and inhibiting dopaminergic neurons
(Kawanishi er al., 1981). Shuto ez al. (1998) demonstrated that cyclosporine facilitates
serotonergic neural activity to accelerate harmine-induced tremors. This acceleration
appeared to be involved in an inhibition of y-aminobutyric acid neural activity and
receptors (Shuto et al., 1999; Tominaga et al., 2001). The precise mechanisms by which
tacrolimus neurotoxicity exhibits a diurnal rhythm remains to be determined.
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Fig. 3. Influence of the dosing time (8:00 (A) and 20:00 (B)) of
tacrolimus on the survival of skin xenografts in a mouse-to-rat skin
xenotransplantation model. The animals were subjected to chronic
treatment with tacrolimus (2 mg/kg i.p., thick line} or vehicle (thin
line and dotted area) once a day until rejection of the graft oc-
curred. Rejection was defined as a complete separation of the graft
in eachrat. Data are expressed as the percentage of ratsin which the
graft survived in each group (12 rats each). *P < 0.05; significantly
different from the vehicle-treated group.

The dosing time-dependent nephrotoxicity of tacrolimus in rats was previously
reported by Fujimura and Ebihara (1994). Contrary to our findings, they showed
that the tacrolimus-induced elevation in the BUN and creatinine levels was more
prominent in the dark phase than in the light phase in rats. Their pharmacokinetic
results suggested that an aggravation of renal function induced by tacrolimus in the
dark phase is closely associated with the high concentrations of tacrolimus in whole
blood in the dark phase. This diurnal rhythm was not observed in the present phar-
macokinetic study. The discrepancy in these findings may be due to the different
route of administration (an intraperitoneal route in our study versus an oral route
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Fig. 4. The pharmacokinetic influence of the dosing time (8:00
(light) or 20:00 (dark)) of tacrolimus (2 mg/kg i.p.) after a single
(A) or repeated (B) injection. Blood samples were obtained from
the abdominal aorta at 0.5, 1. 2, 4, 8, 12, and 24 h after a single
injection or 24 h after repeated injection (once a day for 7 days).
Values represent means £ S.E.M. for 5-6 rats.

in Fujimura’s study). In the oral administration of tacrolimus, the maximum con-
centration or area under the concentration—time curve (AUC) of tacrolimus was
significantly increased when tacrolimus was given in the morning in humans or in the
dark phase in nocturnal rodents (Fujimura et al, 1993, Min et al., 1996, Uchida et al.,
1999). These phenomena seem to be caused by several diurnal rhythm-related vari-
ables including food ingestion, gastric emptying time, gastric motility, secretion of bile
acid, blood flow to the gastrointestinal tract, and gastrointestinal perfusion. In the
present study, the dosing time-dependent influences are not involved in tacrolimus
absorption, since tacrolimus was intraperitoneally administered. Interestingly, the
AUC of tacrolimus on continuous intravenous administration in humans showed no
differences between daytime and nighttime (Satoh et al., 2001). This is consistent
with our results suggesting that the pharmacokinetic features of tacrolimus follow-
ing parenteral administration probably indicate no circadian variation. Therefore, the
pharmacokinetic factors may be excluded from the mechanisms of diurnal changes
in tacrolimus-induced toxicity and efficacy in the present study. The possibility that
the distribution of tacrolimus in the kidney and brain has diurnal variations remains
to be examined. -

Calcineurin inhibitors including tacrolimus and cyclosporine exert an immuno-
suppressive action due to the inhibition of interleukin (IL)-2 transcription, leading
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to T cell inactivation (Liu, 1993; Wiederrecht et al., 2000). Since a diurnal rhythm
exists in the secretion of IL-2 or the number of T cells (Born et al., 1997; Palm et al.,
1996), the immunosuppressive effects of calcineurin inhibitors are speculated to de-
pend on the dosing time during the day. In the present study, the administration of
tacrolimus in the dark phase significantly prolonged the survival time of skin grafts
in the xenograft transplantation model. These findings were supported by a report
concerning the effect of cyclosporine on a murine heart allograft model (Cavallini
et al., 1983). The efficacy of tacrolimus or cyclosporine is likely to increase when the
agent 1s administered in the dark phase in the rodents.

In conclusion, we provided evidence that treatment in the active phase amelio-
rates the neurotoxicity and nephrotoxicity while maintaining the immunosuppressive
effect of tacrolimus in rats. The present findings have important implications for ther-
apeutic approaches to avoid tacrolimus-induced neurotoxicity and nephrotoxicity.
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Abstract

The present study was designed to clarify the involvement of nitric oxide (NO) signaling in the adverse effect of cyclosporine on the
blood-brain barrier. Cyclosporine increased the permeability of sodium-fluorescein and the cellular accumulation of rhodamine 123, a
substrate of P-glycoprotein, in mouse brain endothelial (MBEC4) cells. This effect was markedly enhanced two- to threefold when MBEC4
cells were cocultured with rat astrocytes or C6 glioma cells. Direct and continuous electrochemical measurement of NO demonstrated that
cyclosporine dose-dependently increased histamine- and phenylephrine-evoked NO production in MBEC4 cells and astrocytes, respectively.
A NO synthase inhibitor (N°~-monomethyl-L-arginine) blocked slightly and markedly cyclosporine-induced impairment of the endothelial
barrier in the monolayer and coculture system, respectively. These findings suggest that cyclosporine impairs the brain endothelial barrier
function by accelerating NO production in the brain endothelial and astroglial cells. This event may be interpreted as triggering the
occurrence of cyclosporine neurotoxicity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sporine has adverse effects including renal dysfunction,

cardiovascular disorders, gastrointestinal disorders and neu-

Cyclosporine, a cyclic 11-amino acid peptide, is widely
used as a potent immunosuppressant to prevent allograft
rejection in solid organ transplantation and in fatal graft-
vs.-host disease after bone marrow transplantation, and to
treat various autoimmune diseases including rheumatoid
arthritis (Kahan, 1989). Despite its high efficacy, cyclo-

* Corresponding author. Tel./fax: +81 92 862 2696.
E-mail address: ykataoka@cis.fukuoka-u.ac.jp (Y. Kataoka).

