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Fig. 2. Changes in the cellular acemulation of rhodamine 123
in MBECA4 cells after exposure 10 various concentrations of
TGE-p1 for 12 h. The cellular accumulation of rhodamine 123
in MBEC4 cells for the control was 1.65+ 0.05nmol/mg protein.
Data are expressed as percentages of contro). Values are shown
as means + SEM (n = 4-10). **P < 0.01; significant difference
from control.

of control after a 12-h exposure 10 TGF-A1 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-p1 and the accumulation of rhodamine 123 into MBECA4 cells was
significantly decreased by TGF-B81. This action of TGF-£1 appeared within 3 h after
treatment. These findings suggest that TGF-A1 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 permea bility 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-B signaling pathway
(Halstead et al., 1995), Jeading 1o a decrease in the permeability of brain microvas-
cular endothelial cells (Raub, 1996). TGF-p-enhanced BBB functions in the early
stage may be interpreted as occurring due to protein kinase C activation. TGF-§
mediates multifunctional effects by eliciting transcriptional responses in many lar-
get genes. TGF-f1 increased mdr] gene expression via a protein kinase C-related
signal transduction pathway (Utsunomiya ef al., 1997). The other TGF-p 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 ef al., 1994). It is, therefore,
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conceivable that TGF-§ {acilitates 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. Endotheljal cells, when co-cultured
with pericytes, produced an activated form of TGF-B (Antonelli-Olridge er al., 1989)
and elevated transendothelial electrical resistance (Dente er al.,, 2001), suggesting

that TGF-$ production by pericytes is significant for maintaining the integrity of the
BBB.

In the present study, we demonstrated that TGF-A1 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 Creutzfeldi-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 MBECA cells was lower than that of sodium
fluorescein, a BBB-impermeable marker. The basolateral-lo-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 guinacrine 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 sal-
urable and carrier-mediated system with an apparent K, of 52.1 uM. Quinacrine vplake
was insensitive 1o Na*t-depletion and changes in the membrane potential and sensitive 10
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
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; Creutzfeldi-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
1soform of the prion protein (PrPSC) in vitro (Korth et al., 2001). A clinical trial of
quinacrine hasstarted 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 OCTI
(Grundemann ef al., 1994), OCT2 (Okuda er al.,1996), OCT3 (Kekuda e1 al., 1998),
novel organic cation transporter (OCTN)1 (Tamaj ef al., 1997), OCTN2 (Wu ef al.,
1998), and OCTN3 (Tamai ef 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 er al., 1997; Wu e1 al., 2000), and
OCTN2 mRNA (Wu er al., 1998, 1999) have been detected. OCTN1 and OCTN?2
are expressed in the mouse brain (Tamai er al., 2000). Immortalized rat brain en-
dothelial cells (RBE4) express OCTN2 (Friedrich er 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 e al.,2001; Sawada ef al., 1999).
The transport of L-carnitine was mediated by OCTN2 in RBE4 cells (Friedrich ef al.,
2003). Quinacrine inhibited tetraethylammonium (TEA) transport in MDCK cells
expressing rat OCT2 (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 eral., 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

MBEC4 cells isolated from BALB/c mice brain cortices and immortalized by
SV40-transformation (Tatsuta er al., 1992) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (GIBCO BRL, Life Technologies, Grand Island, NY)

103



e sole and exclusive of Yasufumi Kataoka. Any unauthorized reproduction is striclly prohibited.

fasument prepared for th

his

Uptake znd Effiux of Quinacrine 2t BBB 207

supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 ug/mL
streptomycin in a humidified atmosphere of 5% CO3/95% air at 37°C. For the trans-
port experiments, MBEC4 cells (42,000 cells/em?) 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/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 ef 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 p-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 Juminal side of the insert (0.5 mL). Krebs-Ringer
buffer containing 50-200 uM quinacrine (MW 473) or 100 M 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(}) 450 nm; Em(1) 530 nm) (CytoFluor Series
4000, PerSeptive Biosystems, Framingham, MA). Aliquots (5 pl.) from the samples
were mixed with 200 uL 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 er 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/[C]L where [C]p isthe initial Juminal tracer concentration, [C]a 18
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 uL per min). The slope of the clearance curve with the control membrane was
denoted PSpembrane- The real PS value for the MBEC4 monolayer (PSirans) Was cal-
culated from 1/PS.pp = 1/PSiembrane + 1/PS,;ans. The PSirans values were divided by
the surface area of the Transwell™ inserts to generate the permeability coefficient
( Pesans, iN €M per min).

