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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
experiments. 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-pl. TGF-g1
and the TGF-B1 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/m] BSA as the
vehicle.

2.9, Statistical analysis

Values are expressed as the mean 3 SEM. Statistical
analysis was performed using Student’s ¢ 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-81 mRNA in rat pericytes

After MBEC4 cells were cultured for 3 days, the basal
permeability and P-gp efflux pump of MBEC4 cells were
evalpated 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 thodamine 123 in MBEC4 cells significantly decreased
by 17.8 and 7.8% in the opposite and bottom coculture
maodels relative to the MBEC4 monolayer, respectively
(Fig. 1B).

To cbtain molecular evidence for the expression of TGF-
1 in rat pericytes, RT-PCR was carried out with a primer
pair specific for rat TGF-Bl (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-81.
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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 cocfficients of Na-F. Results are expressed relative
(%) to the value for the MBEC4 monolayer (2.7 + 0.20 x 107 em/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 < 0.01, significant difference from
MBEC4 monolayer.

3.2, Effect of the inhibition of TGF-§1 signaling on BBB
Junctions in the MBEC4 monolayer and rat pericyte
opposite coculture

As shown in Fig. 3, exposure to 2nti-TGF-1 antibody for
12 h inhibited the pericyte-induced enhancement of endo-
thelial barrier and P-gp function in rat pericyte cocultures,
whereas anti-TGF-B1 antibody had no significant effect on
BBB functions in the MBEC4 monolayer. In the coculture
models, anti-TGF-B1 antibody (10 ug/ml) increased the
permeability coefficient of Na-F for MBEC4 cells from
86.7 £ 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 10 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), treatment (vehicle and antibody) [ F({1,
25} = 8.25, P < 0.0]] and interaction (culture systern 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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Fig. 2. TGF-P] mRNA expression in rat pericytes detected by RT-PCR
analysis. RNA samples from ral pericytes were used for RT-PCR with
primer pairs specific for rat TGF-R1 and GAPDH.

significant effects for culture system [F(1, 18)=14.88, P <
0.005] and interaction [ £(1, 18) = 11.97, P < 0.005}, but not
for treatment. Tukey—Kramer post boc tests indicated that
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Fig. 3. Effect of anti-TGF-p1 antibody on MBEC4 permeability (A) and P-
¢p function of MBECH cells (B) in the MBECY monolayer and rat pericyte
coculture systems. Experiments were performed zRer 12 h of exposure to
anti-TGF-81 antibody (TGF-B1 Ab; 10 pg/mi). (A) MBEC4 permeability
coefScients of Na-F. Results are expressed as 2 percentage of the control
(vehicle-treated MBEC4 monolayers) value (3.85 £ 0.1 x 107 envimin).
Values are the means + SEM (n = 6-11). **P < 0.01. (B) Rhodamine 123
accumulation in MBECH4 cells. Results are expressed as a percentage of the
control value (2.46 + 0.08 nmolimg protein). Valucs are the mean + SEM
(n=3-7).*F <005 **P <001
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ant-TGF-R1 antibody significantly increased the perme-
ability to Na-F (P < 0.01} and the accumulation of
rhodamine 123 in MBEC4 cells (P < (.05) in the coculture
system, but not in the monclayer (Fig. 3).

A 12-h exposure to SB431542 (10 uM) significantly
increased the permeability from 73.8 £ 3.4 t0 87.6 + 3.9%
and moderately elevated the accumulation of rhodamine 123
in MBEC4 cells from 79.0 + 84 to 91.7 & 11.6% of the
control value in the opposite coculture system (Fig. 4). For
permeability to Na-F (Fig. 4A), a two-way ANOVA showed
significant effects for the factors culre system [F(1, 21} =
90.10, P < 0.0001), treatment [ F(1, 21) = 14.21, P < 0.005]
and interaction [F(I, 21) = 6.73, P < 0.05]. For the
accumulation of rhodamine 123 (Fig. 4B), a two-wey
ANOVA showed significant effects for culture system
[F(1, 32) = 13.18, P < 0.001] and interaction [ F(l, 32) =
4.16, P < 0.05], but not for treatment. Tukey—Kramer post
hoe tests indicated that SB431542 significantly increased
the permeability to Na-F (P < 0.01) in the coculture system,
but not in the MBEC4 monolayer. '
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3.3. Effect of TGF-f8 type I receptor antagonist on
TGF-fl-induced enhancement of BEB functfons
in MBEC4 monolayer

To determine whether the site of treatment had an effect
on the permeability of MBEC4 cells, TGF-B1 (10 ng/mi)
was applied to the luminal or abluminal side of the MBEC4
monolayer, A 12-h exposure to TGF-R1, when injected into
either the Juminal or abluminal side, produced significant
decreases with the same change in permezbility to Na-F
{35.7 and 36.6%, respectively) (Fig. 5). Then, TGF-R1 and
the TGF-R1 receptor antagonist were applied to the luminal
compartment of the MBEC4 monolayer.

The TGF-B1 antagonist SB431542 (10 uM) zlone had no
effect on the permeability to Na-F and the accumulation of
rhodamine 123 in the MBEC4 monolayer. TGF-B1 (1 ng/
ml) significantly decreased the permeability (P < 0.01 vs.
vehicle) and accumulation of thodamine 123 in MBEC4
cells (P < 0.01 vs. vehicle). SB431542 (10 pM) completely
blocked the TGF-Bl-induced decreases in permeability
(1065 £ 2.2% of vehicle, P < 0.01 vs. TGF-p1) and
accumulation of rhodamine 123 (107.4 + 4.0% of vehicle,
P < 0.01 vs. TGF-R1) (Fig. 6).

4. Discussion

The present study demonstrated that pericytes positively
retain BBB functioning through contact with brain endo-
thelial cells and a soluble factor secreted from pericytes. We
made three in vitre BBB models; the MBEC4 mionolayer,
rat pericyte coculture (bottorn) and rat pericyte coculture
(opposite) (Fig. 1). The pericyte-released substances are
permitted to interact with brain endothelial cells through the
pores of the insert (0.4 pm pore size) in the bottom coculture
model. The opposite coculture model produces a partial
contact effect in addition to the soluble factor from
pericytes. In the presence of rat pericytes, the permeability
to Na-F and the accumulation of rhodamine 123 in MBEC4
cells were markedly decreased (Fig. 1). A positive role for
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enhanced tightening of' paracellular junctions (A) and P-gp function of
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pericytes in the expression and maintenance of endothelial
tight junctions has been documented [13,15], although there
are few reports concemning pericyte-enhanced P-gp function.
Pericytes in the opposite coculture system apparently
enhznced BBB properties compared to those in the bottom
coculture model (Fig. 1). These findings suggest that
pericytes participate in tightening the intercellular junctions
and facilitating P-gp function in brain endothelial cells
through the production of soluble factors and cell-to-cell
contact. Therefore, we employed the opposite coculture
model to investigate effects of the inhibition of TGF-pl
signaling on BBB functions in rat pericyte cocultures.