0014-2999/3 - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2004.10.027

rological complications. These events occur with a relatively
high frequency (20-40%) in organ-transplanted patients (Gij-
tenbeek et al., 1999; Pirsch et al., 1997; U.S. Group, 1994).

The entry of cyclosporine into the brain is prevented by
the tight junctions and P-glycoprotein, a multi-drug efflux
pump, of the brain microvascular endothelial cells. But the
adverse neurological effects of cyclosporine, including
tremors, seizures and encephalopathy, strongly suggest the
possibility of cyclosporine transport across the blood-brain
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barrier. We previously reported that cyclosporine produced
convulsions by inhibiting y-aminobutyric acid (GABA)-
ergic neural activity and binding properties of the GABA,
receptor (Shuto et al., 1999). The inhibition of GABAergic
neurotransmission by cyclosporine may lead to an activation
of serotonergic neural activity and consequently produce
tremors (Shuto et al., 1998). These findings in vivo are
considered to be due to a direct action of cyclosporine
transported across the blood-brain barrier rather than an
indirect effect through the periphery. In fact, we demon-
strated that cyclosporine at a high concentration decreased
the function and expression of P-glycoprotein in brain
capillary endothelial cells (Kochi et al., 1999; 2000). The
blood-brain barrier is primarily formed by brain capillary
endothelial cells, which are closely sealed by tight junctions
(Partridge, 1999). P-glycoprotein is abundantly expressed in
the brain endothelial cells and limits the accumulation of
many hydrophobic molecules and toxic substances in the
brain (Schinkel, 1999). Recently, we demonstrated that
nitric oxide (NO) increased the permeability and inhibited
the P-glycoprotein efflux pump of brain capillary endothe-
lial cells, suggesting that NO impairs the dynamic regulation
of the blood-brain barrier function (Yamauchi et al., in
press). Astrocytes and pericytes are cellular components of
the blood-brain barrier. Astrocytes surround the cerebral
capillaries and regulate blood-brain barrier function through
cell-to-cell contact and secretion of soluble factors (Terasaki
et al., 2003).

The present study was designed to clarify the involvement
of NO signaling in the adverse effect of cyclosporine on the
blood-brain barrier. We first evaluated the effect of cyclo-
sporine on the permeability and the P-glycoprotein function
of mouse brain endothelial (MBEC4) cells alone and
cocultured with rat astrocytes or C6 glioma cells. Second,
the effect of cyclosporine on the stimulation-evoked NO
production was examined in MBEC4 cells and rat astrocytes
using direct electrochemical NO monitoring.

2. Materials and methods
2.1. Materials

Cyclosporine was kindly supplied by Novartis Pharma
(Bazel, Switzerland). Sodium fluorescein (Na-F, MW 376),
rhodamine 123, phenylephrine hydrochloride, histamine, L-
arginine and NC-monomethyl-L-arginine (L-NMMA) were
purchased from Sigma (St. Louis, MO, USA). Culture
medium and subculture reagents were obtained from Invi-
trogen (Carlsbad, CA, USA). All remaining reagents of
analytical grade were purchased from Wako (Osaka, Japan).

2.2. Animals

Wistar rats aged 3 days old were used in this study. All
the procedures involving experimental animals adhered to

the law (No. 105) and notification (No. 6) of the Japanese
Government, and were approved by the Laboratory Animal
Care and Use Committee of Fukuoka University.

2.3. Cell culture

MBEC4 cells, which were isolated from BALB/c mouse
brain cortices and immortalized by SV40-transformation
(Tatsuta et al., 1992), were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 100 units/ml penicillin and 100 pg/ml
streptomycin. C6 glioma cells (JCRB9096, Health Science
Research Resources Bank, Osaka, Japan) were cultured in
DMEM supplemented with 10% fetal calf serum, and 50 pg/
ml gentamicin. Newborn rat astrocytes were isolated
according to the method of McCarthy and de Vellis
(1980) and Sastradipura et al. (1998) with a slight
modification. Briefly, the cerebral cortex from 3-day-old
rats was minced and treated with papain (90 units/ml;
Worthington, Lakewood, NJ) and DNase I (2000 units/ml;
Sigma) at 37 °C for 15 min. The mechanically dissociated
cells were seeded into plastic flasks in DMEM supple-
mented with 10% fetal bovine serum, 100 units/m] penicillin
and 100 pg/ml streptomycin. After 10-14 days in culture,
floating cells and weakly attached cells on the mixed
primary cultured cell layer were removed by vigorous
shaking of the flask. Then, astrocytes on the bottom of the
culture flask were trypsinized and seeded into new culture
flasks. The primary cultured astrocytes were maintained in
DMEM. They were grown in a humidified atmosphere of
5% CO,/95% air at 37 °C.

