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Flgure 7. Effects of TNF-a or Leu-lle on MOR-induced increase in extracellu-
lar DA levels. (A) Effect of exogenous TNF-a or Leu-lle on the repeated MOR
treatment-induced increase in extracellular DA levels. Mice were treated
with TNF-a (1 and 4 pg, IP) or Leu-lie (1.5 and 15 pmol/kg, IP) 1 hour before
MOR (10 mg/kg, SC) once a day for 9 days. Extracellular levels of DA were
measured in the NAc by in vivo microdialysis. Basal extracellular DA levels
were 3.1 + 4,30 = 4,28 + 3,28 * 4, and 3.0 % .5 pg/20 uL for the
vehicle/MOR-, TNF-a 1 ng/MOR-, TNF- 4 pg/MOR-, Leu-lle 1.5 pmol/MOR-,
and Leu-lle 15 pmol/MOR-treated mice, respectively. Values are means +
SEM (n = 5-7). Analysis of variance with repeated measures revealed signif-
icant differences in extracellular DA levels. (B) Effect of exogenous TNF-a or
Leu-lle on the single MOR treatment-induced increase in extracellular DA
levels. Mice were treated with TNF-a (1 and 4 g, IP) or Leu-lle (1.5 and 15
wmol/kg, IP) once 1 hour before MOR (10 mg/kg, SC). Extracellular levels of
DA were measured in the NAc by in vivo microdialysis. Basal extracellular DA
levelswere 2.1+ 4,19+ .2,20*.2,1.9 = .2,and 1.8 = .2 pg/20 p.L for the
vehicle/MOR-, TNF-a 1 pg/MOR-, TNF-a 4 ug/MOR-, Leu-lle 1.5 pmol/MOR-,
and Leu-lle 15 pmol/MOR-treated mice, respectively. Values are means *
SEM (n = 5-6). Analysis of variance with repeated measures revealed no
significant differences in extracellular DA levels. TNF-a, tumor necrosis fac-
tor-o; MOR, morphine; DA, dopamine; [P, Intraperitoneal SC,subcutaneous,
NAc, nucleus accumbens.

