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SUMMARY

1. The present study was designed to clarify whether brain pericyles and pericyle-
derived transforming growth factor-g1 (TGF-g1) participate in cyclosporin A (CsA)-
induced dysfunction of the blood-brain barrier (BBB).

2. The presence of brain pericytes markedly aggravaied CsA-increased permeability
of MBEC# cells to sodium fluorescein and accumulation of rhodamine 123 in MBECA4 cells.

3. Exposure to CsA significantly decreased the levels of TGF-A1 mRNA in brain per-
icytes in pericyte co-cultures. Treatment with TGF-$1 dose-dependently inhibited CsA-
induced hyperpermeability and P-glycoprotein dysfunction of MBECH4 cells in pericyte co-
cultures.

4. These findings suggest that an inhibition of brain pericyte-derived TGF-f1 con-
tributes to the occurrence of CsA-induced dysfunction of the BBB.

KEY WORDS: Cyclosporin A; brain pericytes; transforming growth factor-£; blood-brain
barrier; permeability; P-glycoprotein; mouse brain endothelial cells .

INTRODUCTION

Cyclosporin A (CsA), a cyclic 11-amino acid peptide, is widely used as a po-
tent immunosuppressant to prevent allograft rejection in solid organ transplanta-
tion and in fatal graft-versus-host disease after bone marrow transplantation,; it is
also used to treat various autoimmune diseases including rheumatoid arthritis (Ka-
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han. 1989). Despite its high efficacy. CsA has adverse effects including nephrotox-
icity. cardiovascular disorders, gastrointestinal disorders and neurotoxicity. CsA.-
associated neurotoxicity occurs with a relatively high frequency (20-40%) in organ-
transplanted patients with high blood drug levels or within the therapeutic range
(The U.S. Multicenter FK506 Liver Study Group, 1994; Pirsch ez al.. 1997; Gijten-
beek er al., 1999). However, the mechanism of CsA-induced neurotoxicity remains
obscure.

The entry of CsA into the brain is usually prevented by the tight junctions
and P-glycoprotein (P-gp), a multi-drug efflux pump, of brain microvascular en-
dothelial cells. But CsA-associated neurotoxicity, including tremors, seizures and
encephalopathy, strongly suggests the possibility that CsA is transported across
the blood-brain barrier (BBB). We previously reported that CsA produced con-
vulsions by inhibiting y-aminobutyric acid (GABA)ergic neural activity and the
binding properties of the GABA receptor (Shuto er al., 1999). The inhibition of
GABAergic neurotransmission by CsA may lead to an activation of serotoner-
gic neural activity and, consequently, produce tremors (Shuto er al., 1998). These
in vivo findings are considered to be due to a direct action of CsA transported
across the BBB rather than an indirect effect of CsA in the periphery. Indeed,
we previously demonstrated that a high concentration of CsA decreased the func-
tion and expression of P-gp in brain capillary endothelial cells (Kochi et al., 1999,
2000). The BBB is primarily formed from these cells, which are closely sealed by
tight junctions (Pardridge, 1999). P-gp is abundantly expressed in brain endothe-
lial cells and limits the accumulation of many hydrophobic molecules and toxic
substances in the brain (Schinkel, 1999). Brain capillary endothelial cells are sur-
rounded by two other cellular components of the BBB, astrocytes and brain peri-
cytes. We also previously reported that the presence of astrocytes markedly aggra-
vated CsA-induced hyperpermeability of, and P-gp dysfunction in, MBEC4 cells,
through the. acceleration of NO production (Dohgu er al., 2004a). Brain pericytes
are important for the growth and migration of endothelial cells and the integrity
of microvascular capillaries (Thomas, 1999; Ramsauer ez al., 2002). Brain capillary
endothelial cells communicate closely with brain pericytes to maintain the BBB
(Hori er al.. 2004; Dohgu et al., 2005). Transforming growth factor-g (TGF-g) is
a cytokine produced by pericytes (Antonelli-Orlidge er al., 1989). We previously
reported that brain pericytes contribute to the up-regulation of barrier function
and P-gp activity in brain endothelial cells through production of TGF-g1 (Dohgu
et al., 2005).