The preparation of the in vitro blood-brain barrier
models has been described previously (Dohgu et al,
2000). In brief, C6 cells or rat astrocytes (40,000 cells/
cm?) were first cultured on the outside of the collagen-
coated polycarbonate membrane (3.0 pm pore size) of the
Transwell™ insert (12-well type, Costar, MA, USA)
directed upside down in the well. Two days later, MBEC4
cells (42,000 cells/cm?) were seeded on the inside of the
insert placed in the well of the 12-well culture plate (Costar)
(C6 coculture and rat astrocyte coculture). The monolayer
system was also made with MBEC4 cells alone (MBEC4
monolayer).

2.4. Treatment with cyclosporine and nitric oxide (NO)
synthase inhibitor

Cyclosporine was first dissolved in ethanol and diluted
with serum-free culture medium (0.1% as the final ethanol
concentration). MBEC4 cells were cultured for 3 days, and
these inserts were washed three times with serum-free
medium. Then cells were exposed to 1-5 uM cyclosporine
injected into the inside of the insert (luminal side) for 12 h.
When the effect of NO synthase (NOS) inhibitor was
examined, L-NMMA (1 mM) was loaded both inside and
outside of the insert (luminal and abluminal side). In
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parallel, cells were treated with serum-free medium con-
taining the corresponding amount of ethanol as the vehicle.

2.5. Paracellular transport of Na-F

To initiate the transport experiments, the medium was
removed and MBEC4 cells were washed three times with
Krebs-Ringer buffer (118 mM NaCl, 4.7 mM KCl, 1.3 mM
CaClz, 1.2 mM MgCIZ, 1.0 mM N3H2P04, 25 mM
NaHCOs3, and 11 mM D-glucose, pH 7.4). Krebs—Ringer
buffer (1.5 ml) was added to the outside of the insert
(abluminal side). Krebs-Ringer buffer (0.5 ml) containing
100 pg/ml of Na-F was loaded on the luminal side of the
insert. Samples (0.5 ml) were removed from the abluminal
chamber at 10, 20, 30 and 60 min and immediately replaced
with fresh Krebs—Ringer buffer. Aliquots (5 pl) of the
abluminal medium were mixed with 200 pl of Krebs—Ringer
buffer and then the concentration of Na-F was determined
using a fluorescence multiwell plate reader (Ex(4) 485 nm;
Em(4) 530 nm) (CytoFluor Series 4000, PerSeptive
Biosystems, Framingham, MA, USA). The permeability
coefficient and clearance were calculated according to the
method described by Dehouck et al. (1992). Clearance was
expressed as microliters (ul) of tracer diffusing from the
luminal to abluminal chamber and was calculated from the
initial concentration of tracer in the luminal chamber and
final concentration in the abluminal chamber: Clearance
(uD=[C]a X VA/[C]ly where [C]y is the initial luminal tracer
concentration, [C]a is the abluminal tracer concentration
and ¥} is the volume of the abluminal chamber. During a
60-min period of the experiment, the clearance volume
increased linearly with time. The average volume cleared
was plotted vs. time, and the slope was estimated by linear
regression analysis. The slope of clearance curves for the
MBEC4 monolayer or coculture systems was denoted by
PS,pp, where PS is the permeability-surface area product
(in pl/min). The slope of the clearance curve with a control
membrane was denoted by PS_cmbrne. In the coculture
system, the control membrane is the C6 cell- or rat
astrocyte-layered membrane. The real PS value for the
MBEC4 monolayer and the coculture system (PS..,,s) was
calculated from 1/PS,p,=1/PSyembrane™ 1/PSirans. The PSyrans
values were divided by the surface area of the Transwell
inserts to generate the permeability coefficient (Pyans,
in cm/min).

2.6. Functional activity of P-glycoprotein

The functional activity of P-glycoprotein was determined
by measuring the cellular accumulation of rhodamine 123
(Sigma) according to the method of Fontaine et al. (1996).
MBEC4 cells were washed three times with assay buffer
(143 mM NaCl, 4.7 mM KC], 1.3 mM CaCl,, 1.2 mM
MgCly, 1.0 mM NaH,PO,4, 10 mM HEPES, and 11 mM D-
glucose, pH 7.4). In both coculture systems, C6 cells and rat
astrocytes on the outside of the membrane were removed

with a cell scraper. MBEC4 cells were incubated with 0.5 ml
of assay buffer containing 5 uM of rhodamine 123 for 60
min. Then, the solution was removed and the cells were
washed three times with ice-cold phosphate-buffered saline
and solubilized in 1 M NaOH (0.2 ml). The solution was
neutralized with 1 M HCI (0.2 ml) and the rhodamine 123
content was determined using a fluorescence multiwell plate
reader (Ex(A) 485 nm; Em(A) 530 nm, CytoFluor Series
4000). The cellular protein was measured by the method of
Bradford (1976).

2.7. Electrochemical monitoring of NO

Direct and continuous electrochemical measurement of
NO was performed with a three-electrode potentiostatic
EMS-100 system (BIO-LOGIC, Grenoble, France) as
previously described (Tkesue et al., 2000, Trevin et al.,
1998). In brief, confluent MBEC4 cells or rat astrocytes in
a 2.5 cm?® dish (BD FALCON™, BD Biosciences, NJ,
USA) were washed three times with Mg®"-free Krebs—
Ringer solution (143.0 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCly, 1.0 mM NaH,PO4 and 11.0 mM D-glucose, pH
7.4). The dish was placed on the stage of an inverted
microscope (ECLIPSE TE300, Nikon, Tokyo, Japan)
mounted with a NO monitoring system. The NO-biosensor
(ASTEC, Fukuoka, Japan) was positioned about 10 pum
above the cell surface. Ten minutes after treatment with L-
arginine (1 mM), histamine or phenyiephrine in a volume
of 10 pl was added to the cells in 1 ml of Mg?**-free Krebs—
Ringer solution with a transient mixing step to give the
final concentration indicated. The level of production of
NO in MBECH4 cells or rat astrocytes was monitored for a
15-min period after the addition of histamine or phenyl-
ephrine. Cyclosporine was added 20 min before treatment
with L-arginine.