Cellular Uptake of Quinacrine by MBECA Cells

For the uptake experiments, MBEC4 cells were washed three times with uptake
buffer (143 mM NaCl,4.7mMKCl, 1.3 mM CaCl;, 1.2mM MgSO4, 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 jce-cold phosphate-buffered saline.
The cells were solubilized with 250 u]. of 1 N NaOH. Aliguots 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 4L of 1N HC and then sample
fluorescence was measured (Ex(1) 450 nm; Em()) 530 nm). Quinacrine uptake is
expressed as the cell-to-medium ratic (quinacrine amounts in the cells/quinacrine
concentration in the medium).

Estimation of Kinetic Paramefers

The kinetic parameters for quinacrine uptake by MBEC4 cells were calculated .
by fitting the uptake rate (V) to the following equation:V = (Vpax x (K + S) +
Faig x Swhere Vg, is the maximum uptake rate of quinacrine (nmol/15 min/mg pro-
tein), S is the quinacrine concentration in the medijum (uM), Kp, is the Michaelis—
Menten constant (uM), Py is the first-order constant for the nonsaturable compo- -
nent (L/15 min/mg protein). Curve fitting was performed by the nonlinear least-
squares regression program, MULT] (Yamacka ef al., 1981).

Detection of OCTN1I mRNA

Total RNA from MBECH4 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 OCTN1 transporter. The upper primer was 5'-CCTGTTCTGTGTTCCCC-
TGT-3' and the Jower 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 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 Jess than 0.05.
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RESULTS

The MBEC4 permeability coefficient of quinacrine dose-d ependently increased
from 0.58 4+ 0.025 x 10=2 t0 2.1 0.15 x 107> 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 {hat of Na-F (Fig. 1(A)). Per-
meability coefficients of the basolateral-to-apical transport of quinacrine and Na-F
wete 1.} 4 0.058 % 10~ 4nd 1.5 £+ D17 % 10-3 em/min, respectively, while those
of the apical-to-basolateral transport were 0.66 + 0.023 x 1072 and 1.5+ 0.25 x
10~3 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 uM) and verapamil (20 uM) significantly increased the perme-
ability coefficients of the apical-to-basolateral transport of quinacrine from 0.66 +
0.023 x 10~ to 1.15 & 0.056 x 10~* cm/min and from 0.57 + 0.034 x 107310 1.02 &
0.080 x 10~3 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 xL/mg protein
(Sawada er al., 1999) into consideration, guinacrine is found to be extensively con-
centrated in MBEC4 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 ef 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 MBECH4 cells became saturated at 15-min after
the exposure lo 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 {ollows; Vipax = 218 £5.4 nmol/15 min/mg protein, Ky =
52.1 + 1.7 uM, and passive permeability constant (Pyr) = 94.3& 1.7 /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 1). When the experiment was performed at 4°C, quinacrine
uptake was reduced (Table 1). This uptake was not affected by replacement of
the external sodium with N-methylglucamine (Table 1) or by changing the exter-
nal potassium concentration (4.324+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
MBEC4 cells for a 10-min period with 10 uM of valinomycin, a K* ionophore, did
not affect quinacrine uptake (Table 1). This uptake was elevated from 1.54 £0.04
(o0 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 uM) or
Na-F (100 puM) through the MBEC4 monoclayer.
Pancl (B), the permeability coefficients for the apical-
lo-basolateral ((A)-(B)) and basolaleral-to-apical
((B)-(A)) transport of 100 M quinacrine and 100 uM
Na-F across the MBEC4 monolayer. (A)~(B) and
{B)-(A) represent the blood-to-brain and brain-
lo-blood fiux, 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 50:M 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 pM) uptake by MBEC4 cells ex-
posed 10 0.015% Triton X for 10 min before the uptake
experiment. Panel (C). concentration-dependence of
quinacrine uptake by MBEC4 cells. Initial uptakerates
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 (MULT). Each point represents the mean & SEM.
(n = 4-20).** P < 0.01:significant difference from the
control.
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Teblel. Effects of Various Compounds and Sodium-Replacement
on Uptake of Quinacrine (1 uM) by MBEC4 Cells

Cell/medium ratio

Condition Concentration (% of control)
NaNa 10 mM 67.2 £ 3.0373
DNP 1mM 70.2 £ 1,79%
4C 18.6 % 2.22%**
FCEP 10 uM 77.4 £ 2.49%:**
Valinomycin 10 uM 97.24£422°
Amiloride 1 mM 97.4 4+ 316"
Tetraethylammonium 1 mM 88.0 £ 2.95h

5mM 4.3 + 2,930
10 mM 75.4 £ 4,150+
Cimetdine 1 mM 81.3 &+ 5.56¢4*
SmM 578 % 1.702*
10 mM 36.8 & 1.615**
Na* replacement with 104 + 2.87¢

Dohpu er al.