The present study was designed to clarify whether brain pericytes and
pericyte-derived TGF-g participate in CsA-induced dysfunction of the BBB. We
first evaluated the effect of CsA on the permeability of, and P-gp function in,
mouse brain capillary endothelial (MBEC4) cells, either alone or co-cultured
with human brain pericytes. Next, the effect of CsA on TGF-g1 mRNA expres-
sion 1n brain pericytes and the effect of TGF-81 on CsA-decreased BBB func-
tion were examined in a co-culture system containing MBEC4 cells and brain
pericytes.
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Cydlosporin A and Transforming Growth Factor-f in Brain Pericytes
MATERIALS AND METHODS

Materials

CsA was kindly supplied by Novartis Pharma (Basel, Switzerland). Sodium flu-
orescein (Na-F, MW 376). rhodamine 123 and human TGF-p1 were purchased from
Sigma (St. Louis, MO). Culture medium and subculture reagents were obtained
from Invitrogen (Carlsbad, CA). All remaining reagents of analytical grade were
purchased from Wako (Osaka, Japan).

Cell Culture

MBEC4 cells, isolated from BALB/c mouse brain cortices and immortal-
ized by SV40-transformation (Tatsuta et al., 1992), were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum,
100 units/mL penicillin and 100 pg/mL streptomycin. Human brain pericytes (CS-
ABI-499, Cell Systems Corporation, Kirkland, WA) were cultured in CS-C Com-
plete Medium Kit (Cell Systems Corporation). They were grown in a humidified
atmosphere of 5% C0O,/95% air at 37°C. To make an in vitro BBB model, brain per-
icytes (20,000 cells/cm?) were first cultured in the wells of a 12-well culture plate. Af-
ter 2 days, MBECH4 cells (42,000 cells/cm?) were seeded on the inside of the collagen-
coated polycarbonate membrane (1.0 cm?, 3.0 um pore size) of a Transwell®-Clear
insert (12-well type, Costar, MA) placed in the plate containing layers of brain per-
icytes (pericyte co-culture). A monolayer system was also generated with MBEC4
cells alone (MBEC4 monolayer).

Cell viability was assessed using a WST-8 assay (Cell Counting Kit, DOJINDO,
Kumamoto, Japan). The absorbance of a highly water-soluble formazan dye (WST-
8), reduced by mitochondrial dehydrogenase, was measured in each sample at wave-
lengths of 450-nm (test wavelength) and 700-nm (reference wavelength).

Treatment with CsA and TGF-£1

TGF-81 was dissolved in 4 mM HCI containing 1 mg/mL of bovine serum
albumin; CsA was dissolved in ethanol. Each original solution was then di-
luted with serum-free medium. The final concentrations in the test media were
4 uM HCI/1 pg/mL bovine serum albumin or 0.1% ethanol. MBEC4 cells were cul-
tured for 3 days, and the inserts were washed three times with serum-free medium.
Cells were then exposed for 1-12 h to 5 uM of CsA injected into the inside of the
insert (luminal side). Alternatively, TGF-g1 (0.01-1 ng/mL) was loaded on the lu-
minal side. In parallel, cells were treated with serum-free medium containing the

