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proteolysis contributes to various brain pathologies (Rosen-
berg et al. 1992; Nakagawa et al. 1994). The inhibition of
MMP alters functional and structural correlates of differenti-
ation-induced - sprouting such as remodeling in the dentate
gyrus of the hippocampus (Reeves et al. 2003). In a behavioral
study, MMP-9 knock-out mice display impairments in long-
term potentiation and hippocampal-dependent memory in a
fear-condmonmg memory task (Nagy et 4. 2006).
. Behavioral changes induced by METH are linked to its
capacity to elevate extracellular dopamine levels through the
redistribution of dopamine . from synaptic vesicles to the
cytosol and promotion of-reverse transport (Sulzer ef al.
1995; Nakajima et al. 2004). In the present study, the
behavioral effects of TIMP-AS and doxycycline on the
METH-induced behavioral sensitization were correlated to
changes in the METH-induced increase in extracellular
~ dopamine levels in the NAc: TIMP-AS potentiated while
doxycycline reduced the METH-induced dopamine release.
These findings are in agreemerit with our previous report that
microinjection of purified human MMP-2 directly into the
NAc significantly potentiated the acute METH-induced
increase in extracellular dopamine levels in the NAc and
that METH-induced dopamine release in the NAc was
significantly decreased in the MMP-2-(—/-) and MMP-9-
(=/-) mice compared with the response in wild-type mice
(Mizoguchi e al. 2007). '

The sensitivity of dopamine receptors to endogenous and
exogenous ligands is known to be an important parameter of
dopamine-related functions in physiology and pathology.

- Reduced signaling via Gi-coupled receptors may be an
important neuroadaptation in cocaine addiction (Goldstein
and Volkow 2002). G protein signaling in the Fc plays a
crucial role as a potential pathological change contributing to
cocaine sensitization and drug seeking (Bowers et al. 2004).
Therefore we investigated the role of the MMP/TIMP system
in repeated METH treatment-induced changes in dopamine

D1 and D2 receptor signaling. TIMP-AS treatment exagger- .

ated the repeated METH-induced impairment of dopamine D2
receptor agonist-stimulated [>°S]GTPYS binding without
affecting the impairment of dopamine D1 receptor agonist-
stimulated binding. In contrast, doxycycline ameliorated the
impairment of D2 receptor agonist-stimulated [>*S]JGTPyS
binding. Although the effects of TIMP-AS and MMP
inhibitors used in this study are not specific to MMP-2 and
MMP-Q, we also demonstrated that MMP-2-(—/-) and MMP-

9-(—/-) mice showed some resistance to the inhibitory effect
of repeated METH treatment on dopamine D2 agonist-
stimulated [3SS]GTPyS binding. Therefore, these results
suggest that the changes in the dopamine receptor signaling
induced by repeated- METH treatment is attributable to
METH-induced expression of the MMP/TIMP system.
Indeed, in vitro treatment of membranes with purified human
MMP-2 reduced while TIMP-2 treatment enhanced dopamine
D2 receptor agonist-stimulated [>*S]GTPyS binding although
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they had no effect of the dopamine D1 receptor-stimulated
binding. There were no differences in Gi protein levels
between the TIMP-AS-and TIMP-SC group, while METH
treatment for 3 days-decreased dopamine D2 receptor protein
levels compared with the saline group (data not shown). Taken
together, it is possible that the' MMP-2 and MMP-9 are
involved in the regulation of dopamine D2 receptor-mediated
G protein signaling in the Fc. Because dopamine D2 receptors
function as a feedback inhibition of dopamine .release
(Bowyer and Weiner 1987; Lindgren’ et al. 2001), their
down-regulation may result in an enhancement of the METH-
induced increase in extracelluar dopamine levels.

The molecular mechanisms by which the MMP/TIMP
system regulates the METH-induced increase in extracelluar
dopamine levels and the dopamine D2 receptor-mediated G

- protein signaling remain fo be elucidated. It has been

demonstrated that reverse activation of plasmalemmal dop-
amine transporter is involved in the METH-induced increase
in extraceliular dopamine levels. Degradation of ECM such as
laminin by MMP may résult in functional changes in
plasmamembrane proteins such as. dopamine - transporter,
dopamme receptors and G protems For instance, Freyer et al.
(2004) have shown that ECM modulates Gi activity in human
airway smooth muscle cells, and laminin in particilar can
activate Gi signaling. Laminin in the synaptic cleft localizes
calcium channels to the sites of active zones (Sunderland
et al. 2000) and induces a small but significant increase in
calcium levels in ciliary ganglion neurons when applied in
soluble form to the culture medium (Bixby ef al. 1994).
Altemnatively, a recent study has indicated that cleavage of
dystroglycan, which may be a target for MMP in the ECM,
induces conformational changes that affect both pre- and
postsynaptic elements (Kaczmarek et al. 2002). The deletion
of neurexin, which is a pre-synaptic element for dystroglycan

 iri mice causes a severe reduction of Ca?"-channel acuv1ty and

a major decrease in evoked neurotransmitter release (Ush-
karyov et al. 2002; Kattenstroth et al. 2004). Neurexin can
also regulate the post-synaptic N-methyl-D-asparatate recep-
tor function (Kattenstroth et al. 2004).

In conclusion, our findings suggest that the MMP-2,
MMP-9 and TIMP-2 are involved in the rearrangement of the
neural network in the mesocorticolimbic dopamine system,
which plays a role in the development of behavioral
sensitization to METH. It is speculated that the activation
of the MMP/TIMP system in the Fc evoked by repeated
METH treatment induces the cleavage of ECM such as
laminin, resulting in an increase in the METH-induced
dopamine release as well as a reduction in the efficacy of
dopamine D2 receptor-mediated G protein signaling.
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A Novel Molecule “Shati” Is Involved in Methamphetamine—
Induced Hyperlocomotion, Sensitization, and Condltloned

Place Preference
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Drug addlctlon places an enormous burden on society through its repercussions on crime rate and healthcare Repeated exposure to
drugs of abuse causes cellular adaptations in specific neuronal populations that ultimately can lead'to:a state of addiction. In the present
study, we have identified a novel molecule “shati” from the nucleus accumbens (NAc) of mice treated with methamphétamine (METH)
using the PCR-sélect complementary DNA subtraction method. Moreover, we mvestlgated whether shati is involved in METH-induced
hyperlocomotion, sensitization, and conditioned place preference (CPP). METH indiiced ¢ expression of shati mRNA dose dependently via
dopamine (DA) receptors. We prepared antibodies against shati and, using them, found shati to be expressed in neuronal cells of the
mouse brain. Treatment with the shati antisense oligonucleofide (shati-AS), which significantly inhibited the expression of ,
enhanced the-acute METH response, METH:induced behavioral sensitization, and CPP. Blockage of shati mRNA by shati-AS potentlated
the METH-induced increase of DA overflow in the NAc and the METH-induced decrease in synaptosomal and vesicular DA uptake in the
midbrain. These results suggest that a novel molecule shati is involved in the development of METH-indiced hyperlocomotion, sefisiti-
zation, and CPP. The functlonal roles of shatiin METH- -regulated behavioralalternations are likely to be mediated by its inhibitory effects

on the METH-induced increase of DA overflow in the NAc and the METH-induced decrease in DA uptake in'the midbrain,

Key words: shati; methamphetamine; behavioral sensitization; conditioned place preferenc_e_; dopamineé; addncuon

Introduction

In termis of lost lives and productivity, drug dependence remains
one of the most serious threats to the public health of a nation
(Nestler, 2002). Drugs of abuse, including methamphetamine
(METH), modulate the activity of mesolimbic dopaminergic
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neurons, projecting from the ventral tegmental area (VTA) to the
nucleus accumbens (NAt) (Koob, 1992; Wise, 1996b; Koob et al.,
1998). The psychostimulatory effects of METH are associated
with an increase in extracellular dopamine (DA) levels in the
brain, by facilitating the release of DA from presynaptic nerve
terminals and inhibiting reuptake (Heikkila etal., 1975; Seiden et
al, 1993; Giros et al., 1996). In rodent, augmentation of. behav-
ioral responses to psychostimulants is observed during and after
their repeated administration. Therefore, it has been proposed
that activity-dependent synaptic plasticity and remodeling of the
mesolimbic dopaminergic system may play a crucial role in drug
dependence (Nestler, 2001; Yamada and Nabeshima, 2004).
Using ¢cDNA microarrays, changes in the mRNA expression
profilé in relevant brain regions (e.g., NAc) have been assessed
after chronic administration of abused drugs (Douglass. and
Daoud, 1996; Cha et al., 1997; Wang et al., 1997). Evidence from
this line of research has implicated nuclear factor-«B (Ang et al.,
2001) and AFosB (Zachariou et al., 2006) in signal transduction
pathways that modulate behavioral effects induced by drugs and
contribute to long-term neuronal changes associated with depen-
dence (Laakso et al., 2002). To elucidate the mechanism, caused
by chronic drug abuse, of stable changes in the brain that play a
role in the long-lasting behavioral abnormalities of dependent

subjects, the candidates for drug-dependence related genes’
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whose expression was altered by repeated administration of
METH or morphine (MOR) were screened by using cDNA mi-
croarray. Recently, there are many studies that showed that cyto-
kines/neurotrophic factors and extracellular matrix/proteases
play critical roles in actiyity-dependent synaptic plasticity and
_remodeling .of the: mésbcorticolimbic  dopaminergic system
(Horger et al., 1999; Messer et al., 2000; Mizoguchi et al., 2007).
We found that tumor necrosis factor-a (TNF-a) plays a neuro-
protective role in METH-induced dependence and neurotosxicity
(Nakajima et al., 2004) and reduces MOR-induced rewarding
effects and behavioral sensitization (Niwa et al.,, 2007a,d). Fur-
thermore, the rewarding effects and sensitization induced- by
METH and MOR are attenuated by Leu-Ile, an inducer of
TNF-q, and glial cell line-derived neurotrophic factor (GDNF)
(Niwa et al., 20074a—d). The tissue plasminogen activator (tPA)—
plasmin system potentiates the rewarding and locomotor-
stimulating effects of METH, MOR, and nicotine by regulating
release of DA (Nagdi etal., 2004, 2005a,b, 2006). However, the

exact neuronal circuits and molecular cascade essential for drug .

dependence remain unclear. Therefore, we attempt to explore the

novel molecules that play more critical roles in drug dependence,
- because the-functions of molecules targeted by DNA microarray
-screening have been already well known. - :

In the present study, we identified a novel molecule “shati”
from the NAc of mice treated with METH using the PCR-select
cDNA subtraction method, which is a differential and epochal
cloning technique. Moreover, we demonstrated that shati is in-
volved in the METH-induced hyperlocomotion, sensitization,
and conditioned place preference (CPP).

