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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, IIT).

Statistical Analysis

Dataare 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
00100 s in the light and dark group). Tacrolimus (2 mg/kgi.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 < 0.03).

In the light group, tacrolimus (2 mg/kg i.p., once a day for 14 days) increased
significantly BUN concenirations 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 significanily 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 1 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 abserved 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 barmine (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 rnin pe-
riod from 5 to 20 min after harmine injection (n = 10-
12 per group). *P < 0.05; significantly different from
the vehicle-treated group. tP < 0.05; significantly 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 infiuence 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
dinrnal rhythm) ameliorates the neurotoxicity and nephrotoxicity while maintaining -
the immunosuppressive effect of tacrolimus in rats. '
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Fig. 2. Influence of the dosing time (8:00 ar 20:00) of tacrolimus on the BUN and cre-
atinine concentrations in rats. The animals were subjecied to subchronic treatment with
tacrolimus (2 mp/kg i.p.) or vehicle once a day for 14 days. Blood samples were col-
lected from the tail vein 24 h afier 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-datk); (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
thythm 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 et al.,1981). Shuto et al. (1998) demonsirated 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 (Shutoet al., 1999; Tominaga er 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 each rat. Data are expressed as the percentage of rats in 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 tacrolirnus 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 ip.) after a single
{A) or repeated (B) injection. Blood samples were obtained from
the abdominal aorta at (1.5, 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 ef al , 1996, Uchida et al.,
1999). These phenomena seem to be caused by several diurnal rhythm-related vari-
ablesincluding food ingestion, gastric emptying time, gastric motility, secretion of bile
acid, blood fiow 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 er 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 is 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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SUMMARY

1. The present study was aimed at elucidating effects of transforming growth factor-$
{TGF-5) on blood-brain barrier (BBB) functions with mouse brain capillary endothelial
{MBEC4) cells.

2. The permeability coefficients of sodiurn flucrescein and Evans blue albumin for
MBEC4 ceils and the cellular accumulation of thodamine 123 in MBEC4 cells were dose-
dependently decreased after a 12-h exposure to TGF-81 {0.01-10 ng/mL).

3. The present study demonstrates that TGF-8 lowers the endothelial permeability
and enhances the functional activity of P-gp, suggesting that cellular constituents producing
TGF-$ in the brain may keep the BBB functioning.

KEY WORDS: transforming growth factor-5; blood—bram barrier; permeability; P-glyco-
protein; mouse brain endothelial cells.

INTRODUCTION

The Blood-brain barrier (BBB) is highly resinictive of the transport of substances
between blood and the central nervous system. The BBB is a complex system of dif-
ferent cellular component consisting brain microvascular endothelial cells, pericytes
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and astrocytes. Astrocytes induce and maintain the properties of the BBB including
the integration of tight junctions and expression of P-glycoprotein (P-gp) through
cell-to-cell contact and secretion of soluble factors (Rubin and Staddon, 1999). Brain
pericytes are important for the control of growth and migration of endothelial cells
and the integrity of microvascular capillaries (Ramsauer et al., 2002). These func-
tions are mediated, at least in part, by transforming growth factor-g (TGF-8), a
family of multifunctional peptide growth factors (Orlidge and D’ Amore, 1987; Sato
and Rifkin, 1989). TGF-8 isoforms (TGF-81, 2, 3, 4, and 5) share the same struc-
ture (65-80% homology) and display similar biological activity in vitro (Flanders
et al., 1998). TGF-8 is listed as a compound protecting against neurodegeneration
(Flanders et al., 1998). Several cytokines and growth factors influence on the per-
meability of the BBB, such as vascular endothelial growth factor (Wang et al., 1996)
and tumor necrosis factor-« (Deli ez al., 1995). However, little is known about the
role of TGF-B in the maintenance of BBB function. In the present study, effects of
TGF-81 were examined on the permeability of brain endothelial cells and the func-
tional activity of P-gp. We used mouse brain endothelial (MBEC4) cells showing the
highly specialized characteristics of brain microvascular endothelial cells including
the expression of P-gp (Tatsuta et al., 1992, 1994).