best exemplified when studying the antinociceptive or rewarding

effects of MOR (Di Chiara and North 1992; Laakso ef al. 2002). -

We examined the influence of TNF-« or Leu-lle on the
antinociceptive effect of MOR in a hot plate test. As shown in
Figure 8A, there was no difference in hot plate latency by
co-administration of vehicle, TNF-a (1 and 4 pg, IP), or Leu-Ile
(1.5 and 15 pmol/kg, IP) with single and repeated MOR (10
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Figure 8. Effects of TNF-a or Leu-lle on the MOR-induced antinociceptive
effects and symptoms of withdrawal. (A) Effects of TNF-ac or Leu-lle on the
antinociceptive effect and tolerance induced by repeated MOR treatment.
Mice were treated with TNF-a. (1 and 4 ug, IP) or Leu-lle (1.5 and 15 umol/kg,
IP) 1 hour before MOR (10 mg/kg, SC) twice a day for 5 days. The analgestic
effect of MOR was determined 60 min after the first MOR treatment on day 1
and the second MOR treatment on day 5. Values are means + SEM (n =
6-10). *p < .05 versus vehicle/saline-treated mice on the first day. ¥p < .05
versus vehicie/MOR-treated mice on the first day. (B) Effects of repeated
co-administration of TNF-a or Leu-lle with MOR on naloxone-precipitated
(NAL; 5 mg/kg, |P) withdrawal symptoms. Mice were treated with TNF-« (1
and 4 ng, IP) or Leu-lle (1.5 and 15 pmol/kg, IP) 1 hour before MOR (10
mg/kg, SC) twice a day for 5 days. On the sixth day, mice were treated with
TNF-a (1 and 4 pg, IP) or Leu-lle (1.5 and 15 pmol/kg, IP) and NAL (5 mg/kg,
1P) 1 hour before and 2 hours after MOR (10 mg/kg, SC) treatment, respec-
tively. Immediately after the NAL treatment, NAL-precipitated MOR with-
drawal symptoms (jumping, forepaw tremor, rearing) were enumerated
manually for 15 min. Saline-precipitated MOR withdrawal symptoms: [jump-
ing] .00 *+ .00 (vehicle/saline), .00 = .00 (TNF-a 1 ug/saline), .00 * .00 (TNF-o
4 pg/saline), .00 = .00 (Leu-lle 1.5 pmol/saling), .00 = .00 (Leu-lle 15 pmol/
saline), .10 % .00 (vehicle/MOR), .00 = .00 (TNF-a 1 ng/MOR), .00 £ .00
(TNF-cc 4 j1g/MOR), .00 = .00 (Leu-lle 1.5 mol/MOR), .00 = .00 (Leu-lle 15
pmol/MORY); [forepaw tremor] 9.00 * 1.28 (vehicle/saline), 10.00 = 1.06
(TNF- pg/saline), 12.83 * 1,64 (TNF-u 4 pg/saline), 9.70 = 1.40 (Leu-lle 1.5
pmol/saline), 13.81 * 1.80 (Leu-lle 15 pmol/saline), 14.60 + 2.24 (vehicle/
MOR), 12.67 * 1.74 (TNF-a 1 png/MOR), 13.50 = 2.32 (TNF-a 4 pn.g/MOR),
13.60 = 1.97 (Leu-lle 1.5 umol/MOR), 12.00 = 2.63 (Leu-lle 15 pmol/MOR);
[rearing] 34.30 + 2.38 (vehicle/saline), 2933 * 4.47 (TNF-« 1 pg/saline),
30.00 + 3.57 (TNF-o 4 pg/saline), 28.60 x 3.25 (Leu-lle 1.5 pmol/saline),
3217 = 1.89 (Leu-lle 15 pmol/saline), 42.60 * 5.48 (vehicle/MOR), 38.50 +
272 (TNF-a 1 ug/MOR), 39.17 * 3.27 (TNF-o 4 pg/MOR), 3840 *+ 3.01
(Leu-lle 1.5 pmol/MOR), 32.50-* 2.79 (Leu-lle 15 pmol/MOR). Values are
means + SEM (n = 6-10). *p <..05 versus vehicle/saline-treated mice.
TNF-a, tumor necrosis factor-o; MOR, morphme, IP, intrapemoneal SC, sub-
cutaneous; NAL, naloxone.
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mg/kg, SC). In addition, a tolerance in the analgesic effects of
MOR to thermal stimuli was developed in all MOR-treated mice
[F(2,27) = 383.976, F(2,15) = 277.874, F(2,15) = 723.622,
F(2,27) = 517.466, F(2,15) = 112.064, p < .05, one-way ANOVA]
(Figure 8A). ’

Finally, we investigated the effects of repeated co-administra-
tion of TNF-a or Leu-Ile with MOR on NAL-precipitated with-
drawal. Withdrawal symptoms (jumping, forepaw tremor, rear-
ing) after treatment with NAL (5mg/kg, IP) were shown in all
repeated MOR-treated (10 X 2 mg/kg/day for 5 days) mice
[F(9,66) = 22.846, F(9,66) = 13.938, F(9,66) = 10.676, p < .05,
one-way ANOVAL There was no difference in the NAL-precipi-
tated withdrawal syndrome by co-administration of vehicle,
TNFP-a (1 and 4 pg/day for S days, IP), or Leu-Ile (1.5 and 15
pumol/kg/day for 5 days, IP) with repeated MOR (10 mg/kg, SC)
(Figure 8B).

Discussion

Drugs of abuse are able to elicit compulsive drug-secking
behaviors on repeated administration, which ultimately leads to
the phenomenon of addiction (Laakso et al. 2002). In terms of
lost lives and productivity, drug addiction remains one of the
most serious threats to the nation’s public health (Nestler 2002).

Recently, we have demonstrated that TNF-a or Leu-Ile, which
induces GDNF preduction via TNF-a synthesis, inhibits METH-
induced dependence (Nakajima ef al. 2004; Niwa ef 4/, in press).
Morphine is a drug of abuse like METH, although they have
opposite effects, acting as a psychosedative and psychostimu-
lant, respectively. In the present study, to extend our findings, we
examined the effects of TNF-« or Leu-Ile on the rewarding effect,
the sensitization to the locomotor-stimulating effects, and the
increase in extracellular DA levels induced by MOR.