2.8. Assessment of cell viability

The effect of cyclosporine on the viability of cells in the

.MBEC4 monolayer, C6 coculture and rat astrocyte

coculture systems was assessed using a WST-8 assay (Cell
Counting Kit-8, DOJINDO, Kumamoto, Japan). A highly
water-soluble formazan dye (WST-8), reduced by mito-
chondrial dehydrogenase, was measured by determining
the absorbance of each sample with a 450 nm test
wavelength and a 700 nm reference wavelength using a
microplate reader (Opsys MR, DYNEX technologies,
Chantilly, VA, USA).

2.9. Measurement of NO Production using NO-specific dye

An accumulation of NO production during a 12 h
period was assessed using a NO-specific fluorescent dye,
4,5-diaminofluorescein diacetate (DAF-2 DA, Sigma)
(Nakatsubo et al., 1998). MBEC4 and C6 cells were
seeded on wells of the 24-well culture plate. Cells were
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incubated with DAF-2 DA at a final concentration of 10
pM for 1 h at 37 °C and then rinsed three times with
serum-free medium. Cells containing DAF2 DA were
exposed to cyclosporine (1-5 pM) for 12 h and they were
washed three times with assay buffer (143 mM NaCl, 4.7
mM KCI, 1.3 mM CaCl,, 1.2 mM MgCl,, 1.0 mM
NaH,PO,4, 10 mM HEPES, and 11 mM D-glucose, pH
7.4). The fluorescence was measured using a fluorescence
multiwell plate reader (Ex(4) 485 nm; Em(4) 530 nm,
CytoFluor Series 4000). Then, cells were solubilized with
250 pl of 1 M NaOH. Aliquots of the cell solution were
removed for protein assay according to the method of
Bradford using a Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA) (Bradford, 1976). Data for
each experiment were normalized to the cellular protein.

2.10. Statistical analysis

The values are expressed as the means+S.E.M. Stat-
istical analysis was performed using Student’s t-test. One
way and two way analyses of variance (ANOVAs) followed
by Tukey-Kramer’s tests were applied to multiple compar-
isons. The differences between means were considered to be
significant when P values were less than 0.05.

3. Results

3.1. Permeability and P-glycoprotein function of MBEC4
cells in MBEC4 monolayer, C6 coculture and rat astrocyte
coculture systems

After MBEC4 cells were cultured for 3 days, the basal
permeability and P-glycoprotein efflux pump of MBEC4
cells were evaluated in three in vitro blood-brain barrier
models (Fig. 1). The permeability coefficient of Na-F for
MBECH4 cells was increased by 57.6% in the C6 coculture
and reduced by 45.6% in the rat astrocyte coculture, when
compared to that in the MBEC4 monolayer (Fig. 1A). The
accumulation of rhodamine 123 in MBEC4 cells was
significantly increased by 16.8% in the C6 coculture and
significantly reduced by 17.9% in the rat astrocyte coculture
relative to the MBEC4 monolayer (Fig. 1B).

3.2. Effect of cyclosporine on permeability and P-glyco-
protein function of MBEC4 cells in MBEC4 monolayer, C6
coculture and rat astrocyte coculture systems

As shown in Figs. 2 and 3, the exposure to cyclosporine
(1-5 uM) for 12 h dose-dependently increased the perme-
ability of Na-F and the cellular accumulation of thodamine
123 in the MBEC4 monolayer and C6 coculture. The Na-F
permeability and the rhodamine 123 accumulation of
MBEC4 cells in the rat astrocyte coculture were increased
to 127.7£7.2% and 126.7+3.0% of vehicle by 5 uM
cyclosporine. These adverse effects of cyclosporine in the
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Fig. 1. Permeability and P-glycoprotein function of MBEC4 cells in
MBEC4 monolayer, C6 coculture and rat astrocyte coculture systems. (A)
MBEC4 permeability coefficients of Na-F. Results are expressed as % of
the MBEC4 monolayer (1.88+£0.10x 10~* cm/min). Values are the means=
S.EM. (n=3-7). *P<0.05, significant difference from MBEC4 monolayer.
(B) Rhodamine 123 accumulation in MBEC4 cells. Results are expressed as
% of the MBEC4 monolayer (2.19+0.16 nmol/mg protein). Values are the
means+S.EM. (n=4-17). **P<0.01, significant difference from MBEC4
monolayer.

presence of C6 cells and astrocytes were two- to threefold
more potent than the effects in the MBEC4 monolayer.

The WST-8 assay showed that cyclosporine at the highest
concentration tested (5 pM) had no effect on cell viability in
any of the three culture systems (MBEC4 monolayer:
98.2+1.00, C6 coculture: 101.2+1.79, rat astrocyte cocul-
ture: 103.947.5% of the corresponding vehicle).