MATERIALS AND METHODS

MBECH4 cells, which were isolated from BALB/c mouse brain cortices and im-
mortalized by SV40-transformation (Tatsuta et al., 1992), were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (GIBCO BRL, Life Technologies, Grand Island,
NY) supplemented with 10% fetal bovine serum, 100 units/mL of penicillin, and
100 ug/mL of streptomycin. They were grown in 12-well Transwells™ (Costar, MA)
and 24-well plates (FALCON; Becton Dickinson Labware, Lincolin Park, NJ) in a
humidified atmosphere of 5% CO02/95% air at 37°C.

MBEC4 cells (42,000 cells/cm?) were cultured on the collagen-coated polycar-
bonate membrane (3.0 um pore size) of the Transwell™ insert (12-well type). After
culture for 3 days, they were washed three times with serum-free medium. Cells were
exposed to 0.01-10 ng/mL of TGF-81 (Sigma, St. Louis) injected into the inside of the
insert (luminal side) for 12 h. 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 K(J, 1.3 mM CaCl,, 1.2 mM MgCl,, 1.0 mM NaH;PO,, 25 mM NaHCO;,
and 11 mM D-glucose, pH 7.4). Krebs—-Ringer buffer (1.5 mL) was added outside of
the insert (abluminal side). Krebs-Ringer buffer (0.5 mL) containing 100 yxg/mL of
sodium fluorescein (Na-F)} (MW 376, Sigma, St. Louis) and 4% bovine serum albumin
(Sigma, St. Louis) mixed with 0.67 mg/mL of Evans blue dye (EBA) (MW 67,000,
Wako, Osaka, Japan) 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 immedi-
ately replaced with fresh Krebs—Ringer buffer. Aliquots (5 1) from the abluminal
chamber samples were mixed with 200 4L of Krebs—Ringer buffer and then the con-
centration of Na-F was determined using a multiwell fluorometer (Ex(2) 485 nm;
Em(A) 530 nm) (CytoFluor Series 4000, PerSeptive Biosystems, Framingham, MA).
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The EBA concentration in the abluminal chamber was measured by determining the
absorbance of aliquots (150 «L) at 630 nm with a microplate reader (Opsys MR,
DYNEX technologies, Chantilly, VA). The permeability coefficient and clearance
were calculated according to the method described by Dehouck et al. (1992). Clear-
ance was expressed as microliter (uL) of tracer diffusing from the luminal to ablumi-
nal chamber and was calculated from the initial concentration of tracer in the luminal
and final concentration in the abluminal chamber: Clearance (uL) = [C]a x Va/[CLL
where [C]y. is the initial luminal tracer concentration, [C]a is the abluminal tracer
concentration, and V4 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 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 puL/min).
The slope of the clearance curve with a control membrane was denoted PSnembrane-
The real PS value for the MBEC4 monolayer (PSqans) Was calculated from 1/PS,pp =
1/PSmembrane + 1/PStrans. The PSins values were divided by the surface area of the
Transwell inserts to generate the permeability coefficient ( Pieans, in cm/min).

The functional activity of P-gp was determined by measuring the cellular accu-
mulation of rhodamine 123 (Sigma, St. Louis) according to the method of Fontaine
et al. (1996). MBEC4 cells (21,000 cells/cm?) were cultured on the collagen-coated
24-well plates. Three days after seeding cells, they were washed three times with
serum-free medium and then exposed to 0.01-10 ng/mL of TGF-A1 for 12 h. The
medium was removed and cells were washed three times with assay buffer (143 mM
NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM MgCl;, 1.0 mM NaH,PO4, 10 mM HEPES,
and 11 mM D-glucose, pH 7.4). Cells were incubated with 0.5 mL of assay buffer
containing 5 uM rhodamine 123 for 1 h. Then, the solution was removed and cells
were washed three times with ice-cold phosphate-buifered saline and solubilized in
0.2 N NaOH (0.5 mL). The rhodamine 123 content was determined using a multi-
well fluorometer (Ex()) 485 nm; Em(A) 530 nm) (CytoFluor Series 4000, PerSeptive
Biosystems, Framingham, MA). The cellular protein was measured by the method
of Bradford (1976). '