Materials and Methods

Animals. The male C57BL/6] inbred mice were obtained from SLC Japan
(Hamamatsu, Japan).-Animals were housed in plastic cages and keptina
temperature-, humidity-, and light-controlled room (23 * 1°C; 50 * 5%
humidity; 12 h light/dark cycle starting at 8:00 A.M.) and had ad libitum
access to food and water, except during behavioral experiments. All an-
imal care and use was in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by
the Institutional Animal Care and Use Committee of Nagoya University
School of Medicine. Animals were treated according to the Guidelines of
Experimental Animal Careissued from the Office of the Prime Minister of
Japan. .

PCR-select cDNA subtraction. Mice were administered METH (2 mg/
kg, s.c.) or saline for 6 d and took NAc 2 h after the last injection of
METH. PCR-select ¢<DNA subtraction (Clontech, Palo Alto, CA) was
petformed using a-previously established procedure (Diatchenko et al.,
1996; Gurskaya et al., 1996) to detect the genes in the NAc affected by
METH treatment. Briefly, they involve hybridization of cDNA from one
population (tester; METH-treated NAc) to excess of mRNA (cDNA)
from other population (driver; saline-treated NAc) and then separation
of the unhybridiz_e_d fraction (target) from hybridized common se-
quences. Total RNAs were extracted by RNeasy Max (Qiagen, Hilden,
Germany). For each subtraction, we performed two PCR amoplifications.
Products from the secondary PCRs were inserted into pCRII using a T/A
cloning kit (Invitrogen, Carlsbad, CA). Plasmid or cosmid DNAs were
prepared using QIlAwell 8 Plus kit (Qiagen) according to the protocol of
themanufacturer. Nucleic acid homology searches were performed using
the BLAST (basic local alignment search tool) program through e-mail
servers at the National Center for Biotechnology Information (NCBI)
(National Institutes of Health, Bethesda, MD). )

Structure models. Homology modeling for C-terminal domain of shati
was established using Molecular Operating Environment (MOE) soft-
ware (Chemical Computing Group, Montreal, Quebec, Canada). Molec-
ular mechanics calculations were performed by using an MMFF94x force
field. Docking simulations of acetyl-CoA or ATP with shati protein were
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Table 1. Primers sequences and their targets for RT-PCR

Primer Sequence . Taget (bp)

1 A : ‘
Forward 5'-CTTGCCTCCCCAGCCCATCA-3' 1987-~2006
Reverse 5'-CT6GGGGICAGGRTTCIGCT-3' 2147-2166
Forward 5’-GGGTGG((GG§T_AGGT§GAA-3f 2909-2928
Reverse 5'-GGAGTGCCCAGLCCTICET-3" « © 30733092

3 .
Forward 5'-TGTACATTCCTCCCTGGTGETG-3 . 352173502
Reverse 5'-AAAT(TGAGAGCTGCAAGAAAATAGGG-3' * 3594-3620

The amplification conslsted of an inftial step (95°C for § min) and then 35 cydes of denaturation for 30s a194 *C and
annealing for 1 min 2t 70, 71, and 65°C. .

also examined using' MOE software (Chemical Computing Group) to
calculate the interactive potential energy of molecules.

Reverse transcription-PCR dnd real-time reverse transcription-PCR.
Mice were administered METH (0.3, 1, and 2 mg/kg, s.c., once a day for
3 or 6 d) and decapitated 2 h after the last injection of METH. In the
real-time reverse transcription (RT)-PCR experiment on the antagonism
of METH-induced shati mRNA expression, mice were treated with the
DA D,-like receptor antagonist R(+)-SCH23390 [R(+)-?-chlpro-8-
hydroxy-3-methyl-1-phenyl-2,3,4,5tetrahydro-1 H-3-bérizazepine)
(0.1 mg/kg, i.p.) or DA Dz-like receptor antagonist raclopride (2 ‘mglkg,
i.p.) 30 min before METH (2 mg/kg; s.c.) onceéa day for 6.d. Functionally,
R(+)-SCH23390 (0.1-0.5 mg/kg) is a potent blocker of stereotyped be-
haviors and increased locomotion induced by amphetamine or apomor-
phine (Christérisen et al., 1984; Napier et al., 1986). The increase in
TNF-a or tPA'mRNA expression in the NAc induced by METH is inhib-
ited by pretreatment with ejther R(+)-SCH23390 (0.1 or 0.5 mg/kg, ip.) -
or raclopride (2 mg/kg, i.p.). (Nakajima et al;, 2004; Nagai et al,, 2005a).
R(+)-SCH23390 at the dose of 0.1 mg/kg, not 0,03 mg/kg, significantly
inhibits the hyperphosphorylation of extracellular signal-regulated ki-
nase 1/2 in the NAc and striatum evoked by METH-induced CPP as well
as the expression of CPP in METH-treated animals (Mizoguchi et al.,
2004). Depending on these evidences, we selected: the doses of R(+)-
SCH23390 at 0.1 mg/kg and raclopride at 2 mg/kg. .

Total RNA was isolated using an RNeasy kit (Qiagen) and converted
into cDNA using a SuperScript First-Strand System for RT-PCR kit (In-
vitrogen). The primers .used for RT-PCR were as follows: 5'-
CTTGCCTCCCCAGCCCATCA-3' (forward-1; base pairs 1987-2006)
and 5'-CTGGGGGCCAGGGTTCTGCT-3' (reverse-1; base pairs 2147—
2166) for set of sequences 1; 5'-GGGTGGCCGGGTAGGTGGAA-3'
(forward-2; base pairs 2909-2928) and 5'-GGCAGTGCCCAGC-
CCTTCCT-3' (reverse-2; base pairs 3073-3092) for set of sequences 2;
and 5'-TGTACATTCCTCCCT GGTGGTG-3" (forward-3; base pairs
3521-3542) and 5'-AAATCTGAGAGCTGCAAGAAAATAGGG-3' (re-
verse-3; base pairs 3594-3620) for set of sequences 3 (Table 1). The
amplification consisted of an initial step (95°C for 5 min) and then 35
cycles of denaturation for 30 s at 94°C and annealing for 1 minat 70,71,
and 65°C in a GeneAmp PCR System 9700 (Applied Biosystems, Foster
City, CA). The levels of shati and TNF-a mRNA were determined by
real-time RT-PCR using a TagMan probe. The 18S ribosomal RNA was
used as the internal control (PE Applied Biosystems, Foster City, CA).
The mouse shati primers used for real-time RT-PCR were as follows:
5'-TGTAAACACCCCTAAAGTGCCCT-3' (forward; base pairs 2967~
2989) and 5'-TCAATCCTGCATACAAGGAATCAA-3' (reverse; bare
pairs 3022-3045); and TagMan probe, 5'-CACAGTCTGTGAGG-
CTCAGGTTGCCC-3" (probe; base pairs 2995-3020). The amplification
consisted of an initial step (95°C for 5 min) and then 40 cycles of dena-
turation for 30 s at 95°C and annealing for 1 min at 59°C in an iCycleiQ
Detection System (Bio-Rad, Hercules, CA). The expression levels were
calculated as described previously (Wada et al., 2000).

Immunohistochemistry. Two antibodies against the peptide of the hy-
pothetical protein, CNTAFRGLRQHPRTQLL (S-3) and CMSVDSR-
FRGKGIAKALG (S-4), unique to shati were generated. These peptides
were conjugated to the keyhole limpet hemocyanin and injected into
rabbits six times at 1 week intervals. Serum was taken from the rabbits 1



7606 - J. Neurosd., July 11, 2007 - 27(28):7604-7615

week after the final injection of these peptides. The serum was diluted 200
times used for the immunostaining,
For immunohistochemical analysis, mice were killed 24 h after re-
. peated treatment with METH (2 mg/kg, s.c., once a day for 6 d). The
brains were sliced at 20 um in the cryostat. Polyclonal rabbit anti-$-3 or
$-4 antibody (1:200), monoclonal mouse anti-neuron- specific nuclear
antigen (NeuN) antibody (1:200; Chemicon, Temecula, CA), and mono-
clonal mouse anti-glial fibrillary acidic protein (GFAP) antibody (1:200;
Chemicon) served as primary antibodies. Goat anti-mouse Alexa Fluor
546 (1:1000; Invitrogen) and goat anti-rabbit Alexa Fluor 488 (1:1000;
Invitrogen) were used as secondary antibodies. Fach stained slice was
observed under a fluorescence microscope (Axioskoop 2 plus; Zeiss,
Jena, Germany) and checked with Axiovision 3.0 systems (Zeiss).
Shati-antisense oligonucleotide treatment. Mice were anesthetized with
pentobarbital (40 mg/kg, i.p.) and placed in a stereotaxic apparatus. The
infusion cannula was connected to a miniosmotic pump (total capacity
was 90 pl, Alzet 1002; Alza, Palo Alto, CA) filled with shati-antisense
oligonucleotide (shati-AS) and -scramble oligonucleotide (shati-SC) and
was implanted into the right ventricle {anteroposterior (AP) —0.5 mm,
mediolateral (ML) +1. 0 mm from the bregma, and dorsoventral (DV)

plantatlon ofthe infusion ‘canniila (data ot shown). Phosphorothlonate
ohgonucleotldes were custom synthesized at Nisshinbo Biotechnology
(Tokyo, Japan) and dissolved in artificial GSF (in mM: 147 NaCl, 3 KCI,
1.2 CaCl,; and1.0 MgCl,, pH 7.2). We used shati-SC as a control of
shati-AS, because we should deny the secondary effects on other genes or
toxic effects, and we selected the design of shati-AS, which does not affect
the other genes and already have been identified. The oligonucleotides
‘were phosphorothlonated atthe three bases of both 5’ and 3’ ends, which
results in increaséd stability and less toxicity. The sequences of shati-AS
and shati-SC were 5’-TC'1TCGTCTCGCAGACCATGTCG 3' and 5'-
GGTCTGCTACACTGCTGCTAGTC-3'; respectively. Shati-AS and
shati-SC were continuously infused into the cerebral ventricle at a dose of
1.8 nmol/6 pl per day (flow rate, 0.25 pl/h). Additionally, shati-SC was
used as a control. Three days after the start of oligonucleotide infusion,
mice were subjected to METH treatment for sensitization.