N-methylglucamine

"MBEC4 cells were preincubated with NaN3, 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 MBECA cells with TEA or cimelidine. Control values were
4.1£0.19 and 5.2 £ 0.19 x 10* uLimg protein, respectively.

“For investigation of the sodium dependency, quinacrine uptake
was measured where Na%t in the uptake buffer was replaced by
N-methylglucamine. Control values were 3.6 £ 0.22 x 10" uL/mg
protein. Quinacrine uptake was measured at 37°C for 15 min. Val-
ues are expressed as % of control. Values are shown as means +
SEM (rn = 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 1I). Quinacrine uptake was not affected by 1 mM of amiloride
(Table I). Therefore, quinacrine uptake was found to be unaffected by Nat/H*

A B

0 4.7 100 6.4 7 7.4 B 8.4

K* concentration (mM) pH

LS T

CelllImedium ratio
(WUmg protein X 10%)

Fig.3. Effectsof the membrane potential (A) and pH (B) on the uptake of quinacrine
(1 uM) by MBECY cells. Panel (A), effects of various concentrations of external
potassium on quinacrine uptake: 0mM (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 I, Effect of ATP Depletion on the Uptake of
Quinacrine (1 uM) by MBECA Cells

CellUmedium ratio (uL/mg protein x10%)

pH Normal ATP-depletion
6.4 1612002 1.36 + 0.03**
7.0 353+0.14 3.28 £ 010
7.4 395+£032 3.20+ 033"
8.0 4712035 3.87+ 030
84 477 4 0.19 182+£022*

MBEC# cells 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 uM) or verapamil (20 uM), quinacrine
uptake under the steady-state significantly increased by about 10% (Fig. 4).

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

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

¥ %

p 10r 10¢ B _—

(R 8}

Tx °f
c -

SE Bt 6

©

o % 4t 4

Eo -~ Control -0~ Control

gi 2r -+ CsA 10 pM 2t -+ Verapamil 20 pM
) i 0 N N ; i . g

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

Fig. 4. Effects of 10 uM cyclosporine (A) and 20 uM verapamil (B) on uptake of
quinacrine (1 uM) by MBECA 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=28).
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500 bp —

100 bp —

QQ MBECH4 cells by RT-PCR. RNA samples from MBEC4

$@ OO O?' cells were used for RT-PCR with primer pairs specific
for mouse OCTNI1.

4 N
SN

Fig. 5. TPhotograph showing OCTNI1 expression in

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 er 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, OCTNI1, 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 {rom 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-
jted by NaNj (Table 1I) 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 ef al., 1996). The Nat/H*
exchange is, however, unlikely 1o participate in guinacrine uptake by MBECH4 cells,
since Na*-depletion and amiloride failed to reduce quinacrine uptake (Table 1)
OCTNI1 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 et al., 1999). OCTN1isa pH-dependent
organic cation transporter presumably energized by a proton antiport mechanism
(Yabuuchi er 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 ef al., 2000). RT-PCR
analysis of MBEC4 cells demonstrated the expression of OCTN1 (Fig. 5). Therefore,
OCTNI1 is suggested to be a potential transporter mediating quinacrine uptake by
MBECH cells.

