
RESEARCH ARTICLE

Adverse Effect of Cyclosporin A on Barrier Functions
of Cerebral Microvascular Endothelial Cells
After Hypoxia-reoxygenation Damage In Vitro

Shinya Dohgu Æ Tsuyoshi Nishioku Æ Noriko Sumi Æ
Fuyuko Takata Æ Shinsuke Nakagawa Æ Mikihiko Naito Æ
Takashi Tsuruo Æ Atsushi Yamauchi Æ Hideki Shuto Æ
Yasufumi Kataoka

Received: 11 June 2007 / Accepted: 28 August 2007 / Published online: 13 October 2007
� Springer Science+Business Media, LLC 2007

Abstract Hypoxia and post-hypoxic reoxygenation induces disruption of the blood–brain

barrier (BBB). Alterations of the BBB function after hypoxia/reoxygenation (H/R) injury

remain unclear. Cyclosporin A (CsA), a potent immunosuppressant, induces neurotoxic effects

by entering the brain, although the transport of CsA across the BBB is restricted by P-

glycoprotein (P-gp), a multidrug efflux pump, and tight junctions of the brain capillary

endothelial cells. The aim of this study was to evaluate whether the BBB after H/R damage is

vulnerable to CsA-induced BBB dysfunction. We attempted to establish a pathophysiological

BBB model with immortalized mouse brain capillary endothelial (MBEC4) cells. The effects

of CsA on permeability and P-gp activity of the MBEC4 cells were then examined. Exposure

to hypoxia for 4 h and reoxygenation for 1 h (H/R (4 h/1 h)) produced a significant decrease in

P-gp function of MBEC4 cells, without changing cell viability and permeability for sodium

fluorescein and Evan’s blue-albumin at 7 days after H/R (4 h/1 h). CsA-induced hyperper-

meability and P-gp dysfunction in MBEC4 monolayers at 7 days after H/R (4 h/1 h) were

exacerbated. The possibility that CsA penetrates the BBB with incomplete functions in the

vicinity of cerebral infarcts to induce neurotoxicity has to be considered.
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Introduction

Cyclosporin A (CsA) is widely used in organ transplantation. The immunosuppressant action

of CsA is very effective, but CsA induces adverse neurologic effects in many patients (Giji-

tenbeek et al. 1999; Serkova et al. 2004). CsA neurotoxicity, including tremor, seizure,

cortical blindness, and encephalopathy, is frequent in patients with high blood drug levels,

although within the therapeutic range. CsA appears to produce convulsions by inhibiting c-

aminobutyric acid (GABA)-ergic neural activity, and the binding properties of the GABAA

receptor (Shuto et al. 1999). Inhibition of GABAergic neurotransmission by CsA may lead to

the activation of serotonergic neural activity, and consequently produce tremors (Shuto et al.

1998). The transport of CsA across the blood–brain barrier (BBB) is restricted by P-glyco-

protein (P-gp), a multidrug efflux pump, and the tight junctions of the brain capillary

endothelial cells. We previously reported that CsA inhibits the function and expression of P-

gp, and increases brain endothelial permeability (Dohgu et al. 2000, 2004; Kochi et al. 1999;

Takata et al. 2007). While this could be the mechanism by which CsA produce encephalop-

athy, it remains unclear what determines vulnerability to CsA neurotoxicity among different

groups of patients.

Changes in BBB function have been described in several disorders, including hypertension,

stroke, human immunodeficiency virus encephalitis, Alzheimer’s disease, multiple sclerosis,

and virus infection (Hawkins and Davis 2005; Huber et al. 2001). There is clinical evidence

suggesting that CsA neurotoxicity is associated with hypocholesterolemia (de Groen et al.

1987), hypomagnesia (Thompson et al. 1984), advanced liver failure, and hypertension (Erer

et al. 1996). CsA-induced pathological changes observed using magnetic resonance imaging

appear to be similar to hypoxic injury-related signs (Jansen et al. 1996). Patients with CsA

neurotoxicity show abnormal images such as cerebral infarcts on computed tomography

scanning (Hauben 1996).

In in vivo models, cerebral ischemia and reperfusion markedly increase permeability of the

brain microvasculature, leading to the development of vasogenic edema (Dimitrijevic et al.