3.3. Effect of cyclosporine on stimulation-evoked NO
production and spontaneous NO production in MBEC4
cells, rat astrocytes and C6 cells

Cyclosporine alone at concentrations less than 5 uM
failed to stimulate NO production to a detectable level (Fig.
4). In the absence of cyclosporine, histamine (100 pM) and
phenylephrine (1 pM) produced small amounts of NO in
MBEC4 cells and rat astrocytes (9.27+0.69 and
0.32+0.036 pM), respectively (Fig. 4). Cyclosporine (1, 2
and 5 uM) dose-dependently increased histamine (100 pM)-
and phenylephrine (1 pM)-evoked NO production in
MBEC4 cells and astrocytes, respectively (Fig. 4). The
increases induced by 5 uM cyclosporine reached
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Fig. 2. Effect of cyclosporine on MBEC4 permeability of Na-F in MBEC4
monolayer, C6 coculture and rat astrocyte coculture systems. Transport
experiments were performed after 12 h of exposure to cyclosporine. Results
are expressed as % of each corresponding vehicle (monolayer;
2.35+0.24%107* cm/min, C6 coculture; 2.34+0.25x10™* cm/min, rat
astrocyte coculture; 1.16+0.03%107* cm/min). Values are the means+
S.EM. (n=3-24). **P<0.01, significant difference from each correspond-
ing vehicle.

174.1£7.7% and 198.2+15.0% of vehicle in MBEC4 cells
and astrocytes, respectively.

When total amounts of NO production during a 12 h
period was measured using a NO-specific fluorescent dye,
an exposure of cyclosporine (5 pM) for 12 h significantly
increased spontaneous (basal) NO production by 70 and
190% in MBEC4 and C6 cells, respectively (Fig. 5).

3.4. Effect of NO synthase inhibitor on cyclosporine-
increased permeability of Na-F and accumulation of rhod-
amine 123 in MBEC4 monolayer and rat astrocyte coculture
systems

L-NMMA (1 mM) (a NOS inhibitor) alone had no effect
on the permeability of Na-F and the accumulation of
rhodamine 123 in the MBEC4 monolayer and C6 coculture.
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Fig. 3. Effect of cyclosporine on rhodamine 123 accumulation in MBEC4
cells of the MBEC4 monolayer, C6 coculture and rat astrocyte coculture
systems. P-glycoprotein function was evaluated after 12 h of exposure to
cyclosporine. Results are expressed as % of each corresponding vehicle
(monolayer; 3.50+0.56 nmol/mg protein, C6 coculture; 3.79+0.47 nmol/
mg protein, rat astrocyte coculture; 0.85+0.04 nmol/mg protein). Values
are the means+£S.E.M. (n=4-20). **P<0.01, significant difference from
each corresponding vehicle.
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Fig. 4. Effect of cyclosporine on stimulations-evoked NO production. (A)
Representative differential pulse amperogram obtained using NO biosensor
shows NO production evoked by histamine (100 pM) in the absence
(Control, middle trace) and presence of cyclosporine (5 pM) (+cyclosporine,
top trace) in MBECH4 cells. The effect of cyclosporine (5 pM) alone on NO
production was indicated in the bottom trace. (B) Concentration-dependent
facilitatory effect of cyclosporine on histamine-evoked NO production in
MBEC4 monolayer. Results are expressed as % of histamine (100 pM)-
evoked NO production (vehicle; 9.27+0.69 pM). Values are the means+
S.E.M. (n=3). *P<0.05 and **P<0.01, significant differences from vehicle.
(C) Concentration-dependent facilitatory effect of cyclosporine on phenyl-
ephrine-evoked NO production in rat astrocyte coculture system. Results are
expressed as % of phenylephrine (1 uM)-evoked NO production (vehicle;
0.32+0.036 uM). Values are the means£S.EM. (n=4-7). *P<0.05 and
**P<0.01, significant differences from vehicle.

Cyclosporine (5 pM)-increased permeability of Na-F and
accumulation of rhodamine 123 in MBEC4 cells were
significantly decreased to 114.3+5.9% and 112.643.7% of
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Fig. 5. Effect of cyclosporine on spontaneous NO production in MBEC4
and C6 cells. Cells were loaded with a NO-specific fluorescent dye (DAF-2
DA) and then treated with 1-5 uM cyclosporine for 12 h. The fluorescence
intensity of DAF-2 DA was increased by NO produced by cells and this was
normalized to the cellular protein. Relative fluorescence is expressed as the
ratio (%) to the control value obtained in the absence of cyclosporine
(vehicle). Values are the meanstS.EM. (n=8). *P<0.05, significant
differences from vehicle.

vehicle, respectively, by 1 mM L-NMMA in the C6
coculture (Fig. 6). In contrast, L-NMMA (1 mM) produced
a slight inhibition of the permeability of Na-F and the
accumulation of thodamine 123 induced by Cyclosporine (5
pM) in the MBEC4 monolayer (Fig. 6).

4. Discussion

We made three types of the in vitro blood-brain barrier
models; MBEC4 monolayer, C6 coculture, and rat astrocyte
coculture systems. MBEC4 cells alone show the highly
specialized characteristics of brain microvascular endothe-
lial cells including the integration of tight junctions and
expression of P-glycoprotein (Tatsuta et al., 1992, 1994).
Astrocytes, a cellular component of the blood-brain barrier,
induce and maintain the functioning of the blood-brain
barrier through cell-to-cell contact and the secretion of
soluble factors (Rubin and Staddon, 1999). The barrier
function in these models was evaluated based on the
permeability of Na-F and the P-glycoprotein efflux pump