The BBB permeability of quinacrine was extremelylow, 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
er al., 1999). Quinacrine is distributed in the nucleus and vesicular compartment in
the cytoplasm of choroid plexus cells (Miller e al., 1999). In the brain endothelial
cells, a large part of quinacrine was shown 1o be distributed and accumulated in the
intracellular binding compartment (Fig. 2(B)). The resulting small part of quinacrine
in the intracellular nonbinding compartment appears (o contribute to the BBB per-
meability. The P-gp-mediated active efflux at the apical side of the plasma membrane
and the Jarge storage capacity in the cytoplasm are considered 10 restrict the entry
of quinacrine into the brain. The mechanism involved in quinacrine transport al 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; guinacrine
concentrations in the brain increased by P-gp modulators including verapamil may
enhance the therapeutic efficacy of quinacrine for CJD.
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Abstract

The blood—brain barrier (BBB) is a highly organized multicellular complex consisting of an endothelium, brain pericytes and astrocyles.
The present study was aimed at evaluating the role of brain pericytes in the induction and maintenance of BBB functions and involvement of
transforming growth factor-B (TGF-R) in the functional properties of pericytes. We used an in vitro BBB model established by coculturing
immortalized mouse brain capillary endothelial (MBEC4) cells with a primary culture of rat brain pericytes. The coculture with rat pericytes
significantly decreased the permeability to sodium fluorescein and the accumulation of rhodamine 123 in MBECH cells, suggesting that brain
pericytes induce and up-regulate the BBB functions. Rat brain pericytes expressed TGF-] mRNA. The pericyle-induced enhancement of
BBB functions was significantly inhibited when cells were treated with anti-TGF-B1 antibody (10 pg/ml) or a TGF-p type 1 receptor
antagonist (SB431542) (10 uM) for 12 h. In MBEC4 monolayers, a 12 h exposure to TGF-f1 (1 ng/ml) significantly facilitated the BBB
functions, this facilitation being blocked by SB431542. These findings suggest that brain pericytes contribute fo the up-regulation of BBB
functions through continuous TGF-B production.
© 2005 Elsevier B.V. All rights reserved.

Theme: Cellular and molecular biology
Topic: Blood-brain barmer
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1. 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 different
cellular components including brain microvascular endo-

* Comesponding author. Fax: +8] 92 362 26096,
E-mail address: ykataoka@cis. fukuoka-u.acjp (Y. Kataoka).

0006-§993/% - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/).brainres.2005.01.027

thelial cells, pericytes and astrocytes. Astrocytes induce and
maintain the properties of the BBB including the integra-
tion of tight junctions and expression of P-glycoprotein (P-

.gp) through cell-to-cell contact and the secretion of soluble

factors [23]. Brain pericytes are important for control of the
growth and migration of endothelial cells and the integrity
of microvascular capillaries [22]. Such functions are known
to be mediated by transforming growth factor-pB (TGF-pR)
(1,21.25], vascular endothelial growth factor (VEGF)
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(14,17] and direct cell-to-cell communications. Penicytes
have several apparatuses to directly make contact with
endothelial cells: gap junctions, adhesion plaques and peg-
and-socket junctions [24]. Soluble factors including TGF-p,
VEGF and basic fibroblast growth factor (bFGF) were
produced by and released from pericytes [2.24]. These
growth factors control the permeability of the BBB
[8.26,31]. These evidences indicate that pericytes regulate
the brain’s endothelial barrier by collaborating with
astrocytes.

TGF-B, a family of multifunctional peptide growth
factors, has several isoforms (TGF-gl, 2, 3, 4 and 5),
shares the same structure (65~80% homology) and dis-
plays similar biological activity in vitro [11]. TGF-B acts
on two highly conserved single transmembrane receptors
with an intracellular serine/threonine kinase domain (TGF-
P type I and type Il receptors) to activate an intracellular
signaling system, such as Smad proteins or the p38
mitogen-activated protein kinase (MAPK) and the extra-
cellular signal-regulated kinase pathway [6]. TGF-B is
listed as a potent endogenous substance protecting against
neurodegenerative diseases of the central nervous system
[11].

Recently, brain pericytes were reported to induce
occludin and multidrug resistance-associated protein
(MRP) 6 mRNA expression in brain endothelial cells
[3,15]). As for BBB functions, brain pericytes reduce the
endothelial permeability of the brain [13]. However, little is
known about the mechanism behind the facilitatory role of
brain pericytes in the induction and maintenance of BEB
functions. The aim of this study was to clarify whether
TGF-B participates in the pericyte-induced regulation of
BBB functions. We made an in vitro model of the BBB by
coculturing immortalized mouse brain capillary endothelial
(MBEC4) cells with rat brain pericytes. MBEC4 cells are
known to have the highly specialized characteristics of
brain microvascular endothelial cells including the expres-
sion of P-gp [28,29). BBB functions were assessed based
on the permeability coefficient of sodium fluorescein (Na-
F) and the cellular accumulation of rhodamine 123 in
MBEC4 cells as the paracellular permeability of brain
endothelial cells and the functional activity of P-gp,
respectively,

2. Materials and methods
2.1, Animals

Wistar rats aged 2 weeks old were housed in a room at a
temperature of 22 * 2 °C under a 12-h light/dark schedule
(lights on at 7:00 h) and given water and food ad libitum.
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.