2007; Lenzser et al. 2005). Post-ischemic reperfusion in vivo is a significant determinant of

pathological events. In in vitro BBB models, hypoxia and/or post-hypoxic reoxygenation

stresses also produce hyperpermeability of brain endothelial cells (Nishioku et al. 2007;

Utepbergenov et al. 1998, Hayashi et al. 2004). Post-hypoxic reoxygenation is considered to

have two phases (acute and chronic). Hypoxia-increased BBB permeability in vitro is slightly

reduced in the acute phase (2 h) of post-hypoxic reoxygenation (Mark and Davis 2002). BBB

functional alterations in the chronic phase of post-hypoxic reoxygenation have not been fully

evaluated. Among patients with ischemic infarction, technetium-labeled diethylenetriamine

penta-acetic acid can penetrate the BBB (Gumerlock 1989), suggesting that patients previously

suffering from stroke or transient ischemic attack show partially damaged function of the BBB.

Recently, we demonstrated that CsA aggravates electric shock-induced convulsions in mice

with cerebral infarction (Yamauchi et al. 2005). Considering these results together, we

hypothesized that CsA transport into the brain might be increased due to the incomplete

recovery of the BBB from ischemia and post-ischemic injury.
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In the present study, we attempted to establish a pathophysiological BBB model in the

chronic stage of post-hypoxic reoxygenation using immortalized mouse brain capillary

endothelial (MBEC4) cells, and then to investigate the effects of CsA on the BBB after

hypoxia and reoxygenation (H/R) treatment.

Materials and Methods

Cell Culture

MBEC4 cells, which were isolated from BALB/c mouse brain cortex and immortalized by

SV40 transformation (Tatsuta et al. 1992), were cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum

(FBS), 100 U/ml penicillin, and 100 lg/ml streptomycin at 37�C, with a humidified atmo-

sphere of 5% CO2/95% air. They were seeded on collagen-coated 12-well Transwell inserts

(3.0 lm pore size; Corning, Acton, MA, USA), and 24-well culture plates (Corning) at a

density of 42,000 and 21,000 cells/cm2, respectively. The cultures were used for experiments

after they reached confluence (3 days).

Establishment of a Pathophysiological BBB Model After H/R Treatment

To induce hypoxic conditions, confluent monolayers of MBEC4 cells were washed three times

with PBS. They were exposed to hypoxia and aglycemia by adding D-glucose-free Krebs–

Ringer buffer (143 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl2, 1.2 mM MgCl2, 1.0 mM

NaH2PO4, 10 mM HEPES, and 11 mM sucrose, pH 7.4) in a humidified atmosphere of 5%

CO2/94% N2/1% O2 at 37�C, using a multi-gas incubator chamber (APM-30D; Astec, Fukuoka,

Japan). D-Glucose-free Krebs–Ringer buffer was bubbled with argon for 20 min to remove

dissolved oxygen in the buffer prior to use. The atmospheric oxygen reached 1% in the incu-

bator chamber at 1 h after the onset of nitrogen injection. We defined this hypoxia + aglycemia

treatment as ‘hypoxic conditions’. For controls, cultures were exposed to normoxic conditions

by adding normal Krebs–Ringer buffer (143 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl2, 1.2 mM

MgCl2, 1.0 mM NaH2PO4, 10 mM HEPES, and 11 mM D-glucose, pH 7.4) in a humidified

atmosphere of 5% CO2/95% air at 37�C, for the same length of time as for hypoxic conditions.

At the end of the hypoxia period, buffer was removed and pO2 levels were measured with the

IRMA blood gas analyzer (Diametrics, St. Paul, MN, USA). Reoxygenation was initiated by

adding serum-free DMEM. The cells were incubated in a humidified atmosphere of 5% CO2/

95% air at 37�C for 1–24 h. After H/R treatment, cells were cultured in DMEM containing 10%

FBS to recover MBEC4 monolayers from induced damage. They were incubated in a humid-

ified atmosphere of 5% CO2/95% air at 37�C for 1–7 days, and culture medium was replaced

every other day. We defined this treatment as ‘recovery conditions’.

When the effects of CsA on the function of MBEC4 cells were examined, CsA (kindly

supplied by Novartis Pharma, Basel, Switzerland) was first dissolved in ethanol, and diluted

with serum-free DMEM (0.1% final ethanol concentration). MBEC4 cells were washed three

times with serum-free DMEM, and then exposed to CsA for 12 h.