The values are expressed as means + SEM. Statistical analysis was performed
using Student’s unpaired ¢ test. A single-factor analysis of variance (ANOVA) fol-
Jowed by the Dunnett test was applied to multiple comparisons. The differences
between means were considered to be significant when P values were less than 0.05.

RESULTS

TGF-A1 at a concentration of 10 ng/mL significantly decreased the perme-
ability of the cells to Na-F and EBA at 3 h by 71.9 and 55.5% of control, re-
spectively, during a period of 6-12 h (Fig. 1(A) and (B)). The permeability co-
efficients of Na-F and EBA for MBECH4 cells were dose-dependently reduced by
1.7-38.8% and 8.4-42.1%, respectively, after a 12-h exposure to TGF-g1 (0.01-
10 ng/mL) (Fig. 1(A) and (B)). As shown in Fig. 2, the cellular accumulation of
rhodamine 123 into MBEC4 cells was dose-dependently reduced by 69.0-100.7%
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Fig. 1. Changes in the permeability coefficient of Na-F (A) and EBA (B) in
MBEC4 cell monolayers after exposure to various concentrations of TGF-81
for 12 h. The permeability coefficients of Na-F and EBA for the control in
panel A and B were 2.71 £ 0.09 x 10~% and 0.85 & 0.05 x 10~* em/min, re-
spectively. The inset in each panel shows the time-course of the permeability
cocfficient of Na-F and EBA after exposure to 10 ng/mL of TGF-51. The per-
meability coefficients of Na-F and EBA for the control were 1.34 & 0.02, 2.10
+ 0.03, 2.17 & 0.01, and 3.01 &+ 0.13 x 10~* cm/min in the inset of panel A
{Na-F} for 1, 3, 6, and 12 h, respectively, and 0.46 + 0.02, 0.97 & 0.02, 0.66 &
0.03, and 1.02 £ 0.08 x 10~* cm/min in the inset of panel B (EBA) for 1, 3,
6, and 12 h, respectively. Data are expressed as percentages of control. Values
are shown as means + SEM (n = 4-24). **P < .01, significant difference from
control.
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Fig. 2. Changes in the cellular acernuiation of rhodamine 123
in MBEC4 cells after exposure to various concentrations of
TGF-81 for 12 h. The cellular accumulation of rhodamine 123
in MBEC4 cells for the control was 1.65 + 0.05 nmol/mg protein.
Data are expressed as percentages of control. Values are shown
as means £ SEM (n = 4-10). *P < 0.01; significant difference
from control.

of control after a 12-h exposure to TGF-£1 at concentrations ranging from 0.1 to
10 ng/mlL.