of MBEC4 cells. Na-F was used as a marker of permeability
through the paracellular route. The permeability and the
accumulation of rhodamine 123 in MBEC4 cells were
markedly decreased in the presence of rat astrocytes (Fig. 1).
These findings suggest that astrocytes participate in
tightening the intercellular junctions and facilitating P-
glycoprotein function of brain endothelial cells. A positive
role for astrocytes in the expression and maintenance of
endothelial tight junctions has been documented (Dehouck
et al., 1992; Gaillard et al., 2001; Isobe et al., 1996; Rauh et
al,, 1992; Hayashi et al., 1997), although there are few
reports concerning astrocyte-enhanced P-glycoprotein func-
tion. The C6 cell line, which originated from rat glioma
cells, is commonly used as an experimental model of
astrocytes due to convenient handling (Zhang et al., 2004).
The barrier function of MBEC4 cells was speculated to be
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Fig. 6. Effect of NO synthase inhibitor (L-NMMA) on cyclosporine-
increased MBEC4 permeability of Na-F (A), and rhodamine 123
accumulation in MBEC4 cells (B) in MBEC4 monolayer and C6 coculture
system. (A) Results are expressed as % of each corresponding vehicle
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enhanced by the C6 cells similar the rat astrocyte coculture.
However, the present findings indicated hyperpermeability
of Na-F and reduced P-glycoprotein function in the C6
coculture. These results may be due to neoplastic changes in
the glial characteristics. The precise mechanism by which
C6 cells affect the barrier function of MBEC4 cells is now
under investigation. There were no apparent differences in
the endothelial cell response to cyclosporine between the C6
coculture and rat astrocyte coculture (Figs. 2 and 3). This
confirms that the C6 coculture model is suitable for
pharmacological research.

Cyclosporine-induced neurotoxicity including tremors,
convulsions and encephalopathy occurred frequently in
patients with. high blood concentrations of cyclosporine,
although these concentrations were within the therapeutic
range (Gijtenbeek et al., 1999). The maximal blood
concentrations of cyclosporine in patients with renal or
liver transplantation are known to be in the range varying
from 1 to 1.5 uM (Kahan et al., 1995; Keown and Niese,
1998; Grant et al., 1999). Therefore, the concentrations (1-5
pM) of cyclosporine used in the present study are less than
three- to fivefold level of the maximal concentrations in
patients. Cyclosporine (5 uM) significantly increased the
permeability of Na-F and the accumulation of rhodamine
123 in the MBEC4 monolayer. These effects were poten-
tiated markedly in the coculture with C6 cells or rat
astrocytes (Figs. 2 and 3). Then, we substituted C6 cells
for the primary culture of rat astrocytes to save the
experimental animals, costs and labor in the subsequent
pharmacological study. The presence of C6 cells increased
by two- to threefold the facilitatory and inhibitory effects of
cyclosporine (1-5 pM) on the paracellular permeability and
P-glycoprotein activity of the MBEC4 monolayer, respec-
tively. These effects were not due to the direct cytotoxicity
of cyclosporine. These findings indicated that cyclosporine
reduces the barrier function of brain endothelial cells to
penetrate into the brain, leading to further aggravation of the
blood-brain barrier function by interacting with astrocytes.

A 12-h exposure of cyclosporine (5 uM) in the same
schedule as the blood-brain barrier function test signifi-
cantly increased the accumulation of spontaneous NO
production during a 12-h period, when measured using a
NO-specific fluorescent dye (Fig. 5). A direct electro-
chemical NO monitoring failed to detect cyclosporine-
increased basal NO production (Fig. 4). This monitoring
method is capable of detecting a rapid NO production in
response to the stimulation as a sharp current—time curve,
even if amounts of NO production are small. However, NO
biosensor is relatively difficult to detect a slow NO
production with a low peak and a long-lasting plateau
phase, even if total amounts during a long period is large.
Cyclosporine dose-dependently enhanced histamine- and
phenylephrine-evoked NO production in MBEC4 cells and
rat astrocytes, respectively (Fig. 4). Cyclosporine exerts
pharmacological effects by binding to cyclophilin (peptidyl-
propyl isomerase), a highly basic and abundant cytosolic

protein (Marks, 1996). This cyclosporine/cyclophilin com-
plex inhibits calcineurin, a serine-threonine phosphatase
2B, thereby blocking its phosphatase activity (Marks, 1996;
Yakel, 1997). Calcineurin regulates the activity of ion
channels and neurotransmitter release. Calcineurin anchored
to the inositol 1,4,5-triphosphate (IP;) receptor via
FKBP12, a FK506-binding protein, regulates the phos-
phorylation status of the receptor, resulting in a dynamic
Ca**-sensitive regulation of IP;-mediated Ca®" flux
(Cameron et al., 1997). In contrast with FKBP12, cyclo-
philin does not bind to the IP; receptor (Cameron et al,,
1995). However, when rat cerebellar microsomes were
treated with cyclosporine and cyclophilin, protein kinase C-
induced IP; receptor phosphorylation and IP;-stimulated
Ca®" flux were markedly increased (Cameron et al., 1995).
This suggests that cyclosporine inhibits the dephosphor-
ylation of the IP; receptor to maintain a leaky IP; receptor
channel that was phosphorylated by serine-threonine
protein kinases such as protein kinase C. Although the
IP; receptor becomes leaky, cyclosporine alone appears
incapable of elevating [Ca*" over the threshold for
activation of the constitutive NO synthase. This may
explain the present findings that cyclosporine alone failed
to raise NO production above the detection limit of the NO
biosensor, while the histamine and phenylephrine-evoked
NO production in MBEC4 and C6 cells, respectively, was
markedly facilitated by cyclosporine. Histamine and phe-
nylephrine activate phospholipase C through the H;
receptor and «;-adrenoceptor, respectively, to generate IP;
(Lum and Malik, 1994; Daum et al., 1983) and stimulate the
leaky Ca®* channel (phosphorylation status of IP; receptor)
maintained by cyclosporine. These events probably lead to
the markedly higher level of [Ca**]yy than that induced by
histamine and phenylephrine in MBEC4 cells and rat
astrocytes, respectively. We previously reported that cyclo-
sporine also enhanced «-adrenoceptor-mediated NO pro-
duction in C6 cells (Ikesue et al., 2000). In the brain,
various biological substances including noradrenaline,
glutamate, histamine and endothelin stimulate G protein-
coupled receptors that have a common intracellular signal-
ing pathway (IPs/diacylglycerol) in astrocytes (Verkhratsky
and Kettenmann, 1996). This endogenous stimulator-
evoked NO production is highly likely to be augmented
by cyclosporine via a mechanism similar to that proposed
here. In fact, our in vivo microdialysis experiment showed
that an intraperitoneal injection of cyclosporine significantly
increased NO production in the rat dorsal hippocampus
(Fujisaki et al., 2002).