Although single MOR treatment did not induce expression of
TNF-o mRNA in any regions examined, repeated MOR treatment
remarkably induced it in the NAc and CPu (Figure 2A). Moreover,
we confimmed TNF-a protein was not increased after single
treatment of MOR using immunostaining method (data not
shown). We suggest that the induction of TNF-a by MOR
requires repeated treatment. The MOR-induced increase in the
expression of TNF-a mRNA in the NAc was completely inhibited
by pretreatment with the DA D1 receptor antagonist SCH23390,
the D2 receptor antagonist raclopride (Figure 2B), and the
specific opioid receptor antagonist NAL (Figure 2C), suggesting
that the activation of DA D1, D2, and opioid receptors is
attributable to MOR-induced gene expression of TNF-«. It is
likely that activation of DA transmission in neurons, where
TNF-a specifically acts (Figure 3B), is necessary for MOR-
induced TNF-a expression. The expression of TNF-a is induced
through the activation of transcription factors such as activator
protein-1 (AP-1) and nuclear factor-kB (NF-kB) by the activation
of JNK/p38 MAPK (Guha et al. 2000; Rahman and MacNee 2000).
Further, TNF-a acts on mitochondria to generate reactive oxygen
species (ROS), which are involved in the activation of AP-1 and
NF-kB (Rahman and MacNee 2000). Changes in transcription
factors may result in long-term changes in gene expression,
thereby contributing to neuronal adaptations that underhe be-
havioral sensitization (Nestler 2001). )

Tumor necrosis factor-a induces GDNF expression (Niwa et
al, in press) and blocks METH-induced dependence (Nakajima ef
al. 2004). Tumor necrosis factor-a or Leu-lle treatment, both in
combination with MOR and after withdrawal from repeated
treatment with MOR, inhibited place preference and sensitization
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to MOR (Figures 4 and 5). Therefore, we investigated whether
Leu-Ile, which is a GDNF inducer, induces the expression of
TNF-o. Leu-Ile increased TNF-a mRNA levels in the NAc (Figure
3A). Leu-lle treatment, both in combination with MOR and after
withdrawal from repeated treatment with MOR, also increased
TNF-a levels (Figures 3B, 3C, and 3D) in the brain but not in the

peripheral blood stream (Niwa ef 4/, in press). Leu-lle can
penetrate the blood-brain barrier (BBB) and initiate the synthesis -
of GDNF in the brain (Nitta ef a/. 2004). Therefore, we suggest
that Leu-lle penetrates the BBB and induces TNF-« expression
only in the brain. Therefore, we suggest that Len-Ile plays an
inhibitory role in rewarding effects and sensitization induced by
MOR via the induction of TNF-a expression.

Tumor necrosis factor-a-(-/-) mice showed marked condi-
tioned place preference at the low dose of MOR, which failed to
establish place preference in wild-type mice (Figure 6A). Mor-
phine-induced place preference in TNF-a-(-/-) mice was signif-
icantly attenuated by the administration of TNF-o (Figure 6B).
These results suggest that TNF-a acts to negate the rewarding
effects of MOR.

From the point of view of pharmacotherapy, Leu-Ile would be
better than TNF-a itself, since TNF-« damages the peripheral
tissues by triggering the expression of other cytokines (Bluthe ef
al. 1994). Tumor necrosis factor-a could be involved in the
inhibitory effects of Leu-lle on MOR-induced rewarding effects,
since no effect of Leu-Ile was observed in the TNF-a-(-/-) mice
(Figure 6B). Our results showed that Leu-lle, which induces
GDNF production via TNF-a synthesis, inhibited MOR-induced
place preference and sensitization not only during, but also after,
their development (Figures 4 and 5), as in the case of METH
(Niwa et al, in press). Glial cell line-derived neurotrophic factor
levels in the NAc after the co-administration of Leu-Ile and MOR
were much more increased compared with those in the vehicle/
MOR-treated mice (Niwa et al. 2006, unpublished observations).
Glial cell line-derived neurotrophic factor could be involved in
the inhibitory effects of Leu-Tle on MOR-induced rewarding
effects, since no effect of Lev-Ile was observed in the GDNF
heterozygous mice (Niwa et /. 2006, unpublished observations).
These results suggest that GDNF acts to negate the rewarding
effects of MOR and are involved in the effects of Leu-lle on
rewarding effects. Glial cell line-derived neurotrophic factor
blocks biochemical adaptations to the chronic use of cocaine or
MOR, as well as the rewarding effects of cocaine (Messer ef al.
2000). Therefore, Leu-lle may induce production of GDNF as a
result of TNF-a expression to inhibit drug-induced rewarding
effects and sensitization, although another pathway should be
considered—that Leu-Ile upregulates GDNF expression by acti-
vating heat shock protein 90 (Hsp90)/Akt/cyclic adenosine 3,
5'-monophosphase (cAMP) response element binding protein
(CREB) signaling (Cen et al. 2006).