Locomotor activity. Locomotor activity was measured using an infrared
detector.(Neuroscience Company, Tokyo, Japan) in a plastic box (32 X
22 X 15 cm high) and determined as described previously (Nakajima et
al,, 2004; Niwa et al., 2007b,d). One day after the start of oligonucleotide
infusion, mice were habituated for 3 h in the box for 2 d and then admin-
istered METH (1 mg/kg, s.c.) or saline once a day for 5 d. Locomotor
activity was measured for 2 h immediately after the METH or saline
* administration.

In vivo microdialysis. Mice were, anésthetized with sodium pentobar-
.bital, and a guide cannula (AG- 8; EICOM Kyoto, Japan) was implanted
. into the NAc (AP +17 mmi, ML +0.8: imm’ miediolateral from the
bregma, and DV'=4.0"mim skiall); accordxng to the atlas of
Franklin and Paxinos (1997)an ed to the skull using stainless steel
screws and dental acrylic ceme  were administered METH (1
mg/kg, s.c.).3 d after unplantauon of' the - guide cannula and the start of
olxgonucleotlde infusion. One day after ME’I‘H treatmént for 2d, adial-
ysis probe (Al- 81,1 mm membrane length EICOM) was inserted
through' the giiidé cannula and perfused continuously with CSF (in m:
147 NaCl,4KCl, and 2.3 CaCl,) ata flow rate of 1.0 pul/min. Dialysate was
collected in 20 min fractions andinjected into the HPLC system
(EICOM) for the measurement of DA levels. Three samples were used to
establish baseline levels .of DA before the administration of METH (1
mg/kg, s.c.)..

Synaptosomal [PH]DA uptake. Three days after the start of oligonucle-
otide infusion, mice were subjected to METH treatment once a day for
3 d. Mice were decapitated 1 h after the final METH treatment. Midbrain
synaptosomal [*H]DA uptake was determined as described previously
(Fleckenstein et al., 1997; Nakajima et al., 2004; Niwa et al., 2007b). The
final concentration of [ 3H]DA (PerkinElmier, Wellesley, MA) was 5 nm.
Samples were incubated at 37°C for 4 min, and then ice-cold Krebs—
Ringer’s solution containing. 10 uM GBR12909 [1-(2[bis(4-
fluorophenyl- )methoxy]ethyl)-4-(3-phenylpropyl)piperazine] bimesy-
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late hydrate] (Sigma, St. Louis, MO), a specific DA uptake inhibitor, was
added. Nonspecific values were determined in the presence of 100 pum
GBR12909 during the 1ncubatlon The radioactivity trapped on filters

_ was measured with a liquid scmtll]atlon counter (Beckman Coulter, Ful-

lerton, CA).

Vesicular [PH] DA uptake. Vesncular [®H]DA uptake was detérmined as
described by Erickson et al. (1990). Synaptosomes were prepared as de-
scribed by Nakajima et al. (2004). Vesicular [>H]DA uptake was per-
formed by incixbating synaptic vesicle samples (15 pug protein/100 ul) at

30°C for 4 min in assay buffer (in mu: 25 HEPES, 100 potassium tartrate,
1.7 ascorbicacid, 0.05 EGTA, 0.1 EDTA, and 2 ATP-Mg2*, pH7.0) in the
presence of 30 nM [ *H]DA (PerkinElmer). The reaction was terminated
by the addition of 1 ml of cold wash buffer (assay buffer containing 2 mm
MgSO, substituted for the ATP-Mg?*, pH 7.0) and rapid filtration.
Nonspecific values were determined by measuring vesicular [*H]DA
uptake at 4°C. The radioactivity was measured with a liquid scintillation

" counter (Beckman Coulter),

Conditioned place preférence. The apparatus used for the place condi-
tioning task consisted of two compartments: a transparent Plexiglas box
and a black Plexiglas box (both 15 X 15 X 15 cm high). To enable mice to
distinguish easily the two compartments, the floors of the transparent
and black boxes were covered with white plastic mesh and black frosting
Plexiglas, respectwely Bach box could be divided by a sliding door (10 X
15 cm high). The place conditioning paradlgm 'was performed| by usinga
préviously established procedure with a minor modification (Noda etal,,
1998; Schechter and Calcagnétti, 1998 Niwa et al., 2007a,b, d) In the
preconditioning test, the sliding door was opened, and the mouse was
allowed to move freely between both boxes for 15 min orice a day for 3 d.
On the third day of the preconditioning test, we measured the time that
the mouse spent in the black and transparent boxes by using a Scanet
SV-20LD (Melquest, Toyama, Japan). The box in which the mouse spent
the most time was referred to as the “preferred side” and the other box as
the “nonpreferred side.” Conditioning was performed during 6 succes-
sive days. Mice were given METH or saline in the apparatus with the
sliding door closed. That is, a mouse was subcutaneously given_ METH
and put in its nonpreferred side for 20'min. On the next day, the mouse
was given saline and placed opposxte the drug conditioning site for 20
min. These treatments weére repeated for three cycles (6 d). In'the post-
conditioning test, the sliding door was opened, and we measured the fime
that the mouse spent iit the black and transparent boxes for 15 mir; using
the Scanet SV-20 LD. Place conditioning behavior was expressed by Post-
Pre, which was calculated as: [(postvalue) — (prevalue)], where
postvalue and prevalue. were the difference in time spent at the drug
conditioning and the saline conditioning sites in the postconditioning
and preconditioning tests, respectively.

Statistical analysis. All data were expressed as means * SE. Statistical
differences between two groups were determined with Student’s ¢ test.
Statistical differences among mote than three groups were determined
using a one-way ANOVA, two-way. ANOVA, or an ANOVA with re-
peated measures (two or three-factor), followed by the Bonferroni’s mul-
tiple comparison test (Bonferroni’s correction; 3, 6, 15, and 36 compar-
isons in 3, 4, 6, and 9 groups, respectively). p < 0.05 was regarded as
statistically significant.

Nucleotide sequences. The DNA Data Bank of Japan/GenBank/Euro-
pean Molecular Biology Laboratory accession number for the primary
nucleotide sequence of shati is DQ174094.

Results _

Identification of shati

The reasons. why we pursued shati for intensive investigation
arose from our preliminary findings with the PCR-select cDNA
subtraction method to detect the genes in the NAc affected by
METH treatment: mice were, administrated METH (2 mg/kg,
s.c.) or saline for 6 d, and shati mRNA production in the NAc was
found to increase by 640% in METH-treated mice with robust
behavioral sensitization compared with saline-treated mice (data
not shown). The sequence of cDNA was completely matched to
accession number NM_001001985 of NCBI gene bank (the gene
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record was replaced by accession number NM_001001985.2 on
April, 10, 2005). The sequence has been identified by the Mam-
malian Gene Collection Program Team (Strausberg.et al., 2002).
Blackshaw et al. (2004) has demonstrated the extended cDNA
sequence by serial analysis of gene expression methods, which
provides an unbiased and nearly comprehensive readout of gene
‘expression and that the gene was for one of the proteins related to
the retina development. We named this novel molecule shati after
 the symbol at Nagoya castle in Japan. The sequence is translated
to a protein LOC269642 (accession number is NP_001001985.1
and 2; 001001985.1 was a part of 001001985.2) (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).

Characterization of shati ,
Homology modeling for C-terminal domain of shati was estab-
lished using MOE software (Chemical Computing Group) (Fig.
1A, B). Red character in Figure 1A showed homology modeling
of shati. From motif analysis of shati, shati contained the se-
quence of GCN5-related N-acetyltransferase (GCAT) (Fig. 1C).
Underlined character in Figure 14 showed GNAT motif. Dock-
ing simulations of acetyl-CoA or ATP with shati protein were also
examined using MOE software (Chemical Computing Group) to
calculate the interactive potential energy of molecules, Shati also
contained acetyl-CoA binding or ATP binding site, because the
analysis showed the lowest interactive potential energy ‘of shati
with acetyl-CoA or ATP, — 301 and —322 kcal, respectively (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material). Docking simulations of shati with DA, DNA binding
site, and nuclear localization signals showed too high interactive
potential energy of molecules or no domain.

Expression of shati mRNA

As shown in Figure 24, RT-PCR analysis revealed that shati is

expressed at high levels in the cerebrum, cerebellum, liver, kid-
ney, and spleen. We amplified and analyzed its three different

target sequences by RT-PCR (Table 1). Similar results of RT-PCR

were obtained with three different sets of primers (Fig. 24).