The anti-TGF-B1 antibody and TGF-R1 receptor antag-
onist (SB431542) were used here at the maximal concen-
tration having no significant effect on BBE functions in the
MBEC4 monolayer. Anti-TGF-B] antibedy reversed the
decrease in permeability to Na-F and in the accumulation of
thedamine 123 in the rat pericyte coculture to the
corresponding levels in the MBEC4 monolayer (Fig. 3).
TGF-B1 receptor antagonist (SB431542) inhibited pericyte-
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induced decreases in the permeability to Na-F and the
accumulation of rhodamine 123 in MBEC4 cells by 50~
60% (Fig. 4). A longer peried of exposure than 12 h and/or
an injection before 3 days may need to be tested. The

present results suggest that the pericyte-induced enhance- -

ment of BBB functions is mediated to some extent by TGF-
B1. RT-PCR analysis of rat pericytes demonstrated the
expression of TGF-p1 (Fig. 2). It is, therefore, conceivable
that pericyte-derived soluble factors include TGF-p1 and

enhance both tight junctions and P-gp function through, at -

least in part, the TGF-f type [ receptor. This notion is
supported by our previous findings that TGF-B! actually
lowers the endothelial permeability and enhances the
functional activity of P-gp [8]. In the present study, effects
of TGF-B1 adsorption and TGF-8 receptor inhibition
emerged within 12 h (Figs. 3 and 4), afier brain pericytes
had induced a restoration of the BBB properties of MBEC4
cells, Thus, brain pericytes seem to positively maintain BBB
functioning by continuously producing TGF-p1.

TGF-p expresses its physiological actions predomi-
nantly through two types of receptors with serine/threonine
kinase activity, TGF-B type I and II receptors [20]. The
binding of TGF-R to the TGF-B type II receptor induces
the assembly of the TGF-B type 1 receptor-type II receptor
heterodimer, leading to phosphorylation of TGF-p type 1
induced by the type II receptor. As shown in Fig. 6,
SB431542 (10 pM) significantly inhibited the TGF-Bl-
induced enhancement of BBB functions in the MBEC4
monolayer, suggesting that TGF-R1 facilitates the barrier
function of the BBB through the TGF-$ type 1 receptor. It
is, therefore, likely that the activation of the TGF-B1/TGF-
P receptor pathway between brain endothelial cells and
brain pericytes contributes to an enhancement of the tight
junctions and P-gp function. Mouse brain capillary
endothelial cells expressed TGF-p type 1 and II receptors
[9]. The TGF-P type I receptor was expressed on blood
vessels of the basal surface of endothelial cells [9]. In the
present study, the enhancement of the permeability and P-
gp function of MBEC4 cells induced by TGF-p1 (10 ng/
ml} was not dependent on addition to the luminal (blood)
or the abluminal (brain) side (Fig. 5). These findings
suggest that the TGF-B receptor may be located on both
sides of MBEC4 cells. The possibility that TGF-f1]
injected into the abluminal compartment is transported in
the Juminal side through MBEC4 cells could not be
excluded. The TGF-p signaling cascades from membrane
to nucleus including MAPK and a receptor serine/
threonine kinase pathway are probably invoived in the
enhancement of BBB functions. It is, therefore, conceiv-
able that TGF-B facilitates the barmer function and P-gp
functional activity of brain endothelial cells by increasing
the expression of tight junction-associated proteing (such
as occludin and claudins) and P-gp. The signal molecules
involved in the enhancement of BBB functions following
the activation of TGF-B1/TGF-8 receptor pathway are now
under investigation.

In several neurodegenerative diseases, changes in BBB
functions and an increase of TGF-R1 in the brain have
been described [11,16]. However, it has not been deter-
mined whether the increase in the expression of TGF-p
observed in human neurodegenerative diseases js the
underlying cause or the result of degenerative conditions.
Thus, TGF-p] secems to protect against impairment of the
BBB arnd positively maintain bram homeostasis. In fact,
the degeneration of pericytes was observed in neuro-
degenerative diseases {19,30]. This phenomenon probably
decreases TGF-B production, leading to dysfunction of the
BBB.

Other scluble factors derived from pericytes, VEGF and
bFGF, were reported to influence BBB functions. VEGF
increased the permeability of brain endothelial cells,
suggesting that VEGF is a barrer-weakening factor [31].
bFGF was found to tighten the intercellular junctions and
induce the expression of multidrug resistance proteins [26].
TGF-1 up-regulated the induction of bFGF production
[18). Angiopoietin-1, an antipermeability factor [18]
secreted from pericytes, produced the expression of occlu-
din mRNA in brain endothelial cells [15]. It is, therefore,
conceivable that brain pericytes regulate BBB functions by
secreting these substances, TGF-p1, VEGF, bFGF and
angiopoietin-1 appear to be involved in the interaction of
endothelial cells, pericytes and astrocytes under physiolog-
ical and pathophysiological conditions, since these sub-
stances are also produced by astrocytes.

In conclusion, brain pericytes induice and up-regulate the
barmrier function and P-gp functional activity of brain
endothelial cells. This pericyte-induced up-regulation of
BBB fuonctions is mediated, at least in part, through
continuous TGF-B production,
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SUMMARY

i 1, Recent publication hes suggested that quinacyze may be 2 ceadldare for treatment
of Crentzfeldt-Jekob discase (CTD). But seriors toxiclty of quiracrine to liver srd hemato-
logical system has been reported. .

& We disclosed the permesbility of quinacrine cam be eakanced by presence of
Prglycoprotein inhibitor at blood-brain barrser in vitro. Therefore, we tried the protoco! of
combination of quinacring and p-glyeoprotein inhibitor, verapamil for patients with CID,

3. Waea compared clinical effects by quinacrive and the combipation therapy, im-
provement of clinical findings was observed at the sare tevel without any adverse effects.
Low-dose quinacrine with verzpemil can be used 88 sate weamment of CIT.

KEY WORDS: quinacrine; sporadic Creutzfeldt-Takob disease; p-glyceprotein inhibitor.

INTRODUCTION

Although there ate number of promising agents to control prion protein in
vitro or in vivo, no sufficiently safe agent has vet been discovered for patients with
Chsuleleldt-Tahely dissass (CTD) (Dek-ura ¢t al., 2000).

Quinacrine, originally used as an anti-malaria agent, was reported as a pos-
sible agent useful fer treatment of CTD (Korth ef aZ, 2001). Recent report found
that quinacine might present serious toxicity to the liver and hematological system

(Seozzec ez 4l., 2003).
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Quinacrine inhibited the accumulztion of PrP% in culiured jufected cefls, but
did not have za apparent effect on PrP¢ biosynthesis or turnover.
Todevelop some method of suppression of the adverse effects of quinacrize, we

[Anvestigated the mechanism of quinscrine iransport across the blood-brain barrier

" (BBB), and found that the permeability of quinzerine could be enhanced at the

EBE by the presence of s p-glycoprotein irthibitor such as verpamii or ¢yclosporine
{(Dohgu ez al, 2003).