2.2 MBECH cell culture

MBEC#4 cells, which were isolated from BALB/c mouse
brain cortices and immortalized by SV40-transformation
[28], were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS), 100 units/ml penicillin
and 100 pg/ml streptomycin at 37 °C with a humidified
atmosphere of 5% C0,/95% air, They were seeded on 12-
well Transwell®-Clear inserts (Costar, MA) and 24-wel]
culture plates (BD FALCON™, BD Biosciences, NJ) at a
density of 42,000 cells/insert and 21,000 cells/well,
respectively,

2.3. Primary culture of rat pericytes

Rat cerebral pericytes were isolated according to the
method of Hayashi et al. [13]. Pure cultures of rat cerebral
pericytes were obtained by prolonged culture of isolated
brain microvessel fragments under selective culture con-
ditions because microvessel fragments contain 23% peri-
cytes [27]. The cerebral cortices from 2-week-old Wistar
rats were cleaned of meninges and minced. The homoge-
nate was digested with collagenase CLS2 (1 mg/ml;
Worthington, Lakewood, NJ) and DNase | (37.5 pg/ml;
Sigma, St. Louis, MO) in DMEM (Sigma) containing 100
units/ml penicillin, 100 pg/ml streptomycin, 50 mg/ml
gentamicin and 2 mM glutamine at 37 °C for 1.5 h.
Neurons and glial cells were removed by centrifugation in
20% bovine serum albumin (BSA)-DMEM (1000 x g for
20 min). The microvessels obtained in the pellet were
further digested with collagenase/dispase (1 mg/ml; Roche,
Mannheim, Germany) and DNase | (16.7 pg/ml) in DMEM
at 37 °C for 1 h. Microvessel endothelial cell clusters were
separated by 33% Percoll (Amersham Biosciences, Piscat-
away, NJ) gradient centrifugation (1000 x g for 10 min).
The obtained microvessel fragments were washed twice in
DMEM (first 1000 x g for 8 min, then, 700 x g for 5
min) and placed in uncoated culture flasks in DMEM
supplemented with 10% FBS, 100 units/ml penicillin and
100 pg/ml streptomycin at 37 °C with a humidified
atmosphere of 5% CO0,/95% air. Afier 14 days in culture,
rat pericytes overgrew brain endothelial cells and reached
typically 80-90% confluency. The cells were used at
passages 2-3.

2.4. Preparation of three in vitro BBB models

The preparation of the in vitro BBB models was
previously described [7). In brief, rat pericytes (40,000
cells/em®) were first cultured on the outside of the collagen-
coated polyester membrane (1.0 cm?, 0.4 Mm pore size) of a
Transwell®-Clear insert (12-well type, Costar) directed
upside down in the well. Two days later, MBEC4 cells
(42,000 ce]Is/c_mz) were seeded on the inside of the insert
placed in the well of a 12-well culture plate (Costar) (the

122,

« &



210 S. Dohgu ei al. / Brain Research 1038 (2005) 208-215

opposite coculture system). In the other (bottom coculture)
system, rat pericytes (20,000 cells/cm®) were first cultured
in the wells of the 12-well culture plate. Afier 2 days,
MBEC4 cells were seeded on the inside of a Transwell®-
Clear insert placed in the plate containing layers of rat
pericytes. A monolayer system was also made with MBEC4
cells alone (MBEC4 monolayer).