The present study demonstrated that cyclosporine
impaired the barrier function of brain endothelial cells and
this effect was remarkably potentiated by co-culturing
MBEC4 cells with C6 cells or rat astrocytes. A NO
synthase inhibitor, L-NMMA at a concentration of 1 mM
showed no effect on the Na-F permeability and the
rhodamine 123 accumulation of MBEC4 cells in both
culture systems (Fig. 6), suggesting that L-NMMA (1 mM)
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has not nonspecific effect on the basal blood-brain barrier
functions of MBEC4 cells. L-NMMA (1 mM) significantly
blocked the cyclosporine-induced increase in the perme-
ability of Na-F and accumulation of rhodamine 123 in the
C6 coculture. This protective effect was moderate in the
MBEC4 monolayer (Fig. 6). These findings suggest that
cyclosporine-enhanced NO production in astrocytes largely
contributes to an impairment of the blood-brain barrier.
This notion is supported by our previous findings that NO
lowered the function of tight junctions and P-glycoprotein
at the blood-brain barrier (Yamauchi et al., in press). The
mechanisms by which NO donors increased vascular
endothelial permeability involved an increase in the level
of cGMP (Gimeno et al., 1998) or the formation of
peroxynitrite (Menconi et al., 1998). These substances
conceivably influence intrinsic tight junction proteins and
the associated actin cytoskeleton through a direct or second
signaling pathway (Burgstahler and Nathanson, 1995; Liu
and Sundqvist, 1997). It is, therefore, likely that cyclo-
sporine passes through the slightly impaired barrier of brain
endothelial cells and then acts on astrocytes to enhance NO
production, leading to further aggravation of the blood—
brain barrier impairment.

In conclusion, cyclosporine accelerated stimulation-
evoked NO production in brain endothelial and astroglial
cells. This enhanced production of NO that interacts with
each cellular component of the blood-brain barrier is
involved in.the sequential process of blood—brain barrier
functional impairment induced by cyclosporine.
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SUMMARY

1. A clinical trial of quinacrine in patients with Creutzfeldt-Jakob disease is now in
progress. The permeability of drugs through the blood—brain barrier (BBB) is a determinant
of their therapeutic efficacy for prion diseases. The mechanism of quinacrine transport across
the BBB was investigated using mouse brain endothelial cells (MBEC4).

2. The permeability of quinacrine through MBEC4 cells was lower than that of sodium
fluorescein, a BBB-impermeable marker. The basolateral-to-apical transport of quinacrine
was greater than its apical-to-basolateral transport. In the presence of P-glycoprotein (P-gp)
inhibitor. cyclosporine or verapamil, the apical-to-basolateral transport of quinacrine in-
creased. The uptake of quinacrine by MBEC4 cells was enhanced in the presence of cy-
closporine or verapamil.

3. Quinacrine uptake was highly concentrative, this event being carried out by a sat-
urable and carrier-mediated system with an apparent Ky, of 52.1 uM. Quinacrine uptake
was insensitive to Nat-depletion and changes in the membrane potential and sensitive to
changes in pH. This uptake was decreased by tetraethylammonium and cimetidine, a sub-
strate and an inhibitor of organic cation transporters, respectively.

4. These findings suggest that quinacrine transport at the BBB is mediated by the efflux
systemn (P-gp) and the influx system (orgamnic cation transporter-like machinery).

KEY WORDS: quinacrine; blood-brain barrier; mouse brain endothelial cells; P-glyco-
protein; organic cation transporter; Creutzfeldt-Jakob disease.

INTRODUCTION

Prion diseases including Creutzfeldt-Jakob disease (CJD) are progressive, fatal neu-
rodegenerative diseases induced by conformational changes in prion protein (PrP) in
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the central nervoussystem. It has been reported that quinacrine, an antimalarial drug,
could rapidly eradicate production of the disease-associated and protease-resistant
isoform of the prion protein (PrP5¢) in vitro (Korth et al., 2001). A clinical trial of
quinacrine has started at the Department of Neurology, Faculty of Medicine, Fukuoka
University and the Department of Neurology, Faculty of Medicine, Nagasaki
University. A transient improvement was observed in CJD patients (Follette, 2003).

