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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 L 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(1) 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 MBECH4 cells were calculated
by fitting the uptake rate (V) to the following equation:V = (Vpax x S)/(Kn + S) +
Fait x S where Vpax is the maximum uptake rate of quinacrine (nmol/15 min/mg pro-
tein), S is the quinacrine concentration in the medium (uM), K, is the Michaelis—
Menten constant (uM), Py is the first-order constant for the nonsaturable compo-
nent (uL/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 a 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 L 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 7 test. The differences between means were considered
to be significant when P values were less than 0.05.
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RESULTS

The MBEC4 permeability coefficient of quinacrine dose-dependently increased
from 0.58 & 0.025 x 107> t0 2.1 £ 0.15 x 10~ cm/min, when the quinacrine concen-
tration was increased from 50 to 200 uM. The MBEC4 permeability coefficient of
quinacrine (100 M) 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 1.1 4 0.054 x 10~ and 1.5 + 0.17 x 10~ cm/min, respectively, while those
of the apical-to-basolateral transport were 0.66 + 0.023 x 1073 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 xM) and verapamil (20 uM) significantly increased the perme-
ability coefficients of the apical-to-basolateral transport of quinacrine from 0.66 %
0.023 x 1072 to 1.15 £ 0.056 x 10~ cm/min and from 0.57 4 0.034 x 1073 t0 1.02 &
0.080 x 10> cm/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 ©L/mg protein
(Sawada et al., 1999) into consideration, quinacrine is found to be extensively con-
centrated in MBECH4 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
MBECH4 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 MBEC4 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; Vip.x = 218 £ 5.4 nmol/15 min/mg protein, K, =
52.14+ 1.7 uM, and passive permeability constant ( Pgir) = 94.3 + 1.7 uL/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, NaN3 (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 sodium with N-methylglucamine (Table I) or by changing the exter-
nal potassium concentration (4.32 & 0.09, 4.36 £ 0.19, and 4.62 4 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 + 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 uM) 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 uM quinacrine and 100 uM
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 uM cyclosporine and 20 uM verapamil on the
apical-to-basolateral transport of 100 uM 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).
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Fig. 2. Characteristics of quinacrine uptake by
MBEC4 cells. Panel (A), time course of quinacrine
(1 uM) uptake by MBEC4 cells. Panel (B), changes
in the quinacrine (1 M) uptake by MBEC4 cells ex-
posed to 0.015% Triton X for 10 min before the uptake
experiment. Panel (C), concentration-dependence of
quinacrine uptake by MBEC4 cells. Initial uptake rates
at various concentrations of quinacrine (1-200 uM)
were measured at 37°C for 15 min. Curves for total,
mediated, and diffusive uptake were drawn using the
parameters obtained from nonlinear regression analy-
sis (MULTT). Each point represents the mean £ SEM.
(n = 4-20).** P < 0.01:significant difference from the
control.
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Table . Effects of Various Compounds and Sodium-Replacement
on Uptake of Quinacrine (1 xM) by MBEC4 Cells

Cell/medium ratio

Condition Concentration (% of control)
NaN3 10 mM 67.2 & 3.03%**
DNP 1 mM 70.2 & 1.79%%*
4°C 18.6 & 2.22%:%*
FCCP 10 uM 77.4 & 2.49%%*
Valinomycin 10 uM 97.2 4 4.22¢
Amiloride 1 mM 97.4 + 3.16°
Tetraethylammonium 1 mM 88.0 & 2.950:%+

5 mM 84.3 4 2.93b-+
10 mM 75.4 & 4,150
Cimetidine 1 mM 81.3 £ 5.560+*
5 mM 57.8 & 1.70%*+
10 mM 36.8 £ 1.61%**
Na* replacement with 104 + 2.874

N-methylglucamine

“MBEC4 cells were preincubated with NaNa, DNP, FCCP, valino-
mycin, or amiloride for 10 min. Control values were 4.9 &+ 0.42 x
10° uL/mg protein. »¢Quinacrine uptake was measured by incu-
bating MBEC4 cells with TEA or cimetidine. Control values were
4.1£0.19and 5.2 + 0.19 x 10* uL/mg protein, respectively.