corresponding amount of ethanol and/or HCI and bovine serum albumin as the ve-
hicle.
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Transcellular 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 CaCly, 1.2 mM MgCly, 1.0 mM NaH,PO4, 25 mM NaHCOs, and
11 mM p-glucose, pH 7.4). Krebs-Ringer buffer (1.5 mL) was added to the outside
of the insert (abluminal side). Krebs-Ringer buffer (0.5 mL) containing 100 pg/mL
of Na-F was loaded on the luminal side of the insert. Samples (0.5 mL) were re-
moved from the abluminal chamber at 10, 20, 30 and 60 min and immediately re-
placed with fresh Krebs-Ringer buffer. Aliquots (5 uL) of the abluminal medium
were mixed with 200 uL of Krebs—Ringer buffer and the concentration of Na-F
was determined using a fluorescence multiwell plate reader (Ex()) 485 nm: Em(2)
530 nm) (CytoFluor Series 4000, PerSeptive Biosystems, Framingham, MA). The
permeability coefficient and clearance were calculated according to the method de-
scribed by Dehouck e al. (1992). Clearance was expressed as microliters (uL) of
tracer diffusing from the luminal to abluminal chamber and was calculated from
the initial concentration of tracer in the luminal chamber and final concentration in
the abluminal chamber: clearance (uL) = [C]a x Va/[C]L where [C]_ is the initial
luminal tracer concentration, [C]a 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 linearly with time. The average volume cleared was
plotted against time, and the slope was estimated by linear regression analysis. The
slope of clearance curves for the MBEC4 monolayer or co-culture systems was de-
noted by PS,,p, Wwhere PS is the permeability-surface area product (in ©L/min). The
slope of the clearance curve with a control membrane was denoted by PSpembrane-
The real PS value for the MBEC4 monolayer and the co-culture system (PS\;ans) Was
calculated as 1/PSapp = 1/PSmembrane + 1/PSirans. The PSyans values were divided
by the surface area of the Transwell inserts to generate the permeability coefficient
(Pirans, in cmifmin).

Functional Activity of P-gp

The functional activity of P-gp was determined by measuring the cellular ac-
cumulation of rhodamine 123 (Sigma) according to the method of Fontaine et al.
(1996). MBECH4 cells were washed three times with assay buffer (143 mM NaCl,
4.7 mM K(Cl, 1.3 mM CaCl, 1.2 mM MgCl,. 1.0 mM NaH,PQ,, 10 mM HEPES,
and 11 mM D-glucose, pH 7.4), and then incubated in 0.5 mL of assay buffer con-
taining 5 uM rhodamine 123 for 60 min. The solution was then removed and the cells
were washed three times with ice-cold phosphate-buffered saline and solubilized in
1 M NaOH (0.2 mL). The solution was neutralized with 1 M HCI (0.2 mL) and the
rhodamine 123 content was determined using a fluorescence multiwell plate reader
(Ex(2.) 485 nm; Em(X) 530 nm, CytoFluor Series 4000). Protein concentration was
measured by the method of Bradford (Bradford, 1976).
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Expression of TGF-f1 Receptor mRNA in MBEC4 Cells and Human Brain
Pericytes

Reverse-transcription polymerase chain reaction (RT-PCR) was employed
to determine the level of mRNA expression for TGF-g1 receptor I and II in
MBEC4 cells and brain pericytes. Total RNA was extracted from cultured cells us-
ing TRIzol™ reagent (Invitrogen, Carlsbad, CA) and 1 ug of RNA was reverse-
transcribed and amplified by PCR using a SuperScript One-Step RT-PCR sys-
tem (Invitrogen). Amplification was performed in a DNA thermal cycler (PC707;
ASTEC, Fukuoka, Japan). The primers used and PCR conditions are summarized
in Table 1. Ten microliters of each PCR product was analyzed by electrophoresis on
a 2% agarose (Sigma) gel with ethidium bromide staining. Gels were visualized on
a UV light transilluminator and photographed using a DC290 Zoom digital camera
(Kodak, Rochester, New York).

Relative Quantitation of TGF-f1 mRNA by Real-Time RT-PCR

Real-time RT-PCR was employed to determine the level of TGF-§1 gene ex-
pression in brain pericytes with CsA-treated pericyte co-culture. Total RNA was
extracted from brain pericytes using TRIzol™ reagent (Invitrogen) and 2 ug RNA
was reverse-transcribed using a SuperScript™ III First-Strand Synthesis System
(Invitrogen) in a total volume of 20 uL, according to the manufacturer’s protocol.