We performed a series of experiments to validate the results of
¢DNA subtraction. Repeated METH treatment (2 mg/kg, s.c.) for
6 d significantly elevated the mRNA levels of the target sequences
of shati in the NAc (Fig. 2 B). )

METH-induced expression of shati mRNA in the brain )

As an initial step in assessing the relationship between shati and
METH-induced sensitization and dependence, we examined
whether single and repeated METH treatment altered the expres-
sion of shati mRNA in the mouse brain using the real-time RT-
PCR method. The effects of repeated METH treatment (0.3, 1
and 2 mg/kg, s.c. for 3 d) on shati mRNA expression in the NAc
were dose dependent (Fs26y = 5.503; p < 0.01, one-way
ANOVA) (Fig. 3A). The levels of shati- mRNA were significantly
increased 2, 6, and 24 h after the last METH treatment and then
returned to control value 1 week after the treatment (Fea1) =
4.444; p <0.01, one-way ANOVA) (Fig. 3B). Single METH treat-
ment (2 mg/kg, s.c.) remarkably induced shati mRNA expression
in the NAc and hippocampus (Hip). METH (2 mg/kg, s.c.) or
saline challenge on day 6 after repeated administration of METH
(2 mg/kg, s.c.) for 5 d remarkably induced shati mRNA expres-
sion in the frontal cortex (Fc),NAc, and caudate-putamen (CPu)
(repeated drug administration, F1,32) = 20.368, p < 0.01 for Fc;
single administration, Fy,32) = 0.005, p = 0.942 for Fc; repeated
drug administration X single administration, Fl132,=1643,p=
0.209 for Fc; repeated drug administration, Fiia1 = 14436, p <
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MHCGPPDMVC ETKIVATEDH EALPGAKKDA -
LLVAAGAMNP PLPAAPGPAA ARPPAAGPQP
HGGTGGAGPP EGRGVCIREF RAAEQEAARR
IFYDGILERT PNTAFRGLRQ HPRTQLLYAL

LAALCFAVIR SLLLTCLVPA GLLALRYYYS

FWVAVLDGNV. VGIVAARAHE EDNTVELLRM
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Figure 1. Characterization of shati. 4, The sequence of shati. The red character showed
homology modeling of shati. The undeilined character showed GCNS-related
N-acetytransferase motif. B, Homology modeling for C-terminal domain of shati.C, Homology
modeling and mofif analysis of shati. Shati has the sequence of GCAT. Red ribbon, Homology
model of shati; sphere, acetyl-CoA analyzed by x-ray aystallography; green ribbon,
N-acetyltransferase.
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Figure2. Expression of shatimRNA in the various organs of mice. 4, RT-PCR anaiysis of shati

in the various organs in mice. Mice were decapitated without any treatment, and the brains
were quickly removed. The sets of primers used for PCR are listed in Table 1. B, Increase in the
production of the three sets of target sequences of shatiinducedby repeated METH treatmentn
the NAc of mice. Mice were administered METH (2 mg/kg, s.¢.) for 6 d and decapitated 2 h after
the last METH treatment. Values are means = SE {n = 5). *p << 0.05 versus saline-treated
mice. The sets of primers used for PCR are listedin Table 1. To standardize the PCR products, we
used primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control,

0.01 for NAg; single administration, Fi, 5,, = 4.917, p < 0.05 for
NAc; repeated drug administration X single administration,
Fiy,31y = 10.545, p < 0.01 for NAc; repeated drug administration
Fi1,32) = 8.023, p < 0.01 for CPu; single administration, F(, 5,) =
4.833, p < 0.05 for CPu repeated drug administration X single
administration, F|, ,, = 1.669, p = 0.206 for CPu; repeated drug
administration, F; 35, = 0.628, p = 0.434 for Hip; single admin-

YRNA (% of control)
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 Valies afe means *'SE (n' = 6~7). *p < 0.05 versus saline-treated mice. €,
Changes in the expression of shati mRNA in the various brain regions (F¢, NAc, CPu, and Hip) of
the mice after single and repeated METH treatment. Mice were administered METH (2 mg/kg,
5.¢. for 5 d and challenged with METH (2mg/kg, s.c.) orsaliné on day 6. Mice were decapitated
2hafter lasttreatmentof METH (2mg/kg, 5.} or saline challenge. Values are means = SE(n =
8-10). *p < 0.05 versus saline-treated mice. D, The effects of the DA D,-like receptor antag-
onist R{+)-SCH23390 or D,like receptor antagoriistraclopride on METH-induced expression of
shati mRNA in the NAc. Mice were treated with R(+)-5CH23390 {0.1 mg/kg, 5. or raclopride
(2 mg/kg, 5.c.) 30 min before daily METH (2 mg/kg, s.c. for 6 d) treatment. Mice were decapi-
tated 2 h after the Jast METH treatment. Values are means = SE (7 = 6-8).* 'p < 0.05versus
vehide/saline-treated mice. *p < 0.05 versus vehidle/METH-treated mice.

istration, F, 3, = 6.464, p << 0.05 for Hip; repeated drug admin-
istration X single administration, F(,5,, = 2.496, p = 0.124 for
Hip; two-way ANOVA) (Fig. 3C). The increase caused by METH

in the NAc was inhibited by pretreatment with either the DA
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Figure4, Immunostaining of shati in the NAc after repeated treatment with METH. Mice were administered METH (2 mg/kg,
s.c.)for 6 d and decapitated 24 h after the last treatrnent, 4, Double-labeling fluorescence photomicrographs for shat! and NeuN
or GFAP. The shati-immunopositive cells {green) were colocalized with NeuN-immonapositive cells {red). Doubleimmunastaining
for 5-3 or S-4 and NeuN in the NAc reveals shati expression in neuronal cells. Scale bars, 20 yum. B, Effect of shati-AS on
METH-induced increase in shati expression. METH-induced increase in shati expression in the NAc was inhibited by shati-AS. Scale

bar, 20 um. -

D,-like receptor antagonist R(+)-SCH23390 (0.1 mg/kg, i.p.) or
~ the D,-like receptor antagonist raclopride (2 mg/kg, i.p.) (ago-
nist, F(; 35y = 18.649, p < 0.01; antagonist, F(, 5, = 5.554, p <
0.01; agonist X antagonist, F34) = 5.382, p < 0.01; two-way
ANOVA) (Fig. 3D), although neither antagonists had an effect on
shati mRNA expression in the saline-treated mice. These results
indicate that METH induces the expression of shati mRNA in the
brain through the activation of both DA D 1 and D, receptors.

{d} METH/merge

(f) METH+AS
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Localization of shati in the brain of mice

treated with METH ’

There were few. shatizimmunopositive
~cells in-saline-treated motise brain (Fig.

that were
_neuronal

. 8Ai-An). The repeated METH treatment-
induced increase in the numbers of shati-
immunopositive cells in the NAc was
abolished by shati-AS treatment, although
shati-SC had no effect (Fig, 4 Ba-Bf).

7 ne the role 6f'shdti‘in the behav-
ioral and neurochemical phenotype in re-
sponse to METH, we used an AS strategy,
‘which widely used to manipulate gene ex-
pression in the:brain via intracerebroven-
tricular infusion (Taubenfeld et al, 2001;
Bowers et al;, 2004). The experimental
schedules are shown in Figure 5, A and C.
. The AS downregulated  the expression of
shati mRNA inithe NAc (Fig. 5B). The in-
“-crease in the levels ati mRNA expres-

: cated METH treatment
icantly and com-
hati-AS, altliough
ati-SC had no efféct. Moreover, shati
mRNA expression jiiithe NAc of saline-

treated mice was algo reduced by shati-AS,
“Whereas shati-SC did-not affectthe expres-
sion in saline-treated:mice (drug, F,, 4, =
_72.765, p < 0.01; intracerebroventricular

treatment, F,,,, = 14.104, p < 0.01;
drug X intracerebroventricular treatment,
Fiou) = 0092, p = 0.912; two-way
P ANOVA) (Fig. 5B), indicating that
shati-AS has an ability to reduce effectively
the expression of shati mRNA. Wealso ex-
amined the-effect of shati-AS on tPA ex-
pression as one of drug-dependence--
related other proteins, because tPA-
plasmin system potentiates the rewarding
and locomotor-stimulating effects of
METH, MOR, and nicotine by regulating release of DA (Nagai et
al,, 2004, 2005a,b, 2006). The increase in the levels of tPA mRNA
expression in the NAc was not abolished by shati-AS ( drug, F(; 4
= 62.530, p < 0.01; intracerebroventricular treatment, Foun =
0.148, p = 0.862; drug X intracerebroventricular treatment,
F5,47) = 0.803, p = 0.454; two-way ANOVA). Moreover, tPA
mRNA expression in the NAc of saline-treated mice was not also
reduced by shati-AS, indicating that shati-AS has no ability to
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reduce effectively the expression of tPA
mRNA (data not shown). Therefore,
shati-AS is considered to have no second-
ary effects.’