Therefore, we administrated a therapy regimen of combination of 200 mgiday
of quinacrine and 120 mg/day cf oral verapamil and compared it w cne of 300-
600 ma/day of quinacrine cniy.

We administrated quinacrine without veraparail for one patient, 64-year-old fe-
male who developed dementia and gait disturbance within two months, She was given
300 mg/day for the fixst two weeks, then the quantity was incressed 1o 600 mg/day
without p-glycoprotein inhibiter. Frequency of mywclonus, paze, and emile were
markedly improved. We stopped quinacrine administration due to liver dysfunc-
tion after four weeks, Two other sporadic CJD cases were treated by combination of
quinacrine (200 mg/day) and verapamil (120 mwg/day). The first case treated with
combination therapy was a 71-year-old male, who had developed. unstable gait,
disorientation, and myoclonus. After two wesks administration of quinacrine and ve-
rapamil, frequency of myoclonus was dramatically decreased, Before starting medi-
cation, his eyes had rolled aialessly. He began to gaze at his famnily and bis doctor after
the combinationef quinacrine and verapamil. However, his symptoms returned to the
non-medicated state after eight weeks, although he bas been receiving medication,

The second case treated with combination therapy was a 65-year-old male, Be
was bedridden as a result of cerebellar ataxia and progressive dementia. Action
myoclonus was observed. We started combination treatment of quinacrine and ve-
rapamil on him. After two weeks, his ¢ye movement and myoclonus had improved
mwarkedly though the improvement was temporal. These three patients were diag-

" nosed as possible CTD by based on clinical eriteria of World Health Organization,

diffusion-weighted MRY, and 14-3-3 protein in cerebrospinal fluid (CSF).

To determine whether quinacrine could be sufficiently transported.to the brain,
we measured the concentration of quinacrine in CSF at4 weeks after administration
of case in 2 and case 3 (Table I). Concentrations of quinacrine in CSF were mea-
sured by high-performance liquid chromatography method as described previousty
(Bjérkman and Elisson, 1987). The concentration of quinacrine in CSF, supposed to

Tabie L Effects and Adverse Effects of Quinacrine in Patients with CID

Clinical effesiy
Conceratztion Frequency hbmprovemens
cf quinacrine AST Hematological Skis color of of gaze
Cuse Co-adminisration in CSF level*  dysfupcticr  change myoclozus  and smile
1 None . ND 158 — + Deereased +
2 Verapamil 392 oM 24 — + Decreased +
3 Vesapaosil . 2260M 53 — + Decreased, - -

Note, Plus symbol shows thet each padert has the indicated findings.
ALY, peak duta under quinacring administration,

[ .-
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be approximately equal to the concentration of quinactine in experimenta) treatment
in vitro appraz. 200400 nM (Kerth er al,, 2001},

When the clinical effects on the first patient were compared with the other two
patieats {combination of 200 mg/day of guinactine and 120 me/day of verapamil),
impravement of the clinical findinps in patients receiving a combination of low dose
quinacrine and verapamil was nbserved to be approximately equal to the level im-
provement seen in the patient receiving quinacrine only. Jo two patients treated
with the combination of Jow-dose quinacrine and verapamil, ne hver dysfunction
and hematolopical toxicity was observed, Although French National Surveillance
Network of Prion Diseases recommended to use quinacrine 1000 mg the frst day,
then 300 mg each day, we conclude that Jow-dose quinacrine can be used as a safe
and effective treatment of CJD when given in combination with a p-glycoprotein
inhibitor such as verspamil,
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Abstract

The present study was designed to clarify the involvement of nitric oxide (NO) signaling in the adverse effect of cyclosporine on the
blood-brain bamier. Cyclosporine increased the permeability of sodium-fluorescein and the cellular accumulation of rhodamine 123, a
substrate of P-glycoprotein, in mouse brain endothelial (MBEC4) cells. This effect was markedly enhanced two- to threefold when MBEC4
cells were cocultured with rat astrocytes or C6 glioma cells. Direct and continuous electrochemical measurement of NO demonstrated that
cyclosporiiie dose-dependently increased histamine- and phenylephrine-evoked NO production in MBEC4 cells and astrocytes, respectively.
A NO synthase inhibitor (N°-menomethyl-L-arginine) blocked slightly and markedly cyclosporine-induced impairment of the endothelial
barrier in the monolayer and coculture system, respectively. These findings suggest that eyclosporine impairs the brain endothelial barrier
function by accelerating NO production in the brain endothelial and astroglial cells. This event may be interpreted as triggering the
occurrence of cyclosporine neurotoxicity.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Cyclosporine; Neurotoxicity; NO (nitric oxide); Blood-brain barrier; Permeability; P-glycoprotein

1. Introduction

Cyclosporine, a cyclic 11-amino acid peptide, is widely
used as a potent immunosuppressant to prevent allograft
rejection in solid organ transplantation and in fatal grafi-
vs.-host disease after bone marrow transplantation, and to
treat various autoimmune diseases including rheumatoid
arthritis (Kahan, 1989). Despite its high efficacy, cyclo-
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E-mail address: ykataoka@eis.fulauoka-v.ac.jp (Y. Kataoka),

0014-2999/3 - see front manter € 2004 Elsevier B.V. All rights reserved,
doi:10.1016/j.ejphar.2004.10.027

sporine has adverse effects including renal dysfunction,
cardiovascular disorders, gastrointestinal disorders and neu-

. rological complications. These events occur with a relatively

high frequency (20-40%) in organ-transplanted patients (Gij-
tenbeek et al., 1999; Pirsch et al., 1957; U.S. Group, 1994).

The entry of cyclosporine into the brain is prevented by
the tight junctions and P-glycoprotein, a multi-drug efflux
pump, of the brain microvascular endothelial cells. But the
adverse neurological effects of cyclosporine, including
tremors, seizures and encephalopathy, strongly suggest the
possibility of ¢yclosporine transport across the blood-brain



52 S. Dohgu et al, / European Journa! of Pharmacology 505 (2004) 51-59

barrier. We previously reported that cyclosporine produced
convulsions by inhibiting y-2minobutyric acid (GABA)-
ergic neural activity and binding properties of the GABA ,
receptor (Shuto et al., 1999). The inhibition of GABAergic
neurotransmission by cyclosporine may lead to an activation
of serotonergic neural activity and consequently produce
tremors (Shuto et al,, 1998). These findings in vivo are
considered to be due to a direct action of cyclosporine
transported across the blood-brain barrier rather than an
indirect effect through the periphery. In fact, we demon-
strated that cyclosporine at a high concentration decreased
the function and expression of P-glycoprotein in brain
capillary endothelial cells (Kochi et al., 1999; 2000). The
blood-brain barrier is primarily formed by brain capillary
endothelial cells, which are closely sealed by tight junctions
(Partridge, 1999). P-glycoprotein is abundantly expressed in
the brain endothelial cells and limits the accumulation of
many hydrophobic molecules and toxic substances in the
brain (Schinkel, 1999). Recently, we demonstrated that
nitric oxide (NO) increased the permesbility and inhibited
the P-glycoprotein efflux pump of brain capillary endothe-
lial cells, suggesting that NO impairs the dynamic regulation
of the bloed-brain barrier function (Yamauchi et al., in
press). Astrocytes and pericytes are cellular components of
the blood-brain barrier. Astrocytes surround the cerebral
capillaries and regulate blood-brain barrier function through
cell-to-cell contact and secretion of soluble factors (Terasaki
et al., 2003).