DISCUSSION

The permeability of Na-F and EBA through the MBEC4 monolayer was re-
duced by TGF-81 and the accumulation of rhodamine 123 into MBEC4 cells was
significantly decreased by TGF-81. This action of TGF-g1 appeared within 3 h after
treatment. These findings suggest that TGF-81 supports the maintenance of BBB
functions by integrating tight junctions and activating a P-gp-related transport sys-
tem. The epithelial and endothelial barrier of paracellular permeability through tight
junctions is known to be regulated by various signaling molecules including protein
kinase C. Activation of protein kinase Cis involved in the TGF-§ signaling pathway
(Halstead et al., 1995), leading to a decrease in the permeability of brain microvas-
cular endothelial cells (Raub, 1996). TGF-g-enhanced BBB functions in the early
stage may be interpreted as occurring due to protein kinase C activation. TGF-8
mediates multifunctional effects by eliciting transcriptional responses in many tar-
get genes. TGF-B1 increased mdrl gene expression via a protein kinase C-related
signal transduction pathway (Utsunomiya et al., 1997). The other TGF-g signaling
cascades from membrane to nucleus could be involved in an enhancement of BBB
functions, such as mitogen-activated protein kinase (Hartsough and Mulder, 1995)
and a receptor serine/threonine kinase pathway (Wrana et al., 1994). It is, therefore,
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conceivable that TGF-g facilitates the barrier function and P-gp functional activity of
brain endothelial cells by increasing the expression of tight junction-associated pro-
teins (such as occludin and claudins) and P-gp. Endothelial cells, when co-cultured
with pericytes, produced an activated form of TGF-8 (Antonelli-Olridge et al., 1989)
and elevated transendothelial electrical resistance (Dente et al, 2001), suggesting
that TGF-8 production by pericytes is significant for maintaining the integrity of the
BBB.

In the present study, we demonstrated that TGF-81 lowered endothelial per-
meability and increased the functional activity of the P-gp efflux pump in MBEC4
cells. These findings suggest that cellular constituents producing TGF-8 in the brain
may keep the BBB functioning.
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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 MBECH4 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-
ereased. The uptake of quinacrine by MBECY 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 M. Quinacrine uptake
was insensitive to Na™t-depletion and changes in the membrane potential and sensitive to
changes in pH. This uptake was decreased by tetracthylammonium 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
system (P-gp) and the influx system {organic 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 nervous system. 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 (PrPSC) 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),
novel organic cation transporter (OCTN)1 (Tamai ef al., 1997), OCTN2 (Wu ef 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 ef al., 2000), and
OCTN2 mRNA (Wu ef al., 1998, 1999) have been detected. OCTN1 and OCTN2
are expressed in the mouse brain (Tamai et 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 ef al., 2000). Quinacrine i$ 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 ef al., 1999).
The transport of L-carnitine was mediated by OCTNZ in RBE4 cells (Friedrich et 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 CID. Quinacrine is known to pass through the BBB (Korth ef al.,2001), aithough
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 fransport 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 commetcial products of reagent grade.

Cell Culture

MBECH4 cells isolated from BALB/c mice brain cortices and immortalized by
SV40-transformation (Tatsuta ef 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 pg/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 em?, 3.0-um pore size) of the TranswellT™
insert (12-well type) (Costar, MA). For the cellular uptake experiments, cells were
seeded at a density of 21,000 cells/em? on 4- or 24-well multi dishes (Nunc, Roskilde,
Denmark). MBEC4 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
CaClz, 1.2 mM MgS0O,, 1.0 mM NaH,PO,, 25 mM NaHCO;, 11 mM bp-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 uL) from the samples
were mixed with 200 4L of Krebs-Ringer buffer and then the concentration of Na-F
was measured (Ex(1) 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) ={Cla x Va/[C]L where [C]p is the initial luminal tracer concentration, [C], is
the abluminal tracer concentration, and V, is the volume of the abluminal chamber.
During the 60-min period of the experiment, the clearance volume increased lincarly
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 4L per min). The slope of the clearance curve with the control membrane was
denoted PSmembrane. The real PS value for the MBEC4 monolayer (PStrans) was cal-
culated from 1/PSapp = 1/PSmemprane + L/PSrans. The PS; .,y values were divided by
the surface area of the Transwell™ inserts to generate the permeability coefficient
( Pirans, in cm per min).