Repeated METH admmxstratlon leads
to a progressive augmentation of many be-
havioral effects of the drug (behavioral
sensitization). Sensitization is of i interest as
a model for drug- mduced neuroplasticity

in neuronal circuits important for addic-

tion. It is well established that the induc-
tion of sensitization involves complex
neuronal circuitry (Wolf, 1998). In rodent,
sensitization is observed as a progressive
augmentation of locomotor activity that
- may relate to an increase in the incentive to
obtain drugs (Robinson and Berridge,
1993; Lorrain et al., 2000). There is also
evidence of sensitization in human drug
users (Satel et al,, 1991) and normal sub-

jects (Strakowski and Sax, 1998). Repeated

METH treatment (1 and 2 mg/Kg, s.c.) for
5 d produced behavioral sensitization
[Fia.12) = 7.404 for METH (1 mg/kg) plus
shati-AS-treated mice; F, 15y = 5.593 for

METH (1 mg/kg) plus shati-SC-treated

mice; F(; ;) = 30.917 for METH (1 mg/

kg) plus CSF:treated mice; Fy,,) = 7.453 -

for METH (2 mg/kg) plus shati-AS-treated
mice, F(; 55, = 4.243 for METH (2 mg/kg)
plus shati-SC-treated mice; F 5, = 8.569
for METH (2 mg/kg) plus CSE-treated

mice; p < 0.05, one-way ANOVA] (Fig. -

5D). As shown in Figure 5D, the shati-AS
treatment poténtiated the METH (1 mg/
kg, s.c.)-induced hyperlocomotion and
sensitization compared with shati-SC- or
CSF-treated mice (drug, Fp,4) =
291.696, p < 0.01; intracerebroventricular
treatment, F,,,, = 28. 223, p < 0.04;
time, Fpy, 141, = 17.154, p <.0.01; drug X
intracerebroventricular treatment, F(4 141)
= 12.432,p < 0.01; drug X time, F g 1,, =

12.913, p < 0.01; intracerebroventricular
treatment X time, F41a1y = 0. 156, p=

0.960; drug X intracerebroventricular:

treatment X time, Fgray = 0427, p =
0.903; three-factor repeated ANOVA),
whereas the shati-AS, shati-SC, or CSF
treatment had no effect on spontaneous
locomotor activity (Fig. 5D). The sensiti-
zation was observed on day 10 after chal-
lenge administration of METH (0.3 mg/
kg, s.c.). Shati-AS-treated mice showed a
marked potentiation of METH (0.3 mg/
kg, s.c.)-induced sensitization on day 10
compared with shati-SC- or CSF-treated
mice (F5,3 = 6.974, p < 0.05, one-way
ANOVA), a.lthough shati-AS-treated mice
did not show a potentiation of METH (2
mg/kg, s.c.)-induced hyperlocomotion
and sensitization compared with shati-SC-
or CSF-treated mice on days 1-5 {Fig. 5D).
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Roles of shati in METH-induced dopaminergic responses
The pharmacological effects of METH are linked to its capacity to
elevate extracellular DA levels by releasing DA from presynaptic
nerve terminals and inhibiting its reuptake’ (Heikkila et al., 1975;
Seiden et al., 1993). In addmon, METH and the amphetamines
redrstnbute DA from synaptic vesicles to the cytosol and promote
reVerse-transport (Seiden et al., 1993). Therefore, we examined
the effect of shati-AS on the METH-induced increase in overflow
of DA in the NAc usmg an in vivo microdialysis technique. The
i enmental schedule is shown in Figure 6A. METH caused a
'rked increasein overﬂow of DA in the NAc of the CSF-freated
ce oh the d 3 (Fig. 6B). The peak of overflow of DA was
' 'I'Hptreatment to ~360% of the baseline levél in
mice. In shati-AS-treated. mice, the METH-
ind iced i increasein overﬂow of DA was significantly potentiated
compared with-that in the shati-SC- or CSF-treated mice (intra-
.cerebroventricular- treatment, F(; 4 = 5.662, p < 0.05; time,
Fl10,140) = 35. 646, p < 0.01; intracerebroventricular treatment X
time, F59,140) = 1.927, p < 0.05; repeated ANOVA) (Fig. 6 B).
The levels of basal DA did not differ among the three groups.
Next we examined the in vivo effect of shati-AS on [>H]DA
uptake into synaptosomes in the midbrain. The experimental
schedule is shown in Figure 6C. METH decreased [ *H]PA up-
take compared with the saline-treated mice. In shati-AS-treated

mice, the METH-=induced dectease in'[ *H]DA uptake was signif-

icantly potentrated compared with that in the shati-SC- or CSF-
treated mice. Moreover, [3H]DA uptake in the saline-treated
group was also decreased by shati-AS compared with that in the
shati-SC- or CSF-treated mice, although shati-SC had no effect
on [*H]DA uptake (drug, Fi1,50) = 30.447, p < 0.01; intracere-
broventricular treatment, F, 4, = 12.576, p < 0.01; drug X in-
tracerebroventricular treatment, F, 50, = 0.392, p = 0.678; two-
way ANOVA) (Fig. 6 D).

We also examined the in vivo effect of shati-AS on [H]DA
uptake into synaptic vesicle preparations in the midbrain, be-
cause the redistribution of DA from synaptic vesicles to cytoplas-
mic compartments through interaction with vesicular mono-
amine transporter-2 has ‘been postulated to be primarily
responsible for DA terminal injury by METH or amphetamines
(Liuand Edwards, 1997; Uhl, 1998). METH decreased vesicular
[*HIDA uptake compared with the saline-treated mice. In shati-
AS-treated mice, the METH-induced decrease in vesicular
[ *H]DA uptake was significantly potentrated compared with that
in the shati-SC- or CSF-treated mice. Moreover, [PH]DA uptake
in the saline-treated group was also decreased by shati-AS com-
pared with that in the shatisSC- or CSF-treated mice, although
shati-SC had no effect on [*H]DA uptake (drug, F;. a2) =
137.229, p < 0.01; intracerébrovéntricular treatment, F,, a2) =
15.087, p < 0.01; drug. X mtracerebroventncular treatment,
Fi2,42) = 0.240, p = 0.788; two-way ANOVA) (Fig. 6 E).

Different results were obtained from in vivo microdialysis and
DA uptake studies, only in the basal conditions. These studies
were performed in quite different situations. Living mice were

«—
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used in vivo microdialysis study, and basal overflow of endoge-
nous DA was measured 24 h after the last METH treatment in the
NAc (Fig. 6 B). Therefore, other factors (other neurotransmitters,
neuroplasticity, and neuronal jnput from other brain regions)
might affect basal DA overflow and compensate the dysfunctlon
of DA uptake induced by repeated treatment of METH. Con-
versely, the experiment of [ >H]DA uptake was ex viyo study by
using the midbrain tissue (Fig. 6D, E). High- concentration and
exogenous [*H]DA was used for the investigation of functlonal
changes of DA uptake 1 hafter the last METH treatment in the
midbrain. The ex vivo method could more du'ectly measure the
changes of DA uptake in the mldbram, comparing in vivo micro-
dialysis study.

Roles of shati in METH-induced conditioned place preference
The effect of shati-AS on METH- mduced CPP was exammed ina
place conditioning paradigm, in whrch animals léarn the associ-
ation of an environment paired with drug exposure. This para-
digm involves sensory perception of external stimuli, association
of stimuli, and the approach- mducmg actions ofa drug, aswellas
the rewarding effects of a drug. The expenrnental schedule is
shown in Figure 7A. As shown.in Frgure 7B, METH (0. 3 mg/kg,
s.c.) produced place preference in mice. In shati- AS treated mice,
the development of METH-induced CPP was slgmﬁcanﬂy poten-
tiated cotnpared with that in the shati-SC- or CSF-treated mice
(drug, F;, 45, = 78.202, p < 0.01; intracerebroventricular treat-
ment, F, 4, = 4.950, p = 0.011; drug X intracerebroventricular
treatment, F, 45, = 5.046, p = 0.010; two-way AN OVA) (Fig.

7B), indicating that downregulation of shati. éxpression was suf-
ficient to confer the enhanced METH-induced CPP. Shati-AS,

shati-SC, or CSFtreatment had no effect on CPP in saline-treated
mice (Fig. 7B, left three columns), suggesting that the procedure
in CPP might not reflect anxiolytic actions. These results  suggest
that shati participates in the repeated METH treatment-induced
development of behavioral sensitization and CPP by regulating
DA uptake. .

Discussion

In the present study, we identified a novel molecule shati from the
NAc of mice treated with METH for the first time using the
PCR-select cDNA subtraction method, which is a differential and
epochal cloning technique.

From motif analysis of shati, shati contained the sequence of
GCAT (Fig. 1C). Shati might have physiological action in pro-
ducing acetylcholine or metabolic action of ATP, because the
analysis showed the lowest interactive potential energy of shati
with acetyl-CoA or ATP (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Accordingly, we have to
investigate the mechanism by which shati regulates production of
acetylcholine or metabolic roles of ATP in subsequent studies.

Because shati expression was detected at high levels innot only
the brain regions related to drug dependence but also the liver,
kidney, and spleen (Fig. 2 A), it is plausible that shati is involved in

the regulation of pathophysiological func-
tion. Single METH treatmerit induced the

after METI H treatment on the day 3. Values are means 'S (n = 8). *p < 0.05 versus saline-treated mice. *p < 0.05 versus
shati-SC-treated mice. €, Experimental schedule for measurement of focomotor activity using shati-AS. D, Effect of shati-AS on
repeated METH-induced behavioral sensitization. Mice were administered METH (1 o 2 mg/kg, s.c.) or saline for 5 d and chal-
fenged with METH (0.3 mg/kg, s.c.} on day 10. Locomotor activity was measured for 2 b on the days 1, 3, 5, and 10. Values are
means = SE(n = 5-7). ANOVA with repeated measures revealed significant differences in METH-induced sensitization (group,
Foan=5188,p< 0 07; day, Fy o4y = 68.423,p < 0.07; group X day, F(16 oay = 4.412,p < 0.01). *p << 0.05 versus METH
plus CSF-treated mice. *p << 0,05 versus METH plus shati-SC-treated mice. $p < 0.05versus the locomotor activity on day 1in the

same group.

expression of shati mRNA in the NAc and
Hip (Fig. 3C). Repeated METH treatment
produces an enhancement of the
locomotor-stimulating effects of METH
(data not shown). Remarkable induction
of shati mRNA expression was detected in
the Fc, NAc, and CPu of the mice that
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showed behavioral sensitization to METH
(Fig. 3A—C). There is strong evidence that
the dopaminergic system, which projects
from the VTA of the midbrain to the NAc
and to other forebrain sites, including the
Fe, dorsal striatum, and Hip, is a major
substrate of reward and reinforcement for
both natural rewards and addictive drugs
(Di Chiara and Imperato, 1988; Robbins
and Everitt, 1996; Wise, 1996a). Therefore,
shati may be involved in the rewarding ef-
fects and reinforcement of addictive drugs.
Because the dopaminergic neuronal sys-
tem is involved primarily in the pharma-
cological effects of METH (Melega et al.,
1995; Larsen et al, 2002; Sulzer et al.,
2005), we examined whether the METH-
induced increase in shati mRNA levels
is mediated by the activation of dopami-
nergic neurotransmission. The METH-
induced increase in'the expression of shati
mRNA in the NAc was completely inhib-
ited by pretreatment with the DA D,-like
receptor antagonist R(+)- SCH23390 and
the DA D,-like receptor antagonist raclo-
pride (Fig. 3D), suggesting that the activa:
tion of DA D, and D, receptors is attribut-
able to METH-induced expression of
shati. Behavioral studies have suggested
that both DA D, and D, receptors medi-
ate reinforcing signals for drug of abuse,
because amphetamine-induced CPP and
METH-induced sensitization are
blocked by either DA D,-like.or D,-like
receptor antagonist (Ujike et al., 1989;
Hiroi and White, 1991). Therefore, it
likely that activation of DA transmission
is necessary for METH-induced shati ex-
pression in neurons, in which shati spe-
_ cifically acts (Fig. 4A).