Real-time PCR was conducted on an Mx3000P™ Multiplex Quantitative PCR
System (Stratagene, La Jolla, CA) with 2 uL of reverse-transcription product,
Brilliant™ SYBR® Green QPCR Master Mix (Stratagene), primers at 150 nM
and reference dye, in a total volume of 50 uL as per the manufacturer’s pro-
tocol. The following PCR conditions were employed: 95°C for 10 min, followed
by cycles of 95°C for 30 s, 54°C for 60 s and 72°C for 90 s. The sequences of
primers were as follows: sense primer 5'-CCCTGGACACCAACTATTG-3' and
antisense primer 5.CCGGGTTATGCTGGTTGTA-3' for TGF-g1 (Untergasser
et al., 2005); sense primer 5'-GAGTCAACGGATTTGGTCGT-3" and antisense
primer S“TTGATTTTGGAGGGATCT CG-3 for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH; GenBank Accession Number, M33197). After amplifica-
tion, a melting curve was obtained by heating at 55°C and fluorescence data were
collected at 0.2°Cs.

Relative quantitative analysis was performed employing Mx3000P™ Multi-
plex Quantitative PCR System software (Stratagene). We used the expression of
GAPDH to normalize the expression data for the TGF-g1 gene. For a comparative
analysis, values from vehicle treated brain pericytes were arbitrarily set as 1. Each
sample was analyzed in triplicate.

Statistical Analysis

Values are expressed as means = SEM. Statistical analysis was performed us-
ing Student’s r-test. One-way and two-way analyses of variance (ANOVAs) fol-
lowed by Tukey-Kramer’s tests or Dunnett tests were applied to multiple com-
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parisons. The differences between means were considered to be significant when
P values were less than 0.05.

RESULTS

To obtain molecular evidence for the expression of TGF-g receptor I and Il in
MBEC4 cells and human brain pericytes, RT-PCR was carried out with a primer
pair specific to each type of TGF-g receptor, from either mouse (for use on MBEC4
cells) or human (for use on human brain pericytes). As shown in Fig. 1A, RT-PCR
with mRNA obtained from either MBEC4 cells or brain pericytes yielded a single
product. The size of these products was as expected from the primer positions.
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by RT-PCR analysis. (B) Time-course of the effect of CsA (5 1cM) on the Na-F permeability of MBEC4
cells in MBEC4 monolayers and pericyte co-cultures. Transport experiments were performed after 1,
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When MBECH4 cells were co-cultured with pericytes, the Na-F permeability of
MBEC4 cells was increased from 3.26 £ 0.13 x 10~* cm/min in monolayers to
386 + 023 x 10~* cm/min (Fig. 1C). The presence of pericytes decreased rho-
damine 123 accumulation in MBEC4 cells from 0.51 £ 0.12 nmol/mg protein in
monolayers to 0.43 £+ 0.10 nmol/mg protein (Fig. 1D). A 12 h-exposure to CsA
at 5 or 10 uM showed no effect on cell viability as determined by mitochondrial
dehydrogenase activities (WST-8 assay) of MBEC4 cells in MBEC4 monolayers
(100.0 + 1.8 and 103.1 £+ 7.8% of vehicle, respectively, n = 4 inserts) and per-
icyte co-cultures (99.2 £ 2.5 and 106.8 £ 2.3% of vehicle, respectively, n = 4
inserts). Figure 1C and D shows the effect of CsA (5 uM) on the permeability of
MBEC4 cells to Na-F and the accumulation of rhodamine 123 in MBEC4 cells,
respectively, in both MBEC4 monolayers and pericyte co-cultures. The Na-F per-
meability of MBEC4 cells was time-dependently increased during a period of 1-
6 h after the addition of CsA (5 uM), reaching a peak at 6 h (Fig. 1B). A signifi-
cant difference in CsA-induced hyperpermeability was observed between MBEC4
monolayers and pericyte co-cultures, with the effect being most apparent after a 6 h-
exposure [F(1, 24) = 10.51, P < 0.01] (Fig. 1C). At the peak time, CsA increased
the Na-F pearmeability of MBEC4 cells by 10.3 & 3.4 and 31.9 £ 3.6% of each
corresponding vehicle treatment in MBEC4 monolayers and pericyte co-cultures,
respectively (Fig. 1C). Following exposure of cells to CsA for 9-12 h, permeabil-
ity of the MBEC4 monolayers was gradually increased. However, the effect of CsA
on pericyte co-cultures permeability became more moderate, reducing to the same
level seen in MBEC4 monolayers (Fig. 1B). To clarify the role of brain pericytes in
CsA-induced dysfunction of BBB, a 6 h-exposure of cells to CsA (5 uM) was em-
ployed in the following experiment. The accumulation of rhodamine 123 in MBEC4
cells was increased by 13.9 £ 5.9 and 43.4 £ 8.5% of each corresponding vehi-
cle treatment in MBEC4 monolayers and pericyte co-cultures, respectively, after a
6 h-exposure to CsA (Fig. 1D). A significant difference in CsA-induced decrease n
P-gp activity was observed between MBEC4 monolayers and pericyte co-cultures
[F(1, 28) = 4.65, P < 0.05]. CsA-induced inhibition of P-gp function was more
potent in pericyte co-cultures than in MBEC4 monolayers.