For investigation of the sodium dependency, quinacrine uptake
was measured where Nat in the uptake buffer was replaced by
N-methylglucamine. Contro] values were 3.6 £0.22 x 10° pL/mg
protein. Quinacrine uptake was measured at 37°C for 15 min. Val-
ues are expressed as % of control. Values are shown as means 4
SEM (n = 4-20).

**P < 0.01; significant difference from the control.

(Fig. 3(B)). These findings demonstrated that quinacrine uptake by MBEC4 cells was
pH-dependent. Pretreatment with 10 mM of NaNj inhibited quinacrine uptake at
each pH used (Table II). Quinacrine uptake was not affected by 1 mM of amiloride
(Table I). Therefore, quinacrine uptake was found to be unaffected by Nat/H*
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Fig.3. Effectsof themembrane potential (A) and pH (B) on the uptake of quinacrine
(1 M) by MBECH4 cells. Panel (A), effects of various concentrations of external
potassium on quinacrine uptake: 0 mM (hyperpolarized), 4.7 mM (control), or 100 mM
(depolarized). Panel (B), effects of various pH of the medium on quinacrine uptake.
Quinacrine uptake was measured at 37°C for 15 min. Values are expressed as the
cell-to-medium ratios. Values are shown as means + SEM. (n = 12).
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Table II.  Effect of ATP Depletion on the Uptake of
Quinacrine (1 pM) by MBEC4 Cells

CellV/medium ratio (uL/mg protein x10%)

pH Normal ATP-depletion
6.4 1.61 +£0.02 1.36 4 0.03*
7.0 353014 328 £0.10
7.4 3.95+032 3204033
8.0 471£035 3874030
8.4 4.77+£0.19 3.82 £0.22%

MBEC4 celis were preincubated with 10 mM NaNj
for 10 min (ATP depletion). Quinacrine uptake was
measured at 37°C for 15 min. Values are shown as
means + SEM (n = 3-8).

*P < 0.05,** P < 0.01; significant difference from the
control.

exchange. The effects of organic cations and P-gp inhibitors on quinacrine uptake
were investigated. The organic cations including TEA (1-10 mM) and cimetidine (1-
10 mM) significantly reduced quinacrine uptake by 12-25% and 19-65%, respectively
(Table I). In the presence of cyclosporine (10 M) or verapamil (20 M), quinacrine
uptake under the steady-state significantly increased by about 10% (Fig. 4).

To provide molecular evidence for the expression of OCTN1 in MBECH4 cells,
RT-PCR was carried out (Fig. 5). With a primer pair specific for mouse OCTN1,
RT-PCR with mRNA obtained from MBEC4 cells yielded a single product. The size

of this product was the same as that expected from the primer positions in mouse
OCTNI1.

DISCUSSION

The BBB permeability coefficient of quinacrine, a candidate for the treatment of
CJD, was much lower than that of Na-F, a BBB-impermeable marker, suggesting that
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Fig. 4. Effects of 10 uM cyclosporine (A) and 20 uM verapamil (B) on uptake of
quinacrine (1 uM) by MBEC4 cells. Quinacrine uptake was measured at 37°C in the
absence and presence of cyclosporine or verapamil. Values are expressed as the cell-
to-medium ratios. Values are shown as means = SEM. (n = 8).
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Fig. 5. Photograph showing OCTN1 expression in
MBECH4 cells by RT-PCR. RNA samples from MBEC4
cells were used for RT-PCR with primer pairs specific
for mouse OCTN1.

the permeability of quinacrine into the brain through the BBB is extremely low. To
determine which machinery is involved in the low permeability of quinacrine across
the BBB, we investigated the polarity of transcellular transport of quinacrine and
the effects of P-gp inhibitors (cyclosporine and verapamil) on the BBB permeabil-
ity of quinacrine. The basolateral-to-apical (brain-to-blood) transport of quinacrine
across MBEC4 monolayer was greater than quinacrine transport in the opposite di-
rection (Fig. 1(B)). Cyclosporine and verapamil increased the apical-to-basolateral
(blood-to-brain) transport of quinacrine (Fig. 1(C)). Quinacrine uptake by MBEC4
cells under the steady-state was significantly increased by cyclosporine and verapamil
(Fig. 4). These findings indicate the possible involvement of P-gp in the efflux trans-
port of quinacrine. P-gp largely contributes to multidrug-resistance of the BBB in an
ATP-dependent manner. This study provided controversial evidence that metabolic
inhibitors or incubation at low temperature decreased quinacrine uptake (Table I).
Quinacrine was actively and concentratively accumulated in MBEC4 cells. A large
part of quinacrine is probably taken up via the saturable system, although quinacrine
uptake was shown to have both saturable and nonsaturable pathways (Fig. 2(C)).
Uptake of quinacrine by choroid plexus cells was organic cation-specific and energy-
dependent (Miller ez al., 1999). In light of these findings, P-gp (an efflux system) and
other influx transport system(s) are considered to mediate quinacrine transport into
the brain.