" The contribution of dopaminergic
transmission to behavioral sensitization
‘and CPP has been well documented (Na-

_kajima et al., 2004; Nagai et al., 2005a,b;

Niwa et al, 2007a,b,d). Shati expression
was upregulated by repeated administra-
tion of METH (Figs. 2B, 3, 44), and
downregulation of shati by AS (Figs. 4B,
5B}1ed to an elevated synaptic DA concen-
tration in the NAc and major behavioral
manifestations in mice: heightened loco-

motor activity (Fig. 5D), the rate of devel-

opment of sensitization (Fig. 5D), and
CPP (Fig. 7B) responding to METH. Fur-
thermore, downregulation of shati expres-
"sion by AS (Figs. 4B, 5B) potentiated the
‘effects of METH on overflow of DA in the
NAc (Fig. 6 B) and DA uptake (Fig. 6 D, E).
These findings strongly suggest that
the overexpression of shati elicited by
METH may serve as a homeostatic
mechanism that prevents hyperlocomo-
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tion, sensitization, and CPP, by promoting plasmalemmal and
vesicular DA uptake as well as attenuating the METH-induced
increase in overflow of DA in the NAc. ' :

We used METH at the dose of 2 mg/kg for 6 d in,the experi-
ments of RT-PCR, real-titne RT-PCR; and immunohistochemis-
try (Figs. 3, 4B-D, 5), because expression of shati was induced in
the NAc of mice by METH (2 mg/kg for 6 d), which was detected
by using a PCR-select cDNA subtraction method (supplerental
Fig. 1, available at www.jriéurosci.org as supplemental material).
In AS experiments, shati-AS-tréated mice tended to show a po-
tentiation of METH (2 mg/kg)-induced hyperlocomotion and
sensitization on days 1-5, but there wete.no statistically signifi-
cant differences among the three groups (Fig. 5D). The dose-
response effects of METH on the locomotor activify mayreflect a
shift to the left, but these effects were reached the plateau. Con-
versely, shati-AS-treated mice showéd a marked potentiation of
METH (1 mg/kg)-induced hyperlocornotion and sensitization
on days 1-5 compared with shati-SC- or CSF-treated mice (Fig.
5D). On day 3, the potentiation of the METH-induiced hyperlo-
comotion by shati-AS reached the maximuim and plateau. There-
fore, in the experiments of AS, we selected METH at the dose of 1
mg/kg for 3 d (Figs. 5B, 6 B,D;E). We also confirmed that shati
mRNA was increased by METH at thé doses of 1 and 2 mg/kg for
3d (Fig. 34). Then, in the AS study;, we selected METH atthe dose
of 1 mg/kg to investigate effects of AS. '

We selected the time point of 2 h after the last METH treat-
ment for the time when the animals were to be killed in the
experiments of RT-PCR and real-time RT-PCR (Figs. 2,
3A,C,D), because expression of shati mRNA showed peak in the
NAc of mice 2 h after. the last METH. treatment .(Fig. 3B). We
prepared the brain samples 24 h after the last METH treatment
for immunohistochemical study (Fig. 4). The levels of shati
mRNA in the NAc of mice treated with repeated METH were
significantly increased 2, 6, and 24 h after the last METH treat-
ment (Fig. 3B). At 24 h after the METH treatment, both tran-
scription and translation of shati protein could be induced in the
brain. Therefore, we.considered that 24 h after the METH treat-
ment is the best time point for investigation of shati protein
expression. ' ‘ A

Changes in mRNA and protein expression caused by drugs are
of particular interest. The expression of certain mRNAs and pro-
teins appears to be a compensatory adaptation to excessive DA
signaling, which could be biologically significant adaptive mech- -
anisms contributing to dependence. Nevertheless, some proteins
play a reverse role. For example, we previously demonstrated that
tPA . potentiatess METH- or MOR-induced rewarding and
locomotor-stimulating effects (Nagai et al, 2004, 2005a,b),
whereas TNF-a and its inducer inhibit them (Nakajima et al,,
2004; Niwa et al., 2007a,b,d). The develop-
ment of sensitization to amphetamine is
prevented when an antibody that néutral-

Fiar.= 5.662,p < 0.05;time, Fyy, 140, = 35.646, p < 0.01; group X time, Fiao.1a) = 1.927, p < 0.05). Values are means =+
5 versus (SF-treated mice. *p < 0.05 verius shati-SC-treated mice. €, Experimental schedule for the
*HIDA Y usiig shati-AS. D, Effect of shati-AS on METH-induced decrease of synaptosomal [*HIDA uptake. Mice were
administered METH (1 mg/kg, €.c.) for 3 d and decapitated 1 h aftef the last injection. The synaptosomal [*HIDA uptake was
0.32%0.04,0.29 + 0.03,0.20 =+ 0.02,0.18 = 0.01,0.20 = 0.01,and 0.09 = 0,01 pmol/mgprotein per 4 min for the saline plus
-CSF-treated, saline plus shati-SC-treated, saline plus shati-AS-treated, METH plus CSF-treated, METH plus shati-SC-treated, and

SE{n = 5-6).
[PH}DA uptake assay s

ized basic fibroblast growth factor (bFGF)
is infused into the VTA before amphet-
amine treatment (Flores et al., 2000). Infu-
sion of brain-derived neurotrophic factor
{BDNF) into the NAc enhances the stimu-
lation of locomotor activity by cocaine in

METH plus shati-AS-treated mice, respectively. The final concentration of [ H]DA was 5 nw. Values are means = SE{n=7-8).
*p < 0.05 versus saline-treated mice, *p < 0.05 versus shati-SC-treated mice. £, Effectof shati-AS on METH-induced derease of
vesicular [ *H]DA uptake. Mice were administered METH (1 mg/kg, s.c) for 3 d and decapitated 1 h after the last injection. The
vesicular {*H]DA uptake was 3.76 =+ 0.25, 4.05 = 0.29,2.80 * 0.20, 1.74 = 0.21, 1.85 = 0.14, and 0.90 = 0.14 pmol/mg
protein per 4min for the saline plus (SF-treated, saline plus shati-SC-treated, saline plus shati-AS-treated, METH plus (SF-treated,
METH plus shati-SC-treated, and METH plus shati-AS-treated mice, respectively. The final concentration of [3H}DA was 30 n,
Values are means = SE {n = 8). *p < 0.05 versus saline-treated mice. *p < 0.05 versus shati-SC-treated mice.

rats, whereas the development of sensitiza-
tion and CPP is delayed in heterozygous
BDNF knock-out mice compared with
wild-type littermates (Horger et al., 1999;
Hall et al,, 2003). Infusion of GDNF into
the VTA blocks certain biochemical adap-
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tations to chronic cocaine treatment (induction of tyrosine hy-
droxylase, NR1 subunit of NMDA receptors, AFosB, and protein
kinase A catalytic subunit) as well as cocaine-induced rewardmg
effects (Messer et al., 2000). Conversely, responses to cocaine are
enhanced i rats by intra-VTA infusion of anti-GDNF antibody
and in GDNF heterozygous knock-out mice (Messer et al., 2000).
A partial reduction in the expression of GDNF potentiates METH
self-administration, enhances motivation to take METH, in-
creases vulnerability to drug-primed reinforcement, and pro-
longs cue-induced reinforcement of extinguished METH-
seeking behavior (Yan et al., 2007). cAMP response element-
binding protein (CREB) overexpression in the NAc reduces the
rewarding properties of cocaine, whereas expression of a
dominant-negative form of CREB in this region has the opposite
effect (Carlezon et al., 1998; Walters and Blendy, 2001; McClung
and Nestler, 2003). Furthermore, FosB mutant mice shows exag-
gerated locomotor activation in response to initial cocaine expo-
sures as well as robust CPP to a lower dose of cocaine compared
with wild-type littermates (Hiroi et al., 1997). Changes in the
balance of levels between proaddictive factors, such as bEGF, tPA,
and BDNF, and anti-addictive factors, such as TNF-a, GDNF,
CREB, and FosB, induced by drugs' of abuse seems to be impor-
tant to the development of drug dependence. In the present
study, the facilitation of METH-induced behavioral sensitization
in mice with a targeted downregulation of shati highlights the
opposing role of shati in drug-dependent behavioral plasticity.
Therefore, upregulation of shati expression may represent a ho-
meostastatic response of dopaminergic neurons in the NAc to
excessive dopaminergic transmission, resulting in attenuation of
hypersensitivity and CPP induced by METH-like drugs. Our
findings, together with others, suggest that there are molecules in
the brain that normally inhibit the behavioral actions of addictive
substances. The mechanism underlying the upregulation of shati
caused by METH remains to be elucidated; nevertheless, inhibi-
tory feedback of the excessive DA signaling is likely to be a plau-
sible candidate.