When pericyte co-cultures were treated with CsA (5 M) for 6 h, the levels of
TGF-B1 mRNA in brain pericytes were significantly decreased to 81.0 £ 7.3% of
vehicle (Fig. 2A) [F(2, 13) = 5.05, P < 0.05]; however, a 12 h exposure to CsA
failed to decrease levels of TGF-g1 mRNA in brain pericytes (103.8 + 10.8% of
vehicle). In pericyte co-cultures, TGF-g1 (0.01-1 ng/mL) dose-dependently inhib-
ited the elevation of Na-F permeability (Fig. 2B), and rhodamine 123 accumulation
(Fig. 2C), in MBECH cells, induced by CsA (132.9 + 11.4 to 105.4 £ 2.5% and
140.3 + 9.9to 98.6 + 6.4% of vehicle. respectively).

DISCUSSION

In the present study, CsA (5 uM) time-dependently increased the Na-F per-
meability of MBECH4 cells in pericyte co-cultures, this effect reaching a peak at 6 h
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Fig. 2 (A) Effect of CsA (5 uM) on TGF-A1 mRNA expression in brain pericytes at 6
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means + SEM (n = 8-16). *p < 0.05, significant differences from vehicle.fp- < 0.03, sig-
nificant difference from CsA treatment. (C) Effect of TGF-#1 on CsA-increased rhadamine
123 accumulation of MBEC4 cells in pericyte co-cultures. Results are expressed as % of
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after the addition of CsA (Fig. 1B and C). A 6 h exposure to CsA also decreased P-
gp function in MBEC4 cells in pericyte co-cultures, this effect being more apparent
than that in MBEC4 monolayers (Fig. 1D). These findings suggest that CsA-induced
hyperpermeability of, and P-gp dysfunction in, MBEC4 cells, was aggravated in per-
icyte co-cultures. We previously reported that treatment with CsA (0.5-10 uM) for
24 h dose-dependently decreased the viability of MBECH4 cells (Kochi er al.. 1999).
The present study demonstrated that a 12 h-exposure to CsA at concentrations up
to 10 «M had no effect on the viability of MBEC4 cells in MBEC4 monolayers and
pericyte co-cultures, Thus, the exposure time (6 h) and the submaximum concentra-
tion (5 uM) of CsA without cytotoxicity were selected here.

The significance of brain pericytes in the regulation of the BBB was suggested
by our previous study using a primary culture of rat brain pericytes. We reported



Takata et al.

that brain pericyte-derived TGF-1 contributed to the induction and up-regulation
of BBB function (Dohgu er al., 2004b, 2005). In the present study, the presence of
human brain pericytes decreased the function of tight junctions and increased the
function of P-gp, in MBECH4 cells, by about 20%. An interjunctional property of
MBECH4 cells was lowered by co-culturing with human brain pericytes, this event
being inconsistent with our previous report using a primary culture of rat brain
pericytes. The different backgrounds of human brain pericytes commercially sup-
plied and species-different cell type may be compounding factors in this discrep-
ancy (Lai and Kuo, 2003); however, further studies are required to confirm this.
Here. we employed a convenient in vitro model with MBEC4 cells and human brain
pericytes. .