Cellular Uptake of Quinacrine by MBEC4 Cells

For the uptake experiments, MBEC4 cells were washed three times with uptake
buffer (143 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM MgSQ¢, 11 mM p-glucose,
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10 mM HEPES, pH 7.4) and incubated with 0.5 mL of the uptake buffer containing
quinacrine (1-200 uM) at 37°C for 1-120 min. After incubation, the buffer was
removed and cells were washed three times with ice-cold phosphate-buffered saline.
The cells were solubilized with 250 4L of 1 N 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). Aliquots
(200 L) of the cell solution were neutralized with 200 «L of 1 N HCl and then sample
fluorescence was measured (Ex()) 450 nm; Em() 530 nm). Quinacrine uptake is
expressed as the cell-to-medium ratio (quinacrine amounts in the cells/quinacrine
concentration in the medium).

Estimation of Kinetic Parameters

The kinetic parameters for quinacrine uptake by MBEC4 cells were calculated
by fitting the uptake rate (V) to the following equation:V = (Vyey x S)/(Kp + S) +
Fait x § where Vi is the maximum uptake rate of quinacrine (nmol/15 min/mg pro-
tein), S is the quinacrine concentration in the medium (uM), Ky, is the Michaelis~
Menten constant (M), Py is the first-order constant for the nonsaturable compo-
nent (¢1/15 min/mg protein). Curve fitting was performed by the nonlinear least-
squares regression program, MULTI (Yamaoka et al, 1981).

Detection of OCTN1 mRNA

Total RNA from MBEC4 cells was extracted using TRIZOL™ reagent (Invit-
rogen, Carlsbad, CA). The primer pair used in the reverse transcription-polymerase
chain reaction (RT-PCR) was designed based on the nucleotide sequence of the
mouse OCTNI transporter. The upper primer was 5-CCTGTTCTGTGTTCCCC-
TGT-3' and the lower primer was 5-GGTTATGGTGGCAATGTTCC-3. The ex-
pected size of the RT-PCR product, predicted from the positions of the primers, was
232 bp. A SuperScript One-Step RT-PCR system (Invitrogen) was used for reverse
transcription of RNA, and OCTN1 cDNA were amplified by PCR. Amplification
was performed in 2 DNA thermal cycler (PC707, ASTEC, Fukuoka, Japan) accord-
ing to the following protocol: cDNA synthesis for 30 min at 50°C, predenaturation
for 2 min at 94°C; 40 cycles of denaturation for 30 s at 94°C, primer annealing for
30 s at 57°C, and polymerization for 30 s at 70°C; and final extension for 5 min at
72°C. Each 10 uL of PCR product was analyzed by electrophoresis on a 3% agarose
(Sigma) gel with ethidium bromide staining. The gels were photographed under UV
light using a DC290 Zoom digital camera (Kodak, Rochester, New York).

Statistical Analysis

The results are expressed as means + SEM. Statistical analysis was performed
using the Student’s unpaired ¢ test. The differences between means were considered
to be significant when P values were less than 0.05.



This document prepared for the sole and exclusive of Yasufumi Katacka. Any unauthorized reproduction is stiictly prohibited.

Uptake and Efflux of Quinacrine at BBB 209

RESULTS

The MBEC4 permeability coefficient of quinacrine dose-dependently increased
from 0.58 4 0.025 x 107> t0 2.1 £ 0.15 x 10~? cm/min, when the quinacrine concen-
tration was increased from 50 to 200 M. The MBEC4 permeability coefficient of
quinacrine (100 uM) was significantly lower than that of Na-F (Fig. 1{A)). Per-
meability coefficients of the basolateral-to-apical transport of quinacrine and Na-F
were 1.140.054 x 1073 and 1.5 + 0.17 x 10~ cm/min, respectively, while those
of the apical-to-basolateral transport were 0.66 £+ 0.023 x 103 and 1.5 +£0.25 x
10~% cm/min, respectively. The basolateral-to-apical transport of quinacrine was
significantly higher than that in the opposite direction of transport (Fig. 1(B)).
Cyclosporine (10 pM) and verapamil (20 ©M) significantly increased the perme-
ability coefficients of the apical-to-basolateral transport of quinacrine from 0.66 +
0.023 x 107> to 1.15 £ 0.056 x 10~ cm/min and from 0.57 +0.034 x 1073 to 1.02 +
0.080 x 10~ em/min, respectively (Fig. 1{C)).