In conclusion, the present study established a functional in-
teraction between shati and METH. Our findings suggest that
shati is involved in the development of METH-induced hyperio-
comotion, sensitization, and CPP, by promoting plasmalemmal
and vesicular DA uptake as well as attenuating the METH-
induced increase in overflow of DA in the NAc.
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Carvedilol increases ciclosporin bioavailability by .
inhibiting P-glycoprotein-mediated transport

Katsuo Amioka, Takafumi Kuzuya, Hideyuki Kushihara,
Masayuki Ejiri, Atsumi Nitta and Toshitaka Nabeshima’

Abstract

Carvedilol is often used to treat hypertension and for prophylaxis in vascular sclerosis in renal trans-
plant recipients, who require concomitant treatment with ciclosporin. However, there are few
reports regarding the pharmacokinetic interactions between carvedilol and ciclosporin. We have
investigated the potential effects of carvedilol on the pharmacokinetics of ciclosporin, and exam-
ined the inhibitory effects of carvedilol on P-glycoprotein-mediated transcellular transport using
Caco2 cells. Ciclosporin alone or with carvedilot was orally or intravenously administered to rats. The
oral administration of carvedilol (10 mgkg™') with ciclosporin (10mg kg™) increased the whole
blood concentration of ciclosporin. When ciclosporin (3mgkg™) was intravenously administered
with carvedilol (3 mg kg™), there was no difference in the whole blood ciclosporin concentration
between administration with and without carvedilol. Co-administratioh with carvedilol increased
ciclosporin bioavailability from 33% to 70%. In Caco2 cells, carvedilol caused a concentration-
dependent increase in the intracellular accumulation of ciclosporin, and its effect was comparable
with that of veraparﬁil. Carvedilol considerably raised the concentration of ciclosporin in the blood
and this interaction was associated with the absorption phase of ciclosporin. This interaction was
caused by the inhibition of P-glycoprotein-mediated transport by carvedilol in the intestine.

Carvedilol is a nonselective 8-blocking agent which has vasodilating properties that are
attributed mainly to its blocking activity at o -receptors. Since carvedilol is used in the
treatment of mild to moderate hypertension and does not affect renal perfusion and filtra-
tion, it can be given to renal transplant recipients (Heitmann etal 2002). In addition,
carvedilol has been found to inhibit the proliferation and migration of vascular smooth mus-
cle cells (Patel etal 1995; Park etal 2006). This pharmacological effect may be useful for
renal transplant recipients because chronic rejection is associated with the abriormal prolif-
eration and migration of vascular smooth muscle, and fibrosis is a common feature of trans-
plant vascular sclerosis (Ishii etal 2005). For these reasons, there are many cases where
carvedilol and immunosuppressive agents could and should be used concomitantly.
Carvedilol, when absorbed orally, is extensively metabolized and then excreted prima-
rily into the bile (Gehr etal 1999). Ciclosporin, the principal immunosuppressant used in
organ transplant patients and employed to treat a variety of autoimmune diseases, is exten-
sively metabolized in the liver and eliminated mainly by biliary excretion (Lindholm 1991).
Both drugs have been shown to be transported by P-glycoprotein, which plays a significant
role in the oral absorption and excretion of xenobiotics (Saeki etal 1993; Kakumoto etal
2003). These points should be taken into account when considering factors affecting drug-

- drug interactions, and specifically the pharmacokinetics of ciclosporin. Indeed, we have had

firsthand experience of increased ciclosporin blood levels after administering carvedilol
concomitantly to a renal transplant patient: the patient’s AUC, 4/dose increased 24%.’
However, there are few reports describing the pharmacokinetic interaction between
carvedilol and ciclosporin, and the mechanisms behind the interaction are not clear.

The purpose of this study was to examine the potential effects of carvedilol on the

pharmacokinetics of ciclosporin. Furthermore, the inhibitory effects of carvedilol on
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P-glycoprotein-mediated transport were investigated using a
- human colon adenocarcinoma cell line.

Materials-and Methods .-

Materials

Ciclosporin and carvedilol were kindly provided by Novartis
Pharma K. K. (Tokyo, Japan) and Daiichi Pharmaceutical Co.
Ltd (Tokyo, Japan), respectively. Verapamil, Dulbecco’s
modified Eagle medium (DMEM), fetal bovine serum, Triton
X-100, and trypsin were purchased from Sigma-Aldrich (St
Louis, MO). HEPES, penicillin, streptomycin, and nonessen-
tial amino acids were purchased from Gibco BRL (Grand
Island, NY). All other chemicals used were of the highest
purity available.

Animal study

All experiments were performed in accordance with the
Guidelines for Animal Experiments of Nagoya University
Graduate School of Medicine. Male Wistar rats (280-320 g;
Japan SLC Inc., Shizuoka, Japan) were used for the pharma-
cokinetic study. Although food was withdrawn overnight
before the experiment, rats were always allowed free access
to water. One day before drug administration, the rats were
anaesthetized with an intraperitoneal injection of sodium
pentobarbital (25mgkg™!). A silastic catheter was inserted
into the right jugular vein to allow the collection of blood
samples and as a route for intravenous administration. Doses
of ciclosporin either alone or with carvedilol were orally
(ciclosporin 10mgkg™!; carvedilol 10mgkg™) or intrave-
nously (ciclosporin 3 mgkg™; carvedilol 3 mgkg™!) adminis-
tered. These dosage adjustments were required due to the
poor absorption of ciclosporin (27+18% (Ptachcinski etal
1985)). Oral administration was accomplished by inserting a
water-lubricated curved blunt stainless-steel catheter into the
oesophagus. Blood samples were collected using heparinized
syringes at 1,2, 4, 6, 8, and 12h post-dose and were énalysed
for ciclosporin using a fluorescence polarization immu-
noassay with a TDX analyser (Abbott Laboratories, Chicago,
IL). Ciclospotin blood concentrations were fitted to a one-
compartment model with first-order absorption and elimination
using Prism 4 for Windows software (GraphPAD Software
Inc, San Diego, CA).

Cell culture and intracellular accumulation study

P-glycoprotein function was studied in the epithelial layer
of a human colon adenocarcinoma cell line, Caco-2, which
demonstrates a P-glycoprotein-dependent intestinal absorp-
tive celt phenotype. Caco-2 cells at passage 40 were
Obtained from Riken Gene Bank (Tsukuba, Japan). They
Wwere cultured in DMEM containing 10% fetal bovine serum,
100U mL"! penicillin, 100 pg mL™streptomycin, and 100 zm
fonessential amino acids. The adhesive cells were harvested
at 80% confluence by exposure to a trypsin-EDTA solution

(0.25% trypsin and 0.02% EDTA in a phosphate-buffered
Solution),

Intracellular accumulation was studied according to a pro-
cedure described by Zhu etal (2006). In brief, Caco-2 cells
were seeded at a density of 1x 10° cells mL~Y/well in 24-well
plates, and the culture medium was changed every two days
until the experiment was initiated. After reachin g confluence, .
Caco-2 cells were pre-incubated at 37°C for 30min with
serum-free DMEM containing 25mm HEPES, pH 7.4.
Ciclosporin and either carvedilol or verapamil were added to
the culture medium to a final concentration of 0.1M for
ciclosporin, and 0.02, 0.2, 0.6, 2 or 20 uM for carvedilol and
verapamil. The solution contained no more than 0.1% dime-
thyl sulfoxide, and was discarded after 90-min incubation.
The cells were washed three times with ice-cold phosphate-

_buffered saline and permeabilized with a 1% Triton X-100-

containing buffer. The ciclosporin concentrations in the
buffer were analysed using the method described above but -
with a different calibration curve. The amount of ciclosporin
in each sample was standardized, with the protein content
determined using a BCA protein assay kit (Pierce, Rockford,
IL). The degree of inhibition observed at the different
carvedilol or verapamil concentrations was estimated based
on a 50% inhibitory concentration (IC50) determined with an
inhibitory sigmoid E,,,,, model using non-linear regression curve
fitting; the results were analysed using Prism 4 for Windows
software (GraphPAD Software Inc, San Diego, CA).

Statistical analysis

All data are presented as the mean+s.d. The individual dif-
ferences of ciclosporin concentrations with and without
carvedilol at each sampling time were performed using a
Mann-Whitney U-test. The differences of each pharmacoki-
netic parameter were also. established using the same test,
with P <0.05 being taken as significant. All statistical analy-

'ses were performed with StatView 4.5 (Abacus Concepts

Inc., Berkeley, CA).

kesults

Pharmacokinetic study

Figure 1 shows the whole blood concentration—time curves of
ciclosporin after oral (ciclosporin 10mg kg'l, Figure 1A) and
intraverious (ciclosporin 3mg kg™, Figure 1B) administration,
with and without carvedilol (i.v. 3 mg kg™ p.o. 10mg kg™).
Co-administration of carvedilol significantly (P<0.05)
increased the whole blood concentration of ciclosporin fol-
lowing oral administration. When ciclosporin was intrave-
nously administered with carvedilol, there was no difference
in the whole blood ciclosporin concentration to when admin-
istered without carvedilol. The pharmacokinetic parameters
of ciclosporin with and without carvedilol are shown in Table 1.
Co-administration of carvedilol resulted in a decrease in
clearance (CL) and a 2-fold increase in AUC and C,,, com-
pared with administration of ciclosporin alone when the drugs
were taken orally. The pharmécokinetic parameters (AUC
and CL) were not altered when carvedilol was administered

_ intravenously. Since the increase in AUC was linear with

ciclosporin dose, co-administration with carvedilol showed
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Figure 1 Whole blood concentration—time curves of ciclosporin after
(A) 10mg kg™ orally administered with or without carvedilol or (B)
3mgkg™! intravenously administered with' or without carvedilol. Each
point represents the mean % s.d. of four rats. *P <0.05, significantly dif-
ferent from administration without carvedilol.

an increase in bioavailability of ciclosporin from 32.6% to
70.1%. The elimination rate constants were not altered by
carvedilol administered either orally or intravenously. These
results suggested that the increase in the AUC and C,,, of
ciclosporin induced by carvedilol via the oral route was
mainly due to enhanced absorption of ciclosporin in the gas-
trointestinal tract, and not to inhibited elimination via the bil-
iary tract or to hepatic metabolism.