To test whether TGF-81 production of the brain pericytes participates in the
mediation of CsA-induced dysfunction of the BBB, we examined the effect of CsA
on the expression of TGF-A1 in brain pericytes. A 6 h exposure to CsA (5 uM)
significantly decreased the levels of TGF-A1 mRNA in brain pericytes in pericyte
co-cultures (Fig. 2A). Treatment with TGF-g1 dose-dependently inhibited CsA-
induced hyperpermeability and P-gp dysfunction in MBEC4 cells in pericyte co-
cultures (Fig. 2B and C). These findings suggest that CsA decreases BBB function by
inhibiting TGF-g1 production in the brain pericytes. In pericyte co-cultures, an ag-
gravation of CsA-induced hyperpermeability of MBEC4 cells occurred with a peak
at 6 h after the addition of CsA, becoming more moderate at 9-12 h (Fig. 1B). In
parallel with these events, TGF-f1 mRNA levels were significantly decreased by a
6 h exposure to CsA but not by a 12 h exposure (Fig. 2A), suggesting that CsA-
induced hyperpermeability is ameliorated by the compensatory secretion of TGE-
$81 from brain pericytes during the later period of CsA exposure. These data further
support a critical role of pericyte-derived TGF-A1 in mediating CsA-induced BBB
dysfunction.

RT-PCR analysis demonstrated the expression of TGF-g receptor I and IT in
MBECH4 cells and brain pericytes (Fig. 1A). TGF-g1 mRNA was also detected in
brain pericytes (Fig. 2A) and MBECH4 cells (data not shown). Considering these
observations, TGF-3 is likely to participate in the up-regulation of BBB function
through an autocrine and/or paracrine pathway in brain endothelial cells and peri-
cytes. Autoinduction of TGF-p1 is mediated by binding of the transcription factor
activator protein-1 (AP-1) complex to homologous elements in two regions of the
TGF-A1 promoter (Kim et al., 1990). In this positive autoregulation process, CsA
is known to directly inhibit activation of the JunD isoforms in the AP-1 complex
responsible for TGF-p signaling in lung fibroblasts (Eickelberg er al., 2001). Cal-
cineurin, a molecular target of CsA, has been shown to be involved in AP-1 acti-
vation in immune cells (Pfeuffer er al., 1994; Tsuboi et al., 1994). Based on this ev-
idence, CsA may be interpreted as lowering TGF-81 expression in brain pericytes
due, at least in part, to an inhibition of the AP-1 activation step during TGF-g1 au-
toinduction. We previously reported that CsA increased NO production in MBEC4
cells (Dohgu et al., 2004a) and elevated levels of NO have been known to reduce
TGE-g1 production in the heart (Smith et al., 2005). Therefore, CsA may also act on
MBECH4 cells to lower TGF-$1 expression in brain pericytes.
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In conclusion, CsA-induced hyperpermeability and P-gp dysfunction of
MBEC4 cells were markedly aggravated in co-cultures with brain pericytes. This
aggravation appears to occur due to CsA-induced inhibition of TGF-A1 expression
in brain pericytes. These findings suggest that an inhibition of brain pericyte-derived
TGF-B1 contributes to the occurrence of CsA-induced dysfunction of the BBB,
thereby triggering neurotoxicity.
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An Inhibitory Role of Nitric Oxide in the Dynamic
Regulation of the Blood-Brain Barrier Function
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SUMMARY

1. The present study aimed at elucidating the ellects of nitric oxide (NQ) on hlood-
brain barrier (BBB) [unction with mouse brain capillary endothelial (MBECA4) cells.

2. Histamine (20-100 M) evoked NO production (1.6-7 M) in MBECH4 cells in a
dose-dependent manner.

5. The permeability coefficient of sodium fuorescein for MBEC4 cells and the cellu-
Jar accumulation of rhodamine 123 in MBEC4 cells were increased dose-dependently by
addition of NO solutions (14 and 28 M) every 10 min during a 30-min period.

4. The present study demanstrated that NO increased the permeability and inhibited
the P-glycoprotein efflux pump of brain capillary endothelial cells, suggesting that NO plays
an inhibitory role in the dynamic regulation of the BBB function.