The present study was designed to clarify the involvement
of NO signaling in the adverse effect of cyclosporine on the
blood-brain barrier. We first evaluated the effect of cyclo-
sporine on the permeability and the P-glycoprotein function
of mouse brain endothelial (MBEC4) cells alone and
cocultured with rat astrocytes or C6 glioma cells. Second,
the effect of cyclosporine on the stimulation-evoked NO
production was examined in MBEC4 cells and rat astrocytes
using direct electrochemical NO monitoring.

2. Materials and methods
2.1. Materials

Cyclosporine was kindly supplied by Novartis Pharma
(Bazel, Switzerland). Sodium fluorescein (Na-F, MW 376),
thodamine 123, phenylephrine hydrochloride, histamine, 1-
arginine and N®-monomethyl-L-arginine (L-NMMA) were
purchased from Sigma (St. Louis, MO, USA). Culture
medium and subculture reagents were obtained from Invi-
trogen (Carlsbad, CA, USA). All remaining reagents of
analytical grade were purchased from Wako (Osaka, Japan).

2.2. Animals

Wistar rats aged 3 days old were used in this study. All
the procedures involving experimental animals adhered to

[
s
-

-

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.

2.3. Cell culture

MBEC4 cells, which were isolated from BALB/c mouse
brain cortices and immortalized 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. C6 glioma cells (JCRB9096, Health Science
Research Resources Bank, Osaka, Japan) were cultured in
DMEM supplemented with 10% fetal calf serum, and 50 pg/
ml gentamicin. Newborn rat astrocytes were isolated
according to the method of McCarthy and de Vellis
(1980) and Sastradipura et al. (1998) with a slight
modification. Briefly, the cerebral cortex from 3-day-old
rats was minced and treated with papain (90 units/ml;
Worthington, Lakewood, NJ) and DNase I {2000 units/ml;
Sigma) at 37 °C for 15 min. The mechanically dissociated
cells were seeded into plastic flasks in DMEM supple-
mented with 10% fetal bovine serum, 100 units/m] penicillin
and 100 pg/ml streptomycin. After 10-14 days in culture,
floating cells and weakly attached cells on the mixed
primary cultured cell layer were removed by vigorous
shaking of the flask. Then, astrocytes on the bottom of the
culture flask were trypsinized and seeded into new culture
flasks. The primary cultured astrocytes were maintained in
DMEM. They were grown in a humidified atmosphere of
5% COy/95% air at 37 °C.

The preparation of the in vitro blood-brain barrier
models has been described previously (Dohgu et al.,
2000). In brief, C6 cells or rat astrocytes (40,000 cells/
em?) were first cultured on the outside of the collagen-
coated polycarbonate membrane (3.0 pum pore size) of the
Transwell™ insert (12-well type, Costar, MA, USA)
directed upside down in the well, Two days later, MBEC4
cells (42,000 cells/em®) were seeded on the inside of the
insert placed in the well of the 12-well culture plate (Costar)
{C6 coculture and rat astrocyte coculture). The monolayer
system was also made with MBEC4 cells alone (MBEC4
monolayer).

2.4. Treatment with cyclosporine and nitric oxide (NO)
synthase inhibitor

Cyclosporine was first dissolved in ethanol and diluted
with serum-free culture medium (0.1% as the final ethanol
concentration). MBEC4 cells were cultured for 3 days, and
these inserts were washed three times with serum-free
medium. Then cells were exposed to 1-5 uM cyclosporine
injected into the inside of the insert (luminal side) for 12 h.
When the effect of NO synthase (NOS) inhibitor was
examined, L-NMMA (1 mM) was loaded both inside and
outside of the insert (luminal and abluminal side). In
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parallel, cells were treated with serum-free medium con-
taining the corresponding amount of ethanol as the vehicle.

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 MgCly, 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 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 immediately replaced
with fresh Krebs-Ringer buffer. Aliquots (5 pl) of the
abluminal medium were mixed with 200 pul of Kxrebs—Ringer
buffer and then the concentration of Na-F was determined
using a fluorescence multiwell plate reader (Ex(A) 485 nm;
Em(2) 530 nm) (CytoFluor Series 4000, PerSeptive
Biosystems, Framingham, MA, USA). The permeability
cocfficient and clearance were calculated accerding to the
method described by Dehouck et 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

(D)=[Cla X VA/[Cl. where [C]y is the initial luminal tracer
concentration, [C] is -the abluminal tracer concentration
and ¥, is the volume of the abluminal chamber. During a
60-min period of the experiment, the clearance volume
increased linearly with time. The average volume cleared
was plotted vs. 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,pp, Where PS is the permeability-surface area product
(in ul/min). The slope of the clearance curve with a control
membrane was denoted by PSpembrunee In the coculture
system, the control membrane is the C6 cell- or rat
astrocyte-layered membrane. The real PS value for the
MBEC4 monolayer and the coculture system {(PSyn.) was
calculated from 1/PS,,,=1/PSnembranct 1/PStrans. The PSiruns
values were divided by the surface area of the Transwell
inserts to generate the permeability coefficient (Pirans,
in cm/min).

2.6, Functional activity of P-glycoprotein

The functional activity of P-glycoprotein was determined
by measuring the cellular accumulation of rhodamine 123
(Sigma) according to the method of Fontaine et al. (1996).
MBEC4 cells were washed three times with assay buffer
(143 mM NaCl, 4,7 mM KCl, 1.3 mM CaCl,, 1.2 mM
MgCl,, 1.0 mM NaH,PO,, 10 mM HEPES, and 11 mM D-
glucose, pH 7.4). In both coculture systems, C6 cells and rat
astrocytes on the outside of the membrane were removed
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with a cell scraper. MBEC4 cells were incubated with 0.5 ml
of assay buffer containing 5 pM of rhodamine 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). 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(4) 485 nm; Em(1) 530 nm, CytoFluor Series
4000). The cellular protein was measured by the method of
Bradford (1976).