Intracellular accumulation study

Ciclosporin is a substrate of P-glycoprotein and is transported
across Caco-2 cell membranes.- Since Caco-2 cells exhibit
features typical of intestinal epithelial cells (Sambuy etal
2005), these cells have been used widely as a standard model
for intestinal efflux, and for investigating the mechanisms of
absorption of several classes of drugs. We evaluated the
inhibitory effect of carvedilol on the efflux of ciclosporin
using the intracellular accumulation study. As shown in
Figure 2, the accumulation of ciclosporin was markedly
increased in the presence of carvedilol, the effects of which

Carvedilol increases ciclosporin bioavailability ~ 1385

Table 1 Effect of carvedilol on phammacokinetic parameters of
ciclosporin

Parameter Oral administration Intravenous
administration
Control Carvedilol  Control Carvedilol
AUC (1M h) 98+27 23657 9.1+17 10214
P <0.01 P=0.17
k, (07 0.17+0.04 0.2140.06
P=038
kg (7)) 0.17+£0.06 0.17+0.03 027+0.08 0.2310.01
P=0.46 P=0.17
Vd/F (Lkg™h) 425+£0.51 225+0.13
P<0.01
Vd (L kg™ 1.00+£0.40 1:10+0.09
- P=047
CLF(Lh kg™ 0.71+0.15 0.39+0.03
P<0.01 .
CL(Lh'kgh 0.27+0.13- 0.25+0.03
. P=0.56
Conax (M) 0.72+0.10 1.420.12
P<0.01
@ Carvedilol
O Verapanmil
120
£
S 100
2
< 80
v
b
2 60
M©
c 40
o
8 9 (L
3
g
o 0 9—
<
-20 . —
0 1072 100 102
Conen (uv)

Figure 2 Concentration-dependent accumulation rate of 0.1 M
ciclosporin by carvedilol and verapamil in Caco-2 cells. The IC50 values
of carvedilol and verapamil were 0.83 and 0.62 uM, respectively. Each
point represents the mean +s.d. of four data points.

were dependent on concentration. This concentration-dependent
accumulation of ciclosporin was also found with verapamil in
Caco-2 cells. The IC50 value of carvedilol (0.831 uM) was
comparable with that of verapamil (0.616 uM).

Discussion

Padi & Chopra (2002) reported that ci¢losporin induced oxi-
dative stress and that the resultant renal dysfunction was pre-
vented by carvedilol, which has potent antioxidative effeqts.
These results indicated that co-administration of carvedilol
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with ciclosporin was useful not only for the treatment of
hypertension and the inhibition of muscular smooth muscle
cell proliferation, but also for the prevention of ciclosporin-
induced nephrotoxicity. However, there are few clinical
reports regarding the interaction between ciclosporin and
carvedilol, and the precise mechanism of this interaction has
yet to be elucidated. Therefore, we have investigated the
effect of carvedilol on the pharmacokinetics of ciclosporin in
- rats and in the Caco-2 cell line (which expresses P-glycoprotein).
Previous reports indicated that blood levels of ciclosporin
increased when carvedilol was introduced, and thus the dose
of ciclosporin had to be decreased by 20% (Kaijser etal 1997)

or 10% (Bader et al 2005). Kaijser et al (1997) speculated that

cytochrome P450 enzymes contributed to this interaction.
* Indeed, ciclosporin is metabolized by CYP3A4, which plays
a dominant role-in the metabolic elimination of many drugs
(Lamba etal 2002). Drugs which are substrates-of CYP3A4,
including calcium channel blockers, macrolide antibiotics,
and antifungal azoles, have been shown to clinically increase
the concentrations of ciclosporin in blood (Guan etal 1996;
Koselj etal 1994). Carvedilol undergoes .extensive metabo-
lism by CYP2D6, CYP3A4, CYP1A2, CYP2E] and CYP2C9,
while CYP2D6 is the rate-limiting enzyme for the overall
disposition (Gehr et al 1999; Graff etal 2001). CYP3A4 has
a minor influence on the disposition of carvedilol, because the
increase in metabolic clearance after treatment with rifampicin,
which markedly induced the expression of CYP3A4, con-
tributed only slightly to the increase in total body clearance
(Giessmann etal 2004). Therefore, it was presumed that the
probability of a drug-drug interaction dependent on
CYP3A4 was unlikely. Figure 1B indicates that carvedilol
did not interact with ciclosporin during the elimination
phase, indicating that the absorption of ciclosporin was
increased by carvedilol, as shown in Figure 1A.

The activity of cytochrome P450 affects not only drug
elimination, but also the bioavailability of many drugs. Sev-
eral studies have shown that intestinal CYP3A4 was respons-
ible for the first pass metabolism of orally administered
ciclosporin (Gomez etal 1995; Wu etal 1995). However, if
carvedilol were to*inhibit intestinal CYP3A4, it would also
inhibit liver CYP3A4 activity. Therefore, it was quite
unlikely that this was the mechanism behind the interaction.
On the other hand, Bader etal (2005) suggested that
carvedilol influenced ciclosporin levels through its effects on
P-glycoprotein in cardiac transplant recipients. We designed
an in-vitro study to evaluate the inhibitory effects of
carvedilol on ciclosporin transport. Several in-vitro models
have been proposed to determine the inhibitory effect or sub-
strate specificity of P-glycoprotein. In this study, we exam-
ined the inhibitory effects of carvedilol and verapamil on the
intracellular uptake of the P-glycoprotein substrate
ciclosporin in Caco-2 cells. The Caco-2 cell line has been
used extensively as a model of the intestinal barrier and
absorptive properties of the intestinal mucosa. Caco-2 cells
express many kinds of transporter proteins such as multidrug
resistance-associated proteins, P-glycoprotein, peptide trans-
porters, organic anion transporters, and organic cation trans-
porters (Katsura & Inui 2003). Previous reports indicated that
the pharmacokinetics of ciclosporin were related to the
expression level of enterocyte P-glycoprotein in renal transplant

patients (Lown etal 1997). Additionally, the basolateral to
apical transport of ciclosporin is much greater across human
MDR1 cDNA-transfected porcine kidney epithelial LLC-
PK1 cells than in LLC-PK1 cells (Adachi etal 2001). There-
fore, P-glycoprotein is mainly responsible for the cellular
extrusion of ciclosporin. Verapamil is also a well established
probe that is routinely used to identify compounds that have
the potential to inhibit P-glycoprotein.

Carvedilol has been found to be a substrate of P-glycopro-
tein, which can be considered as another mechanism of drug-
drug interaction (Kakumoto etal 2003; Bart etal 2005).
Kakumoto etal (2003) indicated that carvedilol inhibited the
treatment of anticancer drugs mediated by P-glycoprotein,
and that the inhibitory effect was similar to that of verapamil.
The results of our study using Caco-2 cells also showed that
carvedilol inhibited the transport of ciclosporin mediated by
P-glycoprotein, and that this inhibitory effect was comparable
with that of verapamil. After long-term oral administration of
carvedilol (25 mg/day) to healthy subjects, the peak plasma
concentration in extensive metabolizers and poor metaboliz-
ers of CYP2D6 was nearly 0.1 and 0.15 uM, respectively
(Giessmann etal 2004). This concentration was almost the
20% inhibitory concentration for the transport of ciclosporin
obtained in this study. Therefore, there is a possibility of
interaction between ciclosporin and carvedilol in the clinical
setting. _ ' v

Kakumoto etal (2003) speculated that the antioxidative effect
of carvedilol caused the inhibitory effect on P-glycoprotein-
mediated transport. Indeed, it has been reported that high lev-
els of reactive oxygen species, resulting in severe cellular
oxidative stress, increased the expression of MDRI genes
(Ziemann etal 1999). However, this was unlikely because in
our study only 90-min incubation with carvedilol inhibited
the transport of ciclosporin across Caco-2 cells, and a previ-
ous study demonstrated a significant increase in mdrlb
mRNA expression after two days of treatment with H,0,
(Ziemann etal 1999). Further study is needed to clarify the
mechanism.

Ciclosporin is also known to inhibit P-glycoprotein-mediated
transport (Chiou etal 2002). Carvedilol is not usually trapped
in the brain because P-glycoprotein in the blood—brain barrier
extrudes carvedilol from the brain. Bart etal (2005) indicated
that the amount of carvedilol taken up in the rat brain was
increased after pretreatment with ciclosporin. Although we
did not monitor the concentration of carvedilol in blood in
this study, there is a possibility that carvedilol blood concen-
tration, and also the distribution of carvedilol in the brain,
could be increased after co-treatment with ciclosporin. There
have been no studies regarding the interaction between
carvedilol and ciclosporin in man which focus on carvedilol,
but we should be aware of such cases and monitor clinical
symptoms closely.

Conclusion

Co-administration with carvedilol increased ciclosporin bio-
availability. By using Caco-2 cells, we found that carvedilol
caused a concentration-dependent increase in the intracellular
accumulation of ciclosporin, and its effect was comparable
with that of verapamil. This study has shown that carvedilol



considerably raised the concentration of ciclosporin in blood,
and that this interaction was associated with the absorption
phase of ciclosporin caused by the inhibition of P-glycoprotein-
mediated transport by carvedilol in the intestine.
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