We elucidated a role of the known organic cation transporters (OCT1, OCT2,
OCT3, OCTN1, and OCTN2), and the specificity or driving force of those trans-
porters in mediating quinacrine uptake by MBEC4 cells. Quinacrine uptake was sig-
nificantly inhibited by various organic cations including TEA and cimetidine, which
are known to be a substrate and an inhibitor of the organic cation transporters, re-
spectively. Quinacrine uptake was insensitive to changes in the membrane potential
(Fig. 3(A)) and strongly inhibited by lowering the external pH (Fig. 3(B)). These
characteristics are distinct from those of the OCT1, OCT2, and OCT3, all of which
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are dependent on the membrane potential (Gorboulev et al., 1997; Grundemann
et al., 1994; Kekuda.et al., 1998). Considering quinacrine is an organic base, the pH-
related decrease in quinacrine uptake may have resulted from an increase in the
concentration of ionized quinacrine according to the pH partition theory. However,
our data showing that quinacrine uptake by MBEC4 cells at each pH was inhib-
ited by NaNj3 (Table II) suggest that a pH-sensitive transport system is involved
in quinacrine uptake. Transport of quinacrine increased by elevating the outward
H* gradient across the membrane. This finding indicates that quinacrine may be
transported through MBEC4 cells by an H*/quinacrine antiport. The activity of
H™/organic cation antiporter is regulated by pH or H* gradient as the driving force
(Maegawa et al., 1988). The H* gradient is formed by Na*/H* exchange in the vicin-
ity of the apical membrane of brain endothelial cells (Ennis et al., 1996). The Na*/H+
exchange is, however, unlikely to participate in quinacrine uptake by MBEC4 cells,
since Na™-depletion and amiloride failed to reduce quinacrine uptake (Table I).
OCTN1 is Na*-independent organic cation transporter (Wu et al., 2000). OCTN2
mediates uptake of L-carnitine and several organic cations in an Na*-coupled and
Na*-independent manner, respectively (Wu ez al., 1999). OCTNT1 is a pH-dependent
organic cation transporter presumably energized by a proton antiport mechanism
(Yabuuchi et al., 1999). The characteristics of quinacrine transport obtained in this
study are similar to those of OCTN1. Mouse OCTN1 is distributed in the brain,
heart, and liver, and strongly expressed in the kidney (Tamai et al., 2000). RT-PCR
analysis of MBEC4 cells demonstrated the expression of OCTN1 (Fig. 5). Therefore,
OCTNT1 i1s suggested to be a potential transporter mediating quinacrine uptake by
MBEC4 cells.

The BBB permeability of quinacrine was extremely low, although quinacrine was
rapidly transported into the brain endothelial cells by the apical pH-dependent trans-
port system. A weak organic base binds to a variety of polyanions including RNA,
DNA, and ATP, and accumulates in the acidic intracellular compartments (Miller
et al., 1999). Quinacrine is distributed in the nucleus and vesicular compartment in
the cytoplasm of choroid plexus cells (Miller ef al., 1999). In the brain endothelial
cells, a large part of quinacrine was shown to be distributed and accumulated in the
intracellular binding compartment (Fig. 2(B)). The resulting small part of quinacrine
in the intracellular nonbinding compartment appears to contribute to the BBB per-
meability. The P-gp-mediated active efflux at the apical side of the plasma membrane
and the large storage capacity in the cytoplasm are considered to restrict the entry
of quinacrine into the brain. The mechanism involved in quinacrine transport at the
basolateral side remains obscure.