2.7. Electrochemical monitoring of NO

Direct and continuous electrochemical measurement of
NO was performed with a three-electrode potentiostatic
EMS-100 system (BIO-LOGIC, Grenoble, France) as
previously described (Ikesue et al., 2000, Trevin et al,
1998). In brief, confluent MBEC4 cells or rat astrocytes in
a 2.5 cm? dish (BD FALCON™, BD Biosciences, NJ,
USA) were washed three times with Mg®*-free Krebs—
Ringer solution (143.0 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCly, 1.0 mM NaH,PO, and 11.0 mM D-glucose, pH
7.4). The dish was placed on the stage of an inverted
microscope (ECLIPSE TE300, Nikon, Tokyo, Japan)
mounted with a NO monitoring system. The NO-biosensor
{ASTEC, Fukuoka, Japan) was positioned about 10 pm
above the cell surface. Ten minutes after treatment with L-
arginine (1 mM), histamine or phenylephrine in a volume
of 10 pl was added to the cells in 1 mi of Mg?*-free Krebs—
Ringer solution with a transient mixing step to give the
final concentration indicated. The level of production of
NO in MBEC4 cells or rat astrocytes was monitored for a
15-min period after the addition of histamine or phenyl-
ephrine. Cyclosporine was added 20 min before treatment
with L-arginine.

2.8. Assessment of cell viability

The effect of cyclosporine on the viability of cells in the
MBEC4 monolayer, C6 coculture and rat astrocyte
coculture systems was assessed using a WST-8 assay (Cell
Counting Kit-8, DOJINDO, Kumamoto, Japan). A highly
water-soluble formazan dye (WST-8), reduced by mito-
chondrial dehydrogenase, 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,
Chantilly, VA, USA).

2.9. Measurement of NO Production using NO-specific dye

An accumulation of NO production during a 12 h
period was assessed using a NO-specific fluorescent dye,
4 5-diaminofluorescein diacetate (DAF-2 DA, Sigma)
(Nakatsubo et al, 1998). MBEC4 and C6 cells were
seeded on wells of the 24-well culture plate. Cells were
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incubated with DAF-2 DA at a final concentration of 10
gM for 1 h at 37 °C and then rinsed three times with
serum-free medium. Cells containing DAF2 DA were
exposed to cyclosporine (1-5 pM} for 12 h and they were
washed three times with assay buffer (143 mM NaCl, 4.7
mM KCl, 1.3 mM CaCl,, 1.2 mM MgCl;, 1.0 mM
NaH,PQ,, 10 mM HEPES, and 11 mM D-glucose, pH
7.4). The fluorescence was measured using a fluorescence
multiwell plate reader (Ex{(1) 485 nm; Em(1) 530 nm,
CytoFluor Series 4000). Then, cells were solubilized with
250 pl of 1| M NaOH. Aliquots of the cell solution were
removed for protein assay according to the method of
Bradford using a Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA) (Bradford, 1976). Data for
each experiment were normalized to the cellular protein.

2 10. Statistical analysis

The values are expressed as the means+S.EM. Stat-
istical analysis was performed using Student’s r-test. One
way and two way analyses of variance (ANOVAs} followed
by Tukey-Kramer’s tests were applied to multiple compar-
isons, The differences between means were considered to be
significant when P values were less than 0.05.

3. Results

3.1, Permeability and P-glycoprotein function of MBEC4
cells in MBEC4 monolayer, C6 coculture and rat astrocyte
coculture systems

After MBEC4 cells were cultured for 3 days, the basal
permeability and P-glycoprotein efflux pump of MBEC4
cells were evaluated in three in vitro blood-brain barrier
models (Fig. 1). The permeability coefficient of Na-F for
MBEC4 cells was increased by 57.6% in the Cé coculture
and reduced by 45.6% in the rat astrocyte coculture, when
compared to that in the MBEC4 monolayer (Fig. 1A). The
accumulation of rhodamine 123 in MBEC4 cells was
significantly increased by 16.8% in the C6 coculture and
significantly reduced by 17.9% in the rat astrocyte coculture
relative to the MBEC4 monolayer (Fig. 1B).

3.2. Effect of cyclosporine on permeability and P-glyco-
protein function of MBEC4 cells in MBEC4 monolayer, C6
coculture and rat astrocyte coculture systems

As shown in Figs. 2 and 3, the exposure to cyclosporine
(1-5 pM) for 12 h dose-dependently increased the perme-
ability of Na-F and the cellular accumulation of rhodamine
123 in the MBEC4 monolayer and C6 coculture. The Na-F
permeability and the rhodamine 123 accumulation of
MBECH4 cells in the rat astrocyte coculture were increased
to 127.7£7.2% and 126.7+3.0% of vehicle by 5 pM
cyclosporine. These adverse effects of cyclosporine in the
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Fig. L. Penmeability and P-glycoprotein function of MBEC4 cells in
MBEC4 monolayer, C6 coculture and rat astrocyte coculture systems. (A)
MBEC4 permeability coefficients of Na-F. Results are expressed as % of
the MBEC4 monolayer (1.8840.10% 10~ ct/min). Values are the means=+
S.EM. (n=3-T). *P<0.05, significant difference from MBEC4 monolayer.
(B) Rhodamine 123 accumulation in MBEC4 cells. Results are expressed as
% of the MBEC4 monolayer (2.19£0.16 nmol/mg protein). Values are the
meanst S.EM. (n=4-17). **P<0.01, significant difference from MBEC4
monolayer.

presence of C6 cells and astrocytes were two- to threefold
more potent than the effects in the MBEC4 monolayer.

The WST-8 assay showed that cyclosporine at the highest
concentration tested (5 pM) had no effect on cell viability in
any of the three culture systems (MBEC4 monolayer:
98.211.00, C6 coculture: 101.2+1.79, rat astrocyte cocul-
ture: 103.9+7.5% of the corresponding vehicle).

3.3. Effect of cyclosporine on stimulation-evoked NO
production and spontaneous NO production in MBEC4
cells, rat astrocytes and C6 cells

Cyclosporine alone at concentrations less than 5 uM
failed to stimulate NO production to a detectable level (Fig,
4). In the absence of cyclosporine, histamine (100 uM) and
phenylephrine (1 uM) produced small amounts of NO in
MBEC4 cells and rat astrocytes (9.27+0.69 and
0.3240.036 uM), respectively (Fig. 4). Cyclosporine (1, 2
and 5 pM) dose-dependently increased histamine (100 pM)-
and phenylephrine (1 pM)-evoked NO production in
MBEC4 cells and astrocytes, respectively (Fig. 4). The
increases induced by 5 pM cyclosporine reached
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Fig. 2. Effect of cyclosporine on MBEC4 permeability of Na-F in MBEC4
monolaver, C6 coculture and rat astrocyte coculture systems. Transport
experiments were performed after 12 b of exposure to cyclosporine, Results
are expressed as % of each corresponding vehicle (monolayer;
2.35+0.24%10™* cnvmin, €6 coculture; 2.34+0.25%10™* cm/min, rat
astrocyte coculture; 1.16+0.03%107¢ cm/min). Values are the means:
S.E.M. (n=3-24). **P<0(.01, significant difference from each correspond-
ing vehicle.