Transcellular Transport of Sodium Fluorescein (Na-F) and Evan’s Blue-albumin (EBA)

MBEC4 monolayer permeability was evaluated using two permeability markers, Na-F (MW

376) and EBA (MW 67,000). To initiate the transport experiments, the medium was removed,
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and MBEC4 cells were washed three times with assay buffer (118 mM NaCl, 4.7 mM KCl,

1.3 mM CaCl2, 1.2 mM MgCl2, 1.0 mM NaH2PO4, 25 mM NaHCO3, and 11 mM D-glucose,

pH 7.4). This buffer (1.5 ml) was added to the outside of the insert (abluminal side). Assay

buffer (0.5 ml) containing 100 lg/ml Na-F (Sigma, St. Louis, MO, USA) and 4% bovine

serum albumin (Sigma) mixed with 0.67 mg/ml Evan’s blue dye (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 buffer. Aliquots (5 ll) of the

abluminal medium were mixed with 200 ll assay buffer, and then the concentration of Na-F

was determined with a CytoFluor Series 4000 fluorescence multiwell plate reader (PerSeptive

Biosystems, Framingham, MA, USA) using a fluorescent filter pair [Ex(k) 485 ± 10 nm;

Em(k) 530 ± 12.5 nm]. The EBA concentration in the abluminal chamber was measured by

determining the absorbance of aliquots (150 ll) at 630 nm with a microplate reader (Opsys

MR, DYNEX Technologies, Chantilly, VA, USA). The permeability coefficient and clearance

were calculated according to the method described by Dehouck et al. (1992). Clearance was

expressed as microliters of tracer diffusing from the luminal to abluminal chamber, and was

calculated from the initial concentration of tracer in the luminal chamber and final concen-

tration in the abluminal chamber: Clearance (ll) = [C]A · VA/[C]L, where [C]L is the initial

luminal tracer concentration, [C]A is the abluminal tracer concentration, and VA is the volume

of the abluminal chamber. During a 2-h period, 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 systems

was denoted by PSapp, where PS is the permeability · surface area product (in ll/min). The

slope of the clearance curve with a control membrane was denoted by PSmembrane. The real PS

value for the MBEC4 monolayer system (PStrans) was calculated from 1/PSapp = 1/PSmem-

brane + 1/PStrans. The PStrans values were divided by the surface area of the Transwell inserts

(1 cm2) to generate the permeability coefficient (Ptrans, in cm/min).

Functional Activity of P-gp

The functional activity of P-gp was determined by measuring cellular accumulation of rho-

damine 123 (Sigma) according to the method of Fontaine et al. (1996). MBEC4 cells were

washed three times with Krebs–Ringer buffer. MBEC4 cells were incubated with 0.5 ml

Krebs–Ringer buffer containing 5 lM rhodamine 123 for 60 min. The solution was removed,

and cells were washed three times with ice-cold PBS and solubilized in 1 M NaOH (0.2 ml).

Aliquots (5 ll) of the cell solution were removed for measurement of cellular protein, using a

Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). The remaining solution

was neutralized with 1 M HCl, and the rhodamine 123 content was determined with the

CytoFluor Series 4000 using a fluorescent filter pair [Ex(k) 485 ± 10 nm; Em(k)

530 ± 12.5 nm].

Assessment of Cell Viability

The effect of hypoxia/reoxygenation injury on the viability of cells in the MBEC4

monolayer was assessed using a WST-8 assay (Cell Counting Kit-8; DOJINDO, Kumamoto,

Japan). A highly water-soluble formazan dye (WST-8), reduced by mitochondrial dehy-

drogenase, was measured by determining the absorbance of each sample with a 450 nm test

wavelength and a 700 nm reference wavelength, using a microplate reader (Opsys MR;

DYNEX Technologies).
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Statistical Analysis

Values are expressed as the mean ± SEM Statistical analysis was performed using Student’s t
test to compare two groups. One and two way analysis of variance (ANOVA) followed by

Tukey–Kramer’s test were used for multiple comparisons. The differences between means

were considered to be significant at P \ 0.05.

Results

Pathophysiological BBB Model with MBEC4 Cells Exposed to H/R (4 h/1–24 h)

Reoxygenation (1, 3, 6, 12, and 24 h) after 4 h hypoxia significantly increased (6.8–18.6-fold)

the permeability coefficients of MBEC4 cells for Na-F and EBA, compared with those for

control normoxic conditions (data not shown). For the permeability to Na-F and EBA, two-

way ANOVA showed significant effects for the factor condition (normoxia and hypoxia) [Na-

F, F(1, 67) = 72.42, P \ 0.001; EBA, F(1, 67) = 72.33, P \ 0.001], but not reoxygenation

time and interaction (condition · reoxygenation time). Then, a 1 h period of reoxygenation

was employed in the following experiments. As shown in Fig. 1 (panel A inset), viability of

MBEC4 cells was slightly decreased to 95% of the controls just after exposure to 4 h hypoxia

followed by 1 h reoxygenation (H/R (4 h/1 h)) (day 0), and recovered to the control levels

after 1 day. However, two-way ANOVA showed no significant effects for the factor condition

(control and H/R), recovery time, and interaction (condition · recovery time). Just after

exposure to normal Krebs–Ringer buffer and DMEM without FBS for 5 h (4 + 1 h) (day 0),

the control MBEC4 monolayers showed about 6- to 8-fold increase in Na-F and EBA per-

meability, respectively, compared with those at 1–7 days after H/R (Fig. 1). These increased

permeabilities recovered to normal levels after MBEC4 cells were incubated with DMEM

containing 10% FBS for 1 day. The increased permeability coefficients of Na-F and EBA just

after H/R treatment were gradually reduced to control levels within days after H/R treatment

(Fig. 1). In the control MBEC4 monolayers, Na-F and EBA permeability reached the plateau

phase much earlier than for MBEC4 monolayers with H/R-induced damage (Fig. 1). For Na-F

and EBA permeability, two-way ANOVA showed significant effects for the factor condition

[Na-F, F(1, 112) = 42.48, P \ 0.0001; EBA, F(1, 112) = 53.04, P \ 0.0001], recovery time

[Na-F, F(4, 112) = 40.57, P \ 0.0001; EBA, F(4, 112) = 47.71, P \ 0.0001], and interaction

[Na-F, F(4, 112) = 16.00, P \ 0.0001; EBA, F(4, 112) = 22.14, P \ 0.0001]. At 7 days after

H/R (4 h/1 h), the permeability coefficients of Na-F in MBEC4 monolayers returned to control

levels (1.77 ± 0.25 · 10–4 cm/min for control and 2.08 ± 0.22 · 10–4 cm/min for the H/R

group in Fig. 1A). Similarly, those of EBA were recovered from H/R damage after 7 days

(1.02 ± 0.19 · 10–4 cm/min for control and 1.19 ± 0.16 · 10–4 cm/min for H/R group in

Fig. 1B). The recovery period of H/R-damaged MBEC4 cells was determined as 7 days.

Functional Activity of P-gp in MBEC4 Monolayers After H/R Treatment

Intracellular accumulation of rhodamine 123 was significantly increased by 21.9% in MBEC4

monolayers at 7 days after H/R (4 h/1 h) compared to controls (P \ 0.01) (Fig. 2).
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Effects of CsA on BBB Function of MBEC4 Monolayers After H/R Treatment

At 7 days after control or H/R (4 h /1 h) treatment, MBEC4 monolayers were exposed to

5 lM CsA for 12 h. CsA significantly increased the permeability coefficients of Na-F and

EBA to 107.8 ± 1.2% and 111.8 ± 1.5% of vehicle, respectively, in the control MBEC4

Fig. 1 Time course of Na-F (A) and
EBA (B) permeability in MBEC4
monolayers after exposure to H/R
(4 h/1 h). Permeability studies were
performed at 0, 1, 3, 5, and 7 days
after H/R (4 h/1 h). Values are
means ± SEM (n = 11–15).
*P \ 0.05, **P \ 0.01, significantly
different from controls. The inset in
panel A shows the time course of cell
viability in MBEC4 monolayers after
H/R (4 h/1 h). Results are expressed
as percentage of cell viability in the
control monolayer. Values are
means ± SEM (n = 9–15)

Fig. 2 Rhodamine 123 accumulation
in MBEC4 cells after H/R damage. P-
gp function was evaluated at 7 days
after H/R (4 h/1 h). Results are
expressed as percentage of controls
(0.67 ± 0.18 nmol/mg protein).
Protein concentrations of the control
and H/R-treated MBEC4 cells were
0.34 ± 0.02 mg and 0.30 ± 0.02 mg,
respectively. Values are
means ± SEM (n = 12). **P \ 0.01,
significantly different from control
MBEC4 cells
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monolayers, and 114.4 ± 1.1% and 124.4 ± 1.5% of vehicle, respectively, in the recovered

MBEC4 monolayers after H/R treatment (Fig. 3). In the H/R-treated MBEC4 monolayers,

CsA-induced hyperpermeability of Na-F and EBA was exacerbated. For Na-F and EBA

permeability, two-way ANOVA showed significant effects for the factor condition (control

and H/R-treated cells) [Na-F, F(1, 43) = 5.87, P \ 0.05; EBA, F(1, 43) = 18.69, P \ 0.0001],

treatment (vehicle and CsA) [Na-F, F(1, 43) = 65.63, P \ 0.0001; EBA, F(1, 43) = 154.22,

P \ 0.0001], and interaction (condition · treatment) [Na-F, F(1, 43) = 5.87, P \ 0.05; EBA,

F(1, 43) = 18.69, P \ 0.0001]. Tukey–Kramer post hoc tests indicated that CsA significantly

increased permeability of the H/R-treated MBEC4 monolayers to Na-F (P \ 0.01) and EBA

(P \ 0.01), compared with that of control monolayers.

As shown in Fig. 4, the cellular accumulation of rhodamine 123 was significantly increased

in the H/R-treated MBEC4 monolayers after an exposure to CsA (2 and 5 lM) for 12 h. Two-

way ANOVA showed significant effects for the factor condition (control and H/R-treated cells)

[F(1, 88) = 17.98, P \ 0.0001], treatment (vehicle, 2 and 5 lM of CsA) [F(2, 88) = 8.42,

P \ 0.001], and interaction [F(2, 88) = 4.50, P \ 0.05]. Tukey–Kramer post hoc tests indi-

cated that CsA at 2 (P \ 0.01) and 5 lM (P \ 0.01) significantly increased the intracellular

accumulation of rhodamine 123 in the recovered MBEC4 monolayers after H/R treatment,

compared with that in control monolayers.

Fig. 3 Effects of CsA on Na-F (A)
and EBA (B) permeability in MBEC4
monolayers after H/R damage.
MBEC4 cells were cultured with
normal medium for 7 days after H/R
(4 h/1 h). Permeability studies were
performed after exposure to CsA
(5 lM) for 12 h. Permeability
coefficients of Na-F in each vehicle-
treated group were 1.91 ± 0.10 · 10–

4 and 1.94 ± 0.11 · 10–4 cm/min for
control and H/R-treated MBEC4
cells, respectively. Permeability
coefficients of EBA for each
corresponding vehicle-treated group
were 0.50 ± 0.03 · 10–4 and
0.52 ± 0.04 · 10–4 cm/min for
control and H/R-treated MBEC4
cells, respectively. Results are
expressed as percentage of each
corresponding vehicle-treated group.
Values are means ± SEM (n = 11–
12). **P \ 0.01, significantly
different from each corresponding
vehicle group. (##P \ 0.01;
significant difference between control
and H/R-treated MBEC4 cells, when
exposed to CsA
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Discussion

The first aim of the present study was to establish a pathophysiological BBB model by

exposing MBEC4 cells to three consecutive conditions: (1) hypoxia (glucose-free Krebs–

Ringer buffer, 5% CO2/94% N2/1% O2); (2) reoxygenation (serum-free DMEM, 5% CO2/95%

air); and (3) recovery (10% FBS/DMEM, 5% CO2/95% air). Hypoxic conditions here included

glucose deprivation, which is known to accelerate hypoxic injury and BBB disruption (Ab-

bruscato and Davis 1999; Brillault et al. 2002). The serum-free medium was employed for

reoxygenation conditions to exclude the effects of serum during reoxygenation. The exposure

times to hypoxia and reoxygenation were determined as 4 and 1 h, respectively, to produce

damage and/or dysfunction of the MBEC4 cells. The damaged cells were then cultured for

7 days with the medium containing 10% FBS under normal conditions until cell viability and

permeability of Na-F and EBA were recovered.

In vitro studies have demonstrated that hypoxia followed by reoxygenation increases

endothelial cell permeability (Nishioku et al. 2007; Utepbergenov et al. 1998), while there is

evidence that post-hypoxic reperfusion attenuates hypoxia-increased BBB permeability (Fle-

egal et al. 2005; Mark and Davis 2002). Transient and moderate brain ischemia increases BBB

permeability during H/R, this phenomenon being recovered after ischemia (Dobbin et al.