The members of organic cation transporter (OCT) family include OCT1
(Grundemann et al., 1994), OCT2 (Okuda et al., 1996), OCT3 (Kekuda et al., 1998),
nove] organic cation transporter (OCTN)1 (Tamai et al., 1997), OCTN2 (Wu et al.,
1998), and OCTN3 (Tamai et al., 2000). The tissue distribution patterns of the OCT
family are dependent on the animal species. In the human and rat brain, OCT2
mRNA (Koepsell, 1998), OCTN1 mRNA (Tamai ez al., 1997; Wu et al., 2000), and
OCTN2 mRNA (Wu et al., 1998, 1999) have been detected. OCTN1 and OCTN2
are expressed in the mouse brain (Tamai er al., 2000). Immortalized rat brain en-
dothelial cells (RBE4) express OCTN2 (Friedrich et al., 2003). OCTN1 and OCTN2
are structurally much more closely related to each other than to OCT1, OCT2, and
OCT3 (Wu et al., 2000). Quinacrine is an organic cation and an organic base. The
entry of organic cations such as choline into the brain occurs via transport systems
present in the blood brain barrier (BBB) (Friedrich et al., 2001; Sawada et al., 1999).
The transport of L-carnitine was mediated by OCTN2 in RBE4 cells (Friedrich ez al.,
2003). Quinacrine inhibited tetracthylammonium (TEA) transport in MDCK cells
expressing rat OCT?2 (Sweet and Pritchard, 1999).

The BBB permeability of quinacrine is a determinant of its therapeutic efficacy
for CJD. Quinacrine is known to pass through the BBB (Korth et al., 2001), although
the extent of quinacrine penetration into the brain and the mechanism involved in
quinacrine transport across the BBB remain obscure. In this study, we investigated

the properties of quinacrine transport into the brain using mouse brain capillary
endothelial cells (MBEC4).

MATERIALS AND METHODS

Materials

Quinacrine dihydrochloride and sodium azide (NaN3;) were purchased from
Tokyo Kasei Kogyo (Tokyo, Japan) and Kishida Kagaku (Osaka, Japan), respec-
tively. N-Methylglucamine, 2,4-dinitrophenol (DNP), carbonyl cyanide p-(trifluoro-
methoxy) phenylhydrazone (FCCP), valinomycin, amiloride, tetraethylammonium
(TEA), cimetidine, and verapamil were purchased from Sigma (St. Louis, MO). Cy-

closporine was kindly supplied by Novartis (Basel, Switzerland). All other chemicals
were commercial products of reagent grade.

Cell Culture

MBECH4 cells isolated from BALB/c mice brain cortices and immortalized by
SV40-transformation (Tatsuta et al., 1992) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (GIBCO BRL, Life Technologies, Grand Island, NY)
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supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 ;.g/mL
streptomycin in a humidified atmosphere of 5% C0,/95% air at 37°C. For the trans-
port experiments, MBEC4 cells (42,000 cells/cm?) were plated into the collagen-
coated polycarbonate membrane (1.0 cm?, 3.0-um pore size) of the Transwell™
insert (12-well type) (Costar, MA). For the cellular uptake experiments, cells were
seeded at a density of 21,000 cells/cm? on 4- or 24-well multi dishes (Nunc, Roskilde,
Denmark). MBECH4 cells were cultured for 3 days and then used for the following
experiments. MBEC4 cells show both general brain endothelial and specific BBB

characteristics including the expression of P-glycoprotein (P-gp) (Tatsuta et al., 1992,
1994).

Transcellular Transport of Quinacrine Across MBEC4 Cells

To initiate the transport experiments, the medium was removed and cells were
washed three times with Krebs-Ringer buffer (118 mM NaCl, 4.7 mM KCl, 1.3 mM
CaCly, 1.2 mM MgSO,, 1.0 mM NaH,PO,, 25 mM NaHCO;, 11 mM D-glucose,
pH 7.4). Krebs-Ringer buffer was applied on the outside of the insert in the well
(abluminal side) (1.5 mL) and the luminal side of the insert (0.5 mL). Krebs-Ringer
buffer containing 50-200 uM quinacrine (MW 473) or 100 uM sodium fluorescein
(Na-F) (MW 376), a paracellular transport marker, was loaded on the luminal or
abluminal side of the insert. Samples (0.5 mL) were removed from the luminal or
abluminal chamber at 10, 20, 30, and 60 min and immediately replaced with fresh
Krebs-Ringer buffer. The quinacrine concentration in the samples was determined
using a multiwell fluorometer (Ex(i) 450 nm; Em()) 530 nm) (CytoFluor Series
4000, PerSeptive Biosystems, Framingham, MA). Aliquots (5 L) from the samples
were mixed with 200 L of Krebs-Ringer buffer and then the concentration of Na-F
was measured (Ex() 485 nm; Em(A) 530 nm). Permeability coefficient and clear-
ance were calculated according to the method described by Dehouck et al. (1992).
Clearance was expressed as uL of tracer diffusing from the luminal to the abluminal
chambers and was calculated from the initial concentration of tracer in the luminal
chamber and the final concentration of tracer in the abluminal chamber: Clearance
(uL)=[C]a x Va/[ClL where [C]y is the initial luminal tracer concentration, [C] is
the abluminal tracer concentration, and Vj is the volume of the abluminal chamber.
During the 60-min period of the experiment, the clearance volume increased linearly
with time. The average volume cleared was plotted versus time, and the slope was
estimated by linear regression analysis. The slope of clearance curves for the MBEC4
monolayer was denoted PS,pp, where PS is the permeability x surface area product
(in xL per min). The slope of the clearance curve with the control membrane was
denoted PSpembrane- The real PS value for the MBEC4 monolayer (PStrans) Was cal-
culated from 1/PSap; = 1/PSpembrane + 1/PSirans- The PSiaqs values were divided by
the surface area of the Transwell™ inserts to generate the permeability coefficient
( Prrans, In cm per min).

Cellular Uptake of Quinacrine by MBEC4 Cells

For the uptake experiments, MBEC4 cells were washed three times with uptake
buffer (143mM NaCl,4.7mM KCl,1.3mM CaCl,, 1.2 mM MgSOy,, 11 mM p-glucose,