174.11£7.7% and 198.2+15.0% of vehicle in MBEC4 cells
and astrocytes, respectively.

When total amounts of NO production during 2 12 h
period was measured using a NO-specific fluorescent dye,
an exposure of cyclosporine (5 pM) for 12 -h significantly
increased spontaneous (basal) NO production by 70 and
190% in MBEC4 and Cé6 cells, respectively (Fig. 5).

3.4. Effect of NO synthase inhibitor on cyclosporine-
increased permeability of Na-F and accumulation of rhod-
amine 123 in MBEC4 monolayer and rat astrocyte coculture
systems

L-NMMA (1 mM) (a NOS inhibitor) alone had no effect
on the permeability of Na-F and the accumulation of
rhodamine 123 in the MBEC4 monolayer and Cé coculture.
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systems. P-glycoprotein function was evaluated after 12 h of exposure to
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Fip. 4. Effect of cyclosporine on stimulations-evoked NO production. (A)
Representative differential pulse amperogram obtained using NO biosensor
shows NCQ production evoked by histamine (100 uM) in the absence
(Control, middle trace) and presence of cyclosporine {($ pM) (+cyclosporine,
top trace) in MBECA4 cells. The effect of cyclosporine (5 pM) alone on NO
production was indicated in the bottom trace. (B) Concentration-dependent
facilitatory effect of cyclosporine on histamine-evoked NO production in
MBEC4 monolayer. Results are expressed as % of histamine (100 pM)-
evoked NO production (vehicle; 9.27£0.69 uM). Values are the meanst:
S.EM. {(n=3). *P<0.05 and **P<0.01, significant differences from vehicle.
(C) Concentration-dependent facilitatory effect of cyclosporine on phenyl-
ephrine-eveked NO production in rat astrocyte coculture system. Results are
expressed as % of phenylephrine (1 pM)-evoked NO production (vehicle;
0.32£0.036 pM). Values are the means+S.EM, (n=4-7), *P<0.05 and
**P<0.01, significant differences from vehicle.

Cyclosporine (5 pM)-increased permeability of Na-F and
accumulation of rthodamine 123 in MBEC4 cells were
significantly decreased to 114.3£5.9% and 112.6£3.7% of
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Fig. 5. Effect of cyclosporine on spontaneous NO production in MBEC4
and C6 cells. Cells were loaded with a NO-specific fluorescent dye (DAF-2
DA} and then treated with 1-5 pM cyclosporine for 12 h. The fluorescence
intensity of DAF-2 DA was increased by NO produced by cells and this was
normalized to the cellular protein. Relative fluorescence is expressed as the
ratio (%) to the control value obtained in the sbsence of cyclosporine
(vehicle), Values are the means+S.EM. (n=R). *P<0.05, significant
differences from vehicle.

vehicle, respectively, by 1 mM L-NMMA in the C6
coculture (Fig. 6). In contrast, L-NMMA (1 mM) produced
a slight inhibition of the permeability of Na-F and the
accumulation of rhodamine 123 induced by Cyclosporine (5
M) in the MBEC4 monolayer (Fig. 6).

4. Discussion

We made three types of the in vitro blood-brain barrier
models; MBEC4 monolayer, C6 coculture, and rat astrocyte
coculture systems. MBEC4 cells alone show the highly
specialized characteristics of brain microvascular endothe-
lial cells including the integration of tight junctions and
expression of P-glycoprotein (Tatsuta et al., 1992, 1994).
Astrocytes, a cellular component of the blood—brain barrier,
induce and maintain the functioning of the blood—brain
barrier through cell-to-cell contact and the secretion of
soluble factors (Rubin and Staddon, 1999). The barrier
function in these models was evaluated based on the
permeability of Na-F and the P-glycoprotein efflux pump
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of MBEC4 cells. Na-F was used as a marker of permeability
through the paracellular route, The permeability and the
accumulation of rhodamine 123 in MBEC4 cells were
markedly decreased in the presence of rat astrocytes (Fig. 1).
These findings suggest that astrocytes participate in
tightening the intercellular junctions and facilitating P-
glycoprotein function of brain endothelial cells. A positive
role for astrocytes in the expression and maintenance of
endothelial tight junctions has been documented (Dehouck
et al,, 1992; Gaillard et al., 2001; Isobe et al., 1996; Rauh et
al, 1992; Hayashi et al., 1997), although there are few
reports concerning astrocyte-enhanced P-glycoprotein func-
tion. The C6 cell line, which originated from rat glioma
cells, is commonly used as an experimental model of
astrocytes due to convenient handling (Zhang et al,, 2004),
The barrier function of MBEC4 cells was speculated to be
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Fig. 6. Effect of NO synthase inhibitor (L-NMMA) on cyclosporine-
increased MBEC4 permeability of Na-F (A), and rhodamine 123
accumulation in MBEC4 cells (B} in MBEC4 monolayer and C6 coculture
system. (A) Results are expressed as % of each corresponding vehicle
{monolayer; 1.73£0.10x10™* cmvmin, C6 coculture; 2.95+0,55%10™°
cm/min). Values are the meanstS.EM. (n=7-11). *P<0.05, “p<.il,
significant difference from each corresponding vehicle. (B} Results are
expressed as % of each corresponding vehicle (monolayer; 14.243.94
nmol/mg protein, C6 coculture; 9.05+2.00 nmol/mg protein). Values are
the means+8.EM. (n=7-12), *P<0.05, **P<0.01, significant differences
from each comresponding vehicle.
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enhanced by the C6 cells similar the rat astrocyte coculture,
However, the present findings indicated hyperpermeability
of Na-F and reduced P-glycoprotein function in the C6
coculture. These results may be due to neoplastic changes in
the glial characteristics. The precise mechanism by which
C6 cells affect the barrier function of MBEC4 cells is now
under investigation. There were no apparent differences in
the endothelial cell response to cyclosporine between the C6
coculture and rat astrocyte coculture (Figs. 2 and 3). This
confirms that the C6 coculture model is suitable for
pharmacological research.