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
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 to the outside of the insert
(abluminal side). Krebs-Ringer buffer (0.5 ml) containing
100 pg/ml of Na-F (MW 376) (Sigma) was loaded on the
luminal side of the insert. Samples (0.5 ml) were removed
from the abluminal chamber at 30, 60, 90 and 120 min and
immediately replaced with fresh Krebs-Ringer buffer.
Aliguots (5 pl) of the abluminal medium were mixed with
200 pl of Krebs—Ringer buffer and then the concentration of
Na-F was determined with a CytoFluor Series 4000
fluorescence multiwell plate reader (PerSeptive Biosystems,
Framingham, MA) using a fluorescein filter pair (Ex(2)
485 + 10 nm; Em(2) 530 + 12.5 nm). The permeability
coefficient and clearance were calculated according to the
method described by Dehouck et al. [5]. Clearance was
expressed as microliters (ul) of tracer diffusing from the
Juminal to abluminal chamber and was calculated from the
initial concentration of tracer in the luminal chamber and
final concentration in the abluminal chamber: Clearance
(ul) = [C)a * Va / [Cl, where [C]y is the initial luminal
tracer concentration, [C]s is the abluminal tracer concen-
tration and ¥, is the volume of the abluminal chamber.
During a 120-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 or coculture systems was
denoted by PS,p, where PS is the permeability-surface
area product (in pl/min). The slope of the clearance curve
with a control membrane was denoted by PSembrane: In the
rat pericyte opposite coculture system, the control mem-
brane is the rat pericyte-layered membrane. The real PS value
for the MBEC4 monolayer and the coculture system (PStrene)
was calculated from 1/PSypp = 1/PSmembrane + 1/PStrans- The
PSpans values were divided by the surface area of the
Transwell inserts to generate the permeability coefficient
(Perans, iD coy/min). .

2.6, Functional activity of P-gp

The functional activity of P-gp was determined by
measuring the cellular accumulation of rhodamine 123

123

(Sigma) according to the method of Fontaine et al. [12].
MBEC4 cells were washed three times with assay buffer
(143 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM
MgCly, 1.0 mM NaHzPO4, 10 mM HEPES and 11 mM
D-glucose, pH 7.4). In rat pericyle coculture systems, rat
pericytes on the outside of the membrane were removed
with a cell scraper. MBEC4 cells were incubated with 0.5
m) of assay buffer containing 5 pM of rthodamine 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). Aliquots (5
ul) of the cell solution were removed for measurement of
cellular protein according to the method of Bradford [4]
using a Bio-Rad protein assay kit (Bio-Rad Labora-
tories, Hercules, CA). The remaining solution was
neutralized with 1 M HCI and the rhodamine 123 content
was determined with a CytoFluor Series 4000 fluores-
cence multiwell plate reader (PerSeptive Biosystems)
using a fluorescein filter pair (Ex(2) 485 * 10 nm;
Em(X) 530 £ 12.5 nm).

2.7. Detection of TGF-f§]1 mRNA

Total RNA from rat pericytes was extracted using
TRIzol™ reagent (Invitrogen). The primer pair used in the
reverse transcription-polymerase chain reaction (RT-PCR)
was designed based on the nucleotide sequence of the
rat TGF-p1 and rat GAPDH. The sequences of primers
were as follows: the upper primer 5'-ATACGCCTGA-
GTGGCTGTCT-3' and the lower primer 5'-TGGGA-
CTGATCCCATTGATT-Y for TGF-pl; the upper primer
5. CTACCCACGGCAAGTTCAAT-3' and the lower primer
5'.GGATGCAGGGATGATGTTCT-3 for GAFDH. The
expected sizes of the RT-PCR products, predicted from the
positions of the primers, were 153 bp for TGF-p1 and 479
bp for GAPDH. A SuperScript One-Step RT-PCR system
(Invitrogen) was used for reverse transcription of RNA, and
TGF-pl ¢cDNA was amplified by PCR. Amplification was
performed in a DNA thermal cycler (PC707; ASTEC,
Fukuoka, Japan) according to the following protocol: cDNA
synthesis for 30 min at 50 °C, pre-denaturation for 5 min at
94 °C; 25 cycles of denaturation for 30 s at 94 °C, primer
annealing for 30 s at 57 °C and polymerization for 30 s at
72 °C; and a 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 visualized on a UV light transilluminator and
photographed using a DC290 Zoom digital camera (Kodak,
Rochester, New York).