KEY WORDS: nitric oxide; blood-brain barrier (BBB); permeability; P-glycoprotein;
mouse brain endothelial cells .

INTRODUCTION

The blood-brain barrier (BBB) contributes to brain homeostasis and fulfills a pro-
lective function by regulating the access of solutes and toxic substances 1o the cen-
tral nervous system. The BBB is formed by brain capillary endothelial cells, which
are closely sealed by tight junctions (Pardridge, 1999). The tight junctions in the

' Department of Pharmaceutical Care and Health Sciences, Faculty of Pharmaceutical Sciences, Fukuoka
University, 8-19-1 Napakuma, Jonan-ku, Fukuoka 814-0180, Japan.

?Institute of Molecular and Cellular Biosciences, University of Tokyo, Bunkyo-ku, Tokyo 113-0032,
Japan.

*Laboratory of Drug Imformatics, Graduate School of Pharmaceutical Sciences, The University of
Tokyo, 3-14-15 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.

*To whom correspondence should be addressed at Department of Pharmaceutical Care and Health Sci-
ences, Faculty of Pharmaceutical Sciences, Fukuoka University, §-19-1 Nanakuma, Jonan-ku, Fukvoka
814-0180, Japan; e-mail: ykataoka@fukuoka-u.acjp.

0272-4340/07 T 2007 Springer Science+ Business Media, 11.C

434



Yamauchi er al.

BBB prevent significant passive movement of small hydrophilic molecules from the
blood to the brain. but specialized transport systems mediate the entry of essential
substances such as glucose, amino acids, choline, monocarboxylic acids, amines, thy-
roid hormones, purine bases. and nucleosides (Tsuji and Tamai, 1999; Kusuhara and
Sugiyama. 2001). The efflux transporter P-glycoprotein (P-gp) is a key element of
the molecular machinery that conlers special permeability properties on the BBB.
P-gp. which was initially recognized [or its ability (o excrele anticancer drugs from
multidrug-resistant cancer cells, is strongly expressed in brain capillaries. 1ts expres-
sion in the BBB limits the accumulation of many hydrophobic molecules and poten-
tially toxic substances in the brain.

Nitric oxide (NQ) is a transient product of inflammatory processes, generated
from L-arginine by the enzyme NO synthase (NOS). NO appears to be involved in
numerous vital cellular functions including neurotransmission, blood-pressure con-
trol, and the regulation of vascular tone. The basal production of NO appears (o be
required for biological regulation, and yet an excess of this same molecule can be
cylotoxic to organism. But the molecular mechanisms mediating NO-induced tissue
injury and breakdown of the BBB are not completely understood.

In the present study, to clarify the role of NO in the dynamic regulation of
the BBB, we examined eflects of NO on the function of tight junctions and P-gp
in mouse brain capillary endothelial (MBEC4) cells. MBEC4 cells show the highly
specialized characteristics of brain microvascular endothelial cells including P-gp
expression (Tatsuta ef al., 1992, 1994).

MATERIALS AND METHODS

A saturated NO solution (typically containing approximately 1.4 mM NO) was
prepared according (o lkesue et al. (2000). Deionized water (2 mL) was bubbled with
argon [or 20 min to remove oxygen. Then, the solution was bubbled with pure NO
gas for 20 min and keptin a glass flask with a rubber septum under a NO atmosphere
prior to use.

MBEC4 cells, which were isolated from BALB/c mouse 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) supplemented with 10% fetal bovine serum, 100 units/mL of
penicillin, and 100 pxg/mL of streptomycin. They were grown in 2.5-cm?® dish, 12-
well Transwells (Costar, MA) and 24-well plates in a humidified atmosphere of 5%
C0O5/95% air at 37°C.