Quinacrine uptake by MBEC4 cells was time-dependent and reached to the
peak at 30 min after the exposure. The cell-to-medium ratio of quinacrine uptake
was 2.37 £ 0.18 x 10° uL/mg protein at 1 min after the exposure (Fig. 2(A)). Taking
the finding that the cell volume of MBEC4 cells is approximately 3 pL/mg protein
(Sawada et al., 1999) into consideration, quinacrine is found to be extensively con-
centrated in MBECA cells. To determine whether this apparent concentrative uptake
occurs due to only passive entry followed by intracellular binding, MBEC4 cells were
treated with 0.015% Triton X for 10 min (Chan et al., 1998). This treatment signifi-
cantly reduced quinacrine uptake by 30-40% in the period between 30 and 60 min
after the addition of quinacrine (Fig. 2(B)). These findings demonstrated that the
apparent concentrative accumulation of quinacrine is not due only to passive entry
followed by intracellular binding, because quinacrine, when actively accumulated in
MBECA cells against a concentration gradient and unbound to the binding sites, leaks
from cells into the external media through the permeabilized plasma membrane. The
initial rate of quinacrine uptake by MBECH4 cells became saturated at 15-min after
the exposure to quinacrine (1-200 uM) (Fig. 2(C)). Analysis of these data indicated
the involvement of two transport processes (saturable carrier-mediated and nonsat-
urable system) in quinacrine uptake by MBEC4 cells. The parameters obtained by
kinetic analysis were as follows; Vi.x = 218 5.4 nmol/1S min/mg protein, K, =
52.1+1.7 uM, and passive permeability constant { Fg) = 94.3 + 1.7 £L/15 min/mg
protein.

Quinacrine uptake during a 15-min period was decreased by preincubation of
the cells for 10 min with the metabolic inhibitors, NaN; (10 mM), DNP (1 mM), and
FCCP (10 uM) (Table I). When the experiment was performed at 4°C, quinacrine
uptake was reduced (Table I). This uptake was not affected by replacement of
the external sodjum with N-methylglucamine (Table I) or by changing the exter-
nal potassium concentration (4.32 £ 0.09, 4.36 £ 0.19, and 4.62 + 0.25 x 10° uL/mg
protein at 0, 4.7, and 100 mM of K, respectively) (Fig. 3(A)). Pretreatment of
MBECH4 cells for a 10-min period with 10 M of valinomycin, a K* ionophore, did
not affect quinacrine uptake (Table I). This uptake was elevated from 1.54 4 0.04
to 4.56 £ 0.14 x 10° uL/mg protein by elevating the external pH from 6.4 to 8.4
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Fig. 1. Characteristics of quinacrine permeability
through the MBEC4 monolayer. Panel (A), the per-
meability coefficients of quinacrine (50~200 M) or
Na-F (100 puM) through the MBEC4 monolayer.
Panel (B), the permeability coefficients for the apical-
to-basolateral ({A)-(B)) and basolateral-to-apical
((B)~(A)) transport of 100 zM quinacrine and 100 M
Na-F across the MBEC4 monolayer. (A)~(B) and
(B)-(A) represent the blood-to-brain and brain-
to-blood flux, respectively. Panel (C), the effects of
10 pM cyclosporine and 20 M verapamil on the
apical-to-basolateral transport of 100 M quinacrine
through the MBEC4 monolayer. The permeability co-
efficient of quinacrine was measured in the presence
or absence of each drug. Values are means = SEM.
{n=3-4(A),8((B),(C)).*P < 0.05and** P < 0.01:
significant difference from the MBEC4 monolayer
treated with 50uM quinacrine (A), the opposite di-
rection (B), and the corresponding control (C).