2.8. Effects of the modulation of TGF-B1 signaling on BBB
functions

A TGF-R type | receptor antagonist, SB431542 (TOC-
RIS, Bristol, UK), and human TGF-p1 (Sigma) were first
dissolved in dimethylsulfoxide (DMSO) and 4 mM HC
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containing 1 mg/ml BSA, respectively. They were diluted
with serum-free culture medium (0.1% as the final DMSO
concentration). MBEC4 cells were cultured for 3.days in the
three in vitro BBB models. The inserts and wells were
washed three times with serum-free medium prior to the
expenments. To examine the influence of the inhibition of
TGF-p1 signaling on the pericyte-induced changes in BBB
functions, SB431542 (10 uM) and monoclonal anti-human
TGF-p1 antibody (10 pg/ml; R&D Systems, Minneapolis,
MN) were loaded in both compartments of the opposite
coculture system. In the MBEC4 monolayer, cells were
exposed to 1 ng/ml TGF-B1 injected into the inside
(luminal) or outside (abluminal) of the insert for 12 h and
subjected to experiments to test whether MBEC4 cells
exhibit functional polarity in response to TGF-p1. TGF-p1
and the TGF-R] receptor antagonist (SB431542) were
applied for 12 h to the inside of the insert in the MBEC4
monolayer to investigate the effect of SB431542 on the
TGF-pl-induced changes in BBB functions. In all experi-
ments, controls were performed by treating cells with
serum-free medium containing the corresponding amount
of DMSO and/or 4 mM HCI containing 1 mg/ml BSA as the
vehicle.

2.9, Satistical analysis

Values are expressed as the mean + SEM. Statistical
analysis was performed using Student’s 1 test. One-way and
two-way analyses of variance (ANOVAs) followed by
Tukey-Kramer’s tests were applied to multiple compari-
sons. The differences between means were considered to be
significant when P values were less than 0.05.

3. Results

3.1. BBB functions in three in vitro BBB models and
expression of TGF-f1 mRNA in rat pericytes

After MBEC4 cells were cultured for 3 days, the basal
permeability and P-gp efflux pump of MBECY cells were
evaluated in three models of the BBB (Fig. 1). The
permeability coefficient of Na-F for MBEC4 cells signifi-
cantly decreased by 34.8% and 16.0% in the opposite and
bottom coculture systems, respectively, when compared to
that in the MBEC4 monolayer (Fig. 1A). The accumulation
of rhodamine 123 in MBEC4 cells significantly decreased
by 17.8 and 7.8% in the opposite and bottom coculture
models relative to the MBEC4 monolayer, respectively
(Fig. 1B).

To obtain molecular evidence for the expression of TGF-
R1 in rat pericytes, RT-PCR was carried out with a primer
pair specific for rat TGF-p1 (Fig. 2). RT-PCR with mRNA
obtained from rat pericytes yielded a single product. The
size of this product was the same as that expected from the
primer positions in rat TGF-f1.
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Fig. 1. Permeability and P-gp function of MBEC4 cells in the MBEC4
monolayer and rat pericyte opposite or bottom coculture systems. (A)
MBEC4 permeability coefficients of Na-F. Results are expressed relative
(%) to the value for the MBEC4 monolayer (2.7  0.20 x 107 cn/min).
Values are the means + SEM (n = 4-12). *P < 0.05, **P < 0.0],
significant difference from MBEC4 monolayer. (B) Rhodamine 123
accumulation in MBEC4 cells. Results are expressed relative (%) to the
value for the MBEC4 monolayer (1.61 + 0.25 nmol/mg protein). Values are
the mean + SEM (n = 4-12), **P < 0.0, significant difference from
MBEC4 monolayer.

3.2. Effect of the inhibition of TGF-BI signaling on BBB
Junctions in the MBEC4 monolayer and rat pericyte
opposite coculture

As shown in Fig. 3, exposure to anti-TGF-R1 antibody for
12 b inhibited the pericyte-induced enhancement of endo-
thelial barrier and P-gp function in rat pericyte cocultures,
whereas anti-TGF-f1 antibody had no significant effect on
BBB functions in the MBEC4 monolayer. In the coculture
models, anti-TGF-B1 antibody (10 pg/ml) increased the
penmneability coefficient of Na-F for MBEC4 cells from
8§6.7 £ 6.1 to 101.7 % 9.1% of the control value (vehicle-
treated MBEC4 monolayer) and the accumulation of rhod-
amine 123 in MBEC4 cells from 76.6 + 6.5 t0 90.1 + 8.0%
of the control value (Fig. 3). For the permeability to Na-F
(Fig. 3A), a two-way ANOVA showed significant effects for
the factors culture system (monolayer and coculture) [ F(1,
25)=4.65, P <0.05), reatment (vehicle and antibody) [ F(1,
25) = 825, P < 0.01] and interaction (culture system x
treatment) [F(1, 25) = 11.51, P < 0.005). For accumulation
of rhodamine 123 (Fig. 3B), a two-way ANOVA showed
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