Leu-Ile inhibited MOR-induced place preference (Figures 54)
in bell-shaped response curves. We confirmed that Leu-Ile at the
lower dose, 1.5 pmol/kg, which could inhibit the rewarding
effects of MOR, increased TNF-a expression both in combination
with MOR and after withdrawal from repeated MOR treatment in
the CPP paradigm. On the contrary, Leu-Ile at the higher dose, 15
pmol/kg, which could not inhibit the rewarding effects of MOR,
failed to increase TNF-a expression in combination with MOR in
the CPP paradigm (data not shown). These results suggest
involvement of induction of TNF-a expression in inhibitory effect
of Leu-Ile on the rewarding effects and sensitization of MOR.

There has been considerable progress in identifying the
mechanisms that contribute to the long-lasting neural and behav-
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ioral plasticity related to addiction, including drug-induced
changes in gene transcription, in RNA and protein processing,
and in synaptic structure (Nestler 2001). Although a single
administration of TNF-a or Leu-lle failed to inhibit the single
treatment-induced hyperlocomotion, it inhibited the sensitization
to hyperlocomotion induced by repeated treatment with MOR
(Figures 4A and 4B). These results suggest that TNF-a or Leu-Ile
has inhibitory effects on neuronal plasticity induced by repeated
MOR treatment but not on hyperlocomotion or the increase in
extracellular DA levels induced by single MOR treatment (Figure
7B). Several reports have suggested that TNF-a influences syn-
aptic strength and transmission (Albensi and Mattson 2000;
Beattie et al. 2002). Further, the expression of TNF-a is induced
through the activation of transcription factors such as AP-1 and
NF-kB (Guha ez al. 2000; Rahman and MacNee 2000). Our results
have shown that Leu-lle binds heat shock cognate protein
(Hsc70) and triggers the phosphorylation of NF-kB and CREB via
a pathway involving Hsp90/Akt and induces GDNF expression
(Cen et al. 2006). We suggest that the induction of TNF-a and
GDNF by Leu-lle requires repeated treatment, and these mole-
cules inhibit MOR-induced rewarding effects and sensitization.
“The mesolimbic dopamine system projecting from the VTA to
NAc is considered to play a major role in mediating the reward-
ing effects of electrical stimulation of the brain and drugs of
abuse (Koob et al. 1998). The VTA and NAc have been shown to
be the key brain regions that underlie the actions of opioids (e.g.,
MOR) and psychostimulants (e.g., METH and cocaine) (Koob
1992). It is well recognized that the rewarding effects of opioids
and psychomotor stimulants depend on the mesocorticolimbic
dopamine system innervating the NAc (Bveritt and Wolf 2002;
Koob et al. 1998; Mizoguchi ez al. 2004). It has been suggested
that the enhancement of DA release in the NAc is an essential
process related to the rewarding effects of MOR (Matthews and
German 1984). Further, the NAc¢ is involved in the locomotor-
stimulating effect of MOR (Brase ef al. 1977; Oliverio et al. 1975),
which is regarded as a result of the increase in extracellular DA
levels (Koob and Nestler 1997; Matthews and German 1984). We
have recently demonstrated that the tissue plasminogen activator
(tPA)-plasmin system participates in the rewarding and locomo-
tor-stimulating effects induced not only by MOR but also by
METH by triggering the release of dopamine in the NAc (Nagai et

al. 2004, 2005a, 2005b; Yamada et al. 2005). Leu-Ile inhibited the-

sensitization of hyperlocomotion induced not only by MOR
(Figures 4B and 4C) but also by METH (Niwa ef 4/, in press), at
least in part, through the action in the NAc, since it had inhibitory

effects on the repeated MOR treatment-induced increase in

extracellular DA levels (Figure 7A). Leu-Ile induces the expres-
sion of not only TNF-a (Figure 3A) but also GDNF (Niwa ef 4/, in
press). Tumor necrosis factor-a induced by Leu-lle activates
plasmalemmal and vesicular DA transporter (Nakajima er al.
2004). Glial cell line-derived neurotrophic factor induced by
Leu-Tle inhibits the drug-induced upregulation of tyrosine hy-
droxylase activity (Messer et al. 2000). Thereby, TNF-a and
GDNF induced by Leu-Ile attenuate the MOR-induced increase in
extracellular DA levels (Figure 7A) and then inhibit MOR-
induced rewarding effect and sensitization (Figures 4 and 5).
Chronic use of an opioid results in tolerance to and depen-
dence on the drug (Chavkin and Goldstein 1984; Law ef al. 1982;