In conclusion, quinacrine transport at the BBB is mediated by the influx and
efflux transport systems. The influx of quinacrine is mediated by a pH-dependent
and Na*- and membrane potential-independent system, an OCTN1-like transporter.
The efflux of quinacrine evoked by P-gp at the BBB restricts the entry of quinacrine
into the brain. This phenomenon may be interpreted as lowering the therapeutic
efficacy of quinacrine for CJD. This study may have clinical implications; quinacrine
concentrations in the brain increased by P-gp modulators including verapamil may
enhance the therapeutic efficacy of quinacrine for CJD.
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SUMMARY

1. The present study was aimed at elucidating effects of transforming growth factor-3
(TGF-B) on blood-brain barrier (BBB) functions with mouse brain capillary endothelial
(MBEC4) cells.

2. The permeability coefficients of sodium fluorescein and Evans blue albumin for
MBEC4 cells and the cellular accumulation of rhodamine 123 in MBEC4 cells were dose-
dependently decreased after a 12-h exposure to TGF-A1 (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-8 in the brain may keep the BBB functioning.

KEY WORDS: transforming growth factor-8; blood-brain barrier; permeability; P-glyco-
protein; mouse brain endothelial cells.

INTRODUCTION

The Blood-brain barrier (BBB) is highly restrictive 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 (T'GF-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-o (Deli et al., 1995). However, little is known about the
role of TGF- in the maintenance of BBB function. In the present study, effects of
TGF-B1 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 ef 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 pg/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% CO2/95% 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-B1 (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(l, 1.3 mM CaCl,, 1.2 mM MgCl,, 1.0 mM NaH,PO,, 25 mM NaHCOs,
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 xg/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 ©L) from the abluminal
chamber samples were mixed with 200 L of Krebs—Ringer buffer and then the con-
centration of Na-F was determined using a multiwell fluorometer (Ex()) 485 nm;
Em(2) 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 xL) 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 % Va/[C]L
where [C]_ is the initial luminal tracer concentration, [C], is the abluminal tracer
concentration, and V, 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,p,, where PS is the permeability x surface area product (in 4 L/min).
The slope of the clearance curve with a control membrane was denoted PSpembrane-
The real PS value for the MBEC4 monolayer (PSypns) Was calculated from 1/PS,pp, =
1/PSembrane + 1/PStrans. The PSirans values were divided by the surface area of the
Transwell inserts to generate the permeability coefficient ( Pyrans, 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-g1 for 12 h. The
medium was removed and cells were washed three times with assay buffer (143 mM
NaCl,4.7mMKCIl, 1.3mM CaCl,, 1.2 mM MgCl,, 1.0 mM NaH, PO, 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-buffered saline and solubilized in
0.2 N NaOH (0.5 mL). The rthodamine 123 content was determined using a multi-
well fluorometer (Ex(1) 485 nm; Em(2) 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 7 test. A single-factor analysis of variance (ANOVA) fol-
lowed 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-p1 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 MBEC4 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
MBECH4 cell monolayers after exposure to various concentrations of TGF-1
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 10~4 and 0.85 & 0.05 x 10~ cm/min, re-
spectively. The inset in each panel shows the time-course of the permeability
coefficient of Na-F and EBA after exposure to 10 ng/mL of TGF-81. The per-
meability coefficients of Na-F and EBA for the control were 1.34 & 0.02, 2.10
4+ 0.05, 2.17 4+ 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 < 0.01; significant difference from
control.
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Fig. 2. Changes in the cellular accmulation of rhodamine 123
in MBECH4 celis after exposure to various concentrations of
TGF-B1 for 12 h. The cellular accumulation of rhodamine 123
in MBEC4 cells for the control was 1.65 4= 0.05 nmol/mg protein.
Data are expressed as percentages of control. Values are shown
as means + SEM (1 = 4-10). **P < 0.01; significant difference
from control.

of control after a 12-h exposure to TGF-81 at concentrations ranging from 0.1 to
10 ng/mL.

DISCUSSION

The permeability of Na-F and EBA through the MBEC4 monolayer was re-
duced by TGF-B1 and the accumulation of rhodamine 123 into MBEC4 cells was
significantly decreased by TGF-A1. This action of TGF-g1 appeared within 3 h after
treatment. These findings suggest that TGF-1 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-g 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-8 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-B 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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