Cyclosporine-induced neurotoxicity including tremors,
convulsions and encephalopathy occurred frequently in
patients with high blood concentrations of cyclosporine,
although these concentrations were within the therapeutic
range {Gijtenbeck et al, 1999). The maximal blood
concentrations of cyclosporine in patients with renal or
liver transplantation are known to be in the range varying
from 1 to 1.5 pM (Kahan et al,, 1995; Keown and Niese,
1998; Grant et al., 1999). Therefore, the concentrations {1-5
pM) of cyclosporine used in the present study are less than
three- to fivefold level of the maximal concentrations in
patients. Cyclosporine (5 uM) significantly increased the
permeability of Na-F and the accumulation of rhodamine
123 in the MBEC4 monolayer. These effects were poten-
tiated markedly in the coculture with C6 cells or rat
astrocytes (Figs. 2 and 3). Then, we substituted C6 cells
for the primary culture of rat astrocytes to save the
experimental animals, costs and labor in the subsequent
pharmacological study. The presence of C6 cells increased
by two- to threefold the facilitatory and inhibitory effects of
cyclosporine {1-5 uM) on the paracellular permeability and
P-glycoprotein activity of the MBEC4 monolayer, respec-
tively. These effects were not due to the direct cytotoxicity
of cyclosporine. These findings indicated that cyclosporine
reduces the barrier function of brain endothelial cells to
penetrate into the brain, leading to further aggravation of the
blood~brain barrier function by interacting with astrocytes,

A 12-h exposure of cyclosporine (5 pM) in the same
schedule as the blood-brain barrier function test signifi-
canily increased the accumulation of spontaneous NO
production during & 12-h period, when measured using 2
NO-specific fluorescent dye (Fig. 5). A direct electro-
chemical NQ monitoring failed to detect cyclosporine-
increased basal NO production (Fig. 4). This monitoring
method is capable of detecting a rapid NO production in
resporse to the stimulation as a sharp current—time curve,
even if amounts of NO production are small. However, NO
biosensor is relatively difficult to detect 2 slow NO
production with a low peak and 2 long-lasting plateau
phase, even if total amounts during a long period is large.
Cyclosporine dose-dependently enhanced histamine- and
phenylephrine-evoked NO production in MBEC4 cells and
rat astrocytes, respectively (Fig. 4). Cyclosporine exerts
pharmacological effects by binding to cyclophilin (peptidyl-
propyl isomerase), a highly basic and abundant cytosolic
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protein (Marks, 1996). This cyclosporine/cyclophilin com-
plex inhibits calcineurin, a serine-threonine phosphatase
2B, thereby blocking its phosphatase activity (Marks, 1996;
Yakel, 1997). Calcineurin regulates the activity of ion
channels and neurotransmitter release. Calcineurin anchored
to the inositol 1,4,5-triphosphate (IP;) receptor via
FKBP12, a FK506-binding protein, regulates the phos-
phorylation status of the receptor, resulting in a dynamic
Ca**-sensitive regulation of IP;-mediated Ca®* flux
(Cameron et al,, 1997). In contrast with FKBP12, cyclo-
philin does not bind to the IP; receptor (Cameron et al.,
1995). However, when rat cerebellar microsomes were
treated with cyclosporine and cyclophilin, protein kinase C-
induced IPs receptor phosphorylation and IP;-stimulated
Ca®* flux were markedly increased (Cameron et al., 1995).
This suggests that cyclosporine inhibits the dephosphor-
ylation of the IP; receptor to maintain a leaky IP3 receptor
channel that was phosphorylated by serine-threonine
protein kinases such as protein kinase C. Although the
IP; receptor becomes leaky, cyclosporine alone appears
incapable of elevating [Ca®**]py over the threshold for
activation of the constitutive NO synthase. This may
explain the present findings that cyclosporine zlone failed
to raise NO production above the detection limit of the NO
biosensor, while the histamine and phenylephrine-evoked
NO production in MBEC4 and C6 cells, respectively, was
markedly facilitated by cyclosporine. Histamine and phe-
nylephrine activate phaspholipase C through the H,
receptor and o;-adrenoceptor, respectively, to generate IPs
(Lum and Malik, 1994; Daum et al., 1983) and stimulate the
leaky Ca®* channel (phosphorylation status. of IP; receptor)
maintained by cyclosporine. These events probably lead to
the markedly higher level of [Ca**]ny than that induced by
histamine and phenylephrine in MBEC4 cells and rat
astrocytes, respectively. We previously reported that cyclo-
sporine also enhanced oy-adrenoceptor-mediated NO pro-
duction in C6& cells (Tkesue et al., 2000). In the brain,
various biclogical substances including noradrenaline,
glutamate, histamine and endothelin stimulate G protein-
coupled receptors that have a common intracellular signal-
ing pathway (IPj/diacylglycerol) in astrocytes (Verkhratsky
and Kettenmann, 1996). This endogenous stimulator-
evoked NO production is highly likely to be augmented
by cyclosporine via a mechanism similar to that proposed
here. In fact, our in vivo microdialysis experiment showed
that an intraperitoneal injection of cyclosporine significantly
increased NO production in the rat dorsal hippocampus
(Fujisaki et al., 2002).

The present study demonstrated that cyclosporine
impaired the barrier function of brain endothelial cells and
this effect was remarkably potentiated by co-culturing
MBEC4 cells with C6 cells or rat astrocytes. A NO
synthase inhibitor, L-NMMA at a concentration of 1 mM
showed no effect on the Na-F permeability and the
rhodamine 123 accumulation of MBEC4 cells in both
culture systems (Fig. 6), suggesting that L-NMMA (1 mM)
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has not nonspecific effect on the basal blood-brain barrier
functions of MBEC4 cells. L-NMMA (I mM) significantly
blocked the cyclosporine-induced increase in the perme-
ability of Na-F and accumulation of rhodamine 123 in the
Cé coculture. This protective effect was moderate in the
MBEC4 monolayer (Fig. 6). These findings suggest that
cyclosporine-enhanced NO production in astrocytes largely
contributes to an impairment’ of the blood-brain barrier,
This notion is supported by our previous findings that NO
lowered the function of tight junctions and P-glycoprotein
at the blood-brain barrier (Yamauchi et al., in press). The
mechanisms by which NO donors increased vascular
endothelial permeability involved an increase in the level
of ¢GMP (Gimeno et al, 1998} or the formation of
peroxynitrite (Menconi et al, 1998). These substances
conceivably influence intrinsic tight junction proteins and
the associated actin cytoskeleton through a direct or second
signaling pathway (Burgstahler and Nathanson, 1995; Liu
and Sundgvist, 1997). It is, therefore, likely that cyclo-
sporine passes through the slightly impaired barrier of brain
endothelial cells and then acts on astrocytes to enhance NO
production, leading to further aggravation of the blood—
brain barrier impairment.

In conclusion, cyclosporine accelerated stimulation-
evoked NO production in brain endothelial and astroglial
cells. This enhanced production of NO that interacts with
each cellular component of the blood-brain barrier is
involved in the sequential process of blood-brain barrier
functional impairment induced by cyclosporine.
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SUMMARY

1. Tacrolimus, a poient immunosuppressant, induces impaired renal funetion and neu-
rological complications. We investigated the influence of dosmg time on the neurotoxicity,
nephrotoxicity, and i 1mmunosuppresswc effect of tacrelimus in rats.

2. Therepeated injection of tacrolimusin the light phase (8t 00} produced a significantly
greater increase than that in the dark phase (20:00) in the duration of harmine-induced
tremors and in the blood urea nitrogen (BUN) concentrationinrats. An i immunosuppressive
effect of tacrolimus on the xenotransplantation of mouse-to-ral skin grafts was apparent in
the dark phase but not in the light phase.