1989). In the present study, H/R-induced hyperpermeability of MBEC4 cells to Na-F and EBA

was gradually attenuated by culturing with normal medium, reaching control levels at 7 days

after H/R (Fig. 1). The viability of MBEC4 cells with H/R damage was slightly reduced just

after H/R and returned to control levels at 1 day after H/R (Fig. 1). These results suggest that

Fig. 4 Effect of CsA on rhodamine 123 accumulation in MBEC4 cells after H/R damage. MBEC4 cells were
cultured with normal medium for 7 days after H/R (4 h/1 h). P-gp function was evaluated after exposure to CsA
(2 and 5 lM) for 12 h. Results are expressed as percentage of each corresponding vehicle (control MBEC4 cells,
2.72 ± 0.38 nmol/mg protein and H/R-treated MBEC4 cells, 2.41 ± 0.34 nmol/mg protein). Protein concentra-
tions of the control MBEC4 cells after treatment with vehicle, CsA 2 lM and 5 lM were 0.05 ± 0.01 mg,
0.07 ± 0.01 mg, and 0.07 ± 0.01 mg, respectively. Protein concentrations of the H/R treated MBEC4 cells after
treatment with vehicle, CsA 2 lM and 5 lM were 0.07 ± 0.01 mg, 0.07 ± 0.01 mg, and 0.06 ± 0.01 mg,
respectively. Values are means ± SEM (n = 14–16). *P \ 0.05, **P \ 0.01, significant difference from each
corresponding vehicle. (##P \ 0.01; significant difference between control and H/R-treated MBEC4 cells, when
exposed to CsA (2 lM). ��P \ 0.01; significant difference between control and H/R-treated MBEC4 cells when
exposed to CsA (5 lM)
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H/R-induced hyperpermeability to Na-F and EBA is not due to cytotoxicity. This hyperper-

meability may be interpreted as occurring due to alterations in the expression and localization

of tight junction-associated proteins (Mark and Davis 2002), and/or increases in the albumin

transport pathway (transcellular route) (Plateel et al. 1997).

We designed this study to determine whether endothelial cells after H/R damage work as a

barrier, in a manner similar to the normal BBB, against infiltration of CsA which is transported

from the brain to the blood by P-gp (Tsuji et al. 1993). At 7 days after H/R, accumulation of

rhodamine 123, a P-gp substrate, in the recovered MBEC4 cells was significantly increased

(Fig. 2). This result indicated that the function of P-gp in recovered endothelial cells after H/R

damage is lowered, but paracellular (Na-F) and transcellular (EBA) permeability is not. P-gp

expression in brain capillaries temporally disappears after focal ischemia (Samoto et al. 1994).

Reactive oxygen species generated during reoxygenation may be attributed to this decreased P-

gp expression (Wachtel et al. 2002; Wartenberg et al. 2001). Considering these results toge-

ther, it is conceivable that the BBB after H/R damage allows CsA to enter the brain through a

transcellular pathway.

We evaluated the effects of CsA on the permeability and P-gp function in H/R-treated

MBEC4 monolayers. CsA increased Na-F and EBA permeability, with this effect in the H/R-

treated monolayers being more apparent than in the control monolayers (Fig. 3). In addition,

CsA markedly increased accumulation of rhodamine 123 in H/R-treated MBEC4 cells (Fig. 4).

These results indicate that the BBB after H/R damage is more vulnerable to CsA than is the

normal BBB. Our previous findings showed that CsA disrupts the BBB function by stimulating

nitric oxide (NO) formation in brain endothelial cells and astrocytes, and by inhibiting

transforming growth factor (TGF)-b1 in brain pericytes (Dohgu et al. 2004; Yamauchi et al.

2007; Takata et al. 2007). One possible mechanism by which CsA can induce NO production

is by the inhibition of calcineurin due to CsA binding to cyclophilin, a cytosolic protein

(Ikesue et al. 2000). Therefore, vulnerability of the BBB to CsA after H/R damage may be

attributed to the sequential aggravating pathway: (1) lowered P-gp activity of the recovered

brain endothelial cells after H/R damage; (2) increased intracellular CsA in the brain endo-

thelial cells, astrocytes, and pericytes; (3) increased NO and decreased TGF-b1 production,

and (4) aggravation of the lowered barrier function of the BBB.

In the present study, these data indicated that P-gp functional activity was decreased and

CsA-induced BBB dysfunction aggravated in the BBB after H/R damage. Therefore, infil-

tration of CsA into the brain may be increased in patients, who have previously suffered from

stroke or a transient ischemic attack. Lacunar infarction, which is caused by the occlusion of

small cerebral arteries, is presumed to be clinically silent in many cases. Patients with lacunar

stroke often have lesions in the white matter (Wardlaw et al. 2003), in which CsA frequently

induces neuroimaging abnormalities (Gijitenbeek et al. 1999). Taken together with these

findings, the present study suggests that clinically silent brain infarcts may be included in the

risk factors for CsA neurotoxicity.
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