Direct and continuous electrochemical measurement of NO was performed
with a three-electrode potentiostatic EMS-100 system (BIO-LOGIC, Grenoble,
France), as previously described (lkesue ef al., 2000; Trevin ef al., 1998). In brief,
confluent MBEC4 cells in a 2.5-cm? dish were washed three times with Krebs~
Ringer solution (143.0 mM Na(Cl, 4.7 mM K(l, 2.5 mM CaCl,, 1.0 mM NaH,POQq,
and 11.0 mM D-glucose, pH 7.4). The dish was placed on the stage of an inverted mi-
croscope (ECLIPSE TE300, Nikon. Tokyo, Japan) mounted with an NO monitoring
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system. The NO-biosensor (ASTEC, Fukuoka, Japan) was positioned about 10 um
above the cell surface. Ten minutes after (reatment with 1-mM L-arginine (Sigma,
St. Louis, MO), histamine (Wako, Osaka. Japan) in a volume of 10 ;L was added (o
the cells in 1 mL of Krebs-Ringer solution with a (ransient mixing step to give the
final concentration indicated. The level of production of NO in MBEC4 cells was
monitored for a 15-min period alter the addition of histamine.

MBEC4 cells (42,000 cells/em?) were cultured on the collagen-coated polycar-
bonate membrane of the Transwell insert (3.0-um pore size, 12-well type). After
3 days, they were washed three (imes with serum-free medium. Cells were exposed
o 5 or 10 uL of NO solution (final concentration, 14 and 28 uM, respectively) in-
jected in(o the inside of the insert (luminal side) every 10 min during a 30-min pe-
riod. To initiate the transport experiments, (he medium was removed, and cells were
washed three times with Krebs—Ringer buffer (118 mM NacCl, 4.7 mM KCl, 1.3 mM
CaCly, 1.2 mM MgCl,, 1.0 mM NaH;POs, 25 mM NaHCOj3, and 11 mM D-glucose,
pH 7.4). Krebs-Ringer buffer (1.5 mL) was added to the outside of the insert (ablu-
minal side). Krebs—Ringer buffer (0.5 mL) containing 100 pg/mL of sodium fluores-
cein (Na-F; Sigma) 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 were imme-
diately replaced with fresh Krebs-Ringer buffer. Aliquots (5 uL) from the ablumi-
nal chamber samples were mixed with 200 uL of Krebs-Ringer buffer, and then
the concentration of Na-F was determined using a multiwell fluorometer (Ey(2)
485 nm; Ey(A) 530 nm; CytoFluor Series 4000, PerSeptive Biosystems, Framing-
ham, MA). The permeability coefficient and clearance were calculated according
to the method described by Dehouck er al. (1992). Clearance was expressed as mi-
croliters of tracer diffusing from the luminal to abluminal chamber and was cal-
culated from the initial concentration of tracer in the Juminal chamber and final
concentration in the abluminal chamber: Clearance (uL) = [C]a x Va/[C]L where
[CIL is the initial luminal tracer concentration, [C)4 is the abluminal tracer concen-
tration, and V4 1s the volume of the abluminal chamber. During a 60-min period
of the experiment, the clearance volume increased linearly with time. The aver-
age volume cleared was plotled versus time, and the slope was estimated by linear
regression analysis. The slope of clearance curves for the MBEC4 monolayer was
denoted by PS,pp, where PS is the permeability-surface area product (in microliters
per minute). The slope of the clearance curve with a control membrane was denoted
by PSimembrane. The real PS value for the MBEC4 monolayer (PSans) Was calculated
from 1/PSupp = UPSpembrane + 1/PSyjans. The PSyyu values were divided by the sur-
face area of the Transwell inserts to generate the permeability coefficient (P, in
centimeters per minute). '

The functional activity of P-gp was determined by measuring the cellular ac-
cumulation of thodamine 123 (Sigma) according to the method of Fontaine ef al.
(1996). MBEC4 cells (21,000 cells/em?®) were cultured on collagen-coated 24-well
plates. Three days after seeding, they were washed three times with serum-free
medium and then exposed to 14-28 uM of NO solution every 10 min during a 30-
min period. The medium was removed, and the cells were washed three times with
assay bufler (143 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM MgCl;, 1.0 mM
NaH;P’O4, 10 mM HEPES, and 11 mM D-glucose. pH 7.4). The cells were incubated

435