3. The dosing time-dependent pharmacokinetic results were not observed when
tacrolimus concentrations in rat whole blood were measured after a single or repeated
injection in the light or dark phase.

4. These findings suggest that treatment in the active phase of the diurnal cycle ame-
liorates neurotoxicity and nephrotoxicity while maintaining the immunosuppressive effect
of tacrolimus. The present findings have important implications for therapeutic approaches
to avoid tacrolimus-induced neurotoxicity and nephrotoxicity.

KEY WORDS: tacrolimus; neuroloxicity; nephrotoxicity; circadian rhythm; rats.

INTRODUCTION

Tacrolimus is a potent immunosuppressant that blocks calcineurin-mediated T cell
activation by binding to immunophilin (FKBP12). This compound is used to prevent
allograft rejection in solid organ transplantation and in fatal graft-versus-host diseses
after bone marrow transplantation. Multicenter, randomized trials in the USA and
Europe demonstrated that tacrolimus induced impaired renal function and neuro-
logical complications with a relatively high frequency (20-40%) (European FK506
Multicentre Liver Study Group, 1994; The U.S. Multicenter FK506 Liver Study
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Group, 1994). Neurotoxicity including tremors, convulsions, and encephalopathy
occurred frequently in patients with high blood concentrations of tacrolimus, al-
though these concentrations were within the therapeutic range. The efficacy or tox-
icity of drugs such as anticancer drugs has been shown to depend on the dosing
time (Levi ef al., 1997, Ohdo ef al., 2001). Various physiclogical rhythms in living
organisms are considered 1o be responsible for such chronopharmacological reac-
tions to drugs. Chronotherapy including an optimization of the dosing time is capable
of producing more efficient and safer prescriptions for patients than conventional
therapy.

The mechanisms of neurotoxicity and nephrotoxicity of tacrolimus are not fully
understood. On the basis of our findings plus several reports concerningcyclosporine,
an immunosuppressive agents, we present the notion that the immunophilin lig-
ands exert neurotoxicity because of an inhibition of y-aminobutyric acid neuro-
transmission and an activation of serotonergic neural activity and nitric oxide pro-
duction (Fujisaki er al., 2002; Ikesue ef al., 2000; Shuto er al., 1998, 1999; Snyder
et al., 1998; Steiner ef al., 1996; Tominaga ef al., 2001; ). Several bioactive substances
including renine, endothelins, transforming growth factor-8, and nitric oxide are
involved in the nephrotoxicity induced by cyclosporin and tacrolimus (Bobadilla
et al., 1998; Isram ef al, 2001; Kupferman et al., 1994; Lanese ef al., 1994; Lanese
and Conger, 1993). The physiological activities of these various substances in the
brain or kidney are known to indicate circadian rhythms (Brandenberger er al.,1994;
Cardinali et al., 1998; Hutson et al., 1984; Hwang et al, 1998). It is, therefore, likely
that the incidence of adverse reactions to tacrolimus shows dosing time-dependent
variations. ‘

In the present study, we investigated the influence of subchronic treatment with
tacrolimus in the light or dark phase of a day for 1-2 weeks on the occurrence of
harmine-induced tremors and renal dysfunction in rats. The dosing time-dependent
immunosuppressive effect of tacrolimus was also examined using a mouse-10-rat
xenotransplantation model. To test whether pharmacokinetic factors are involved
in the chronopharmacological action of tacrolimus, the amounts of tacrolimus in rat
whole blood were assessed at various periods after a single or subchronic injection
in the light or dark phase.

MATERIALS AND METHODS

Animals

Male Wistar rats (7 weeks old) were purchased from Kyudo (Saga, Japan). The
animals were maintained on a 12 h light/dark schedule (lights on 7:00 A.M.) at a
temperature of 23 & 2°C with free access to food and water. They were adapted to
the light/dark cycle for 2 weeks before the experiments. All the procedures involving
experimental animals adhered to the Jaw (No. 105) and notification (No. 6) of the
Japanese Government, and were approved by the Laboratory Animal Care and Use
Committee of Fukuoka University.
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Drugs

Tacrolimus (progra{@‘ injection: Fujisawa Pharmaceutical, Osaka, Japan) was
diluted with saline immediately before use. The vehicle solution for the control
consisted of polyoxyethylene castor oil (Cremophor EL*, Sigma Chemical CO,,
St. Louis, MO), ethanol (Wako Pure Chemical Industries Ltd., Osaka, Japan), and
saline. This composition was the same asthat for the Prograf® injection. Harmine hy-
drochloride (Sigma Chemical CO., St. Louis, MQ) was dissolved in saline. Tacrolimus,
vehicle, and harmine were injected intraperitoneally (i.p.) in a volume 0f 0.5,0.5, and
0.1 mL/100 g body weight, respectively.

Influence of the Dosing Time of Tacrolimus on Harmine-Induced Tremors
and the Concentrations of Serumn BUN and Creatinine

Effects of tacrolimus on harmine-induced tremors were evaluated as previously
described (Shuto et al., 1998). Tacrolimus (2 mg/kg) or vehicle was injected i.p. once
a day for 7 days at 8:00 for the light group or 20:00 for the dark group. Each rat
was placed in a screened cage (21.5 x 32x 14 cm) immediately after the 7th in-
jection of tacrolimus to allow adaptation to the new environment and then was
introduced 1o the tremor test. Harmine (10 mg/kg i.p.) was injected 55 min after
the final tacrolimus injection. The summed duration of harmine-induced tremors
was measured during the 15-min period from 5 to 20 min after harmine admin-
jstration by the same observer blinded to the pretreatment with tacrolimus or
vehicle.

To determine the serum creatinine and BUN concentrations with a Vision an-
alyzer (Abbot Laboratories, Abbot Park, I11), blood samples were collected from
the rat tajl vein 24 h after the final chronic treatment (once a day for 14 days) with
tacrolimus (2 mg/kg i.p.) or vehicle at 8:00 or 20:00.

Influence of the Dosing Time of Tacrolimus on Xenograft Survival in Rats
Following Xenotransplantation of a Mouse-To-Rat Skin Graft

To make the xenotransplantation model of the mouse-to-rat skin graft, Wistar
rats and C57BL/6J mice (15-20 g) were employed as recipients and donors, respec-
tively. The animals were operated on under sodium pentobarbital anesthesia. A
square piece (1 cm?) of skin obtained from the back of the donor mouse was trans-
planted to where the skin (1 cm?) was removed from the back of the recipient rat..
The skin grafis were protected by gauze with gentacin ointment and bandages for
6 days and rats were housed individually (Shapira et al., 1999).

Xenotransplantation was performed immediately after the first injection of
tacrolimus (2 mg/kg i.p.) or vehicle at 8:00 (light group) or 20:00 (dark group). The
duration of xenograft survival was determined in each rat with the repeated injec-
tion of tacrolimus or vehicle (once a day at 8:00 or 20:00). Rejection was defined as

a complete separation of the graft (Shapira ef al., 1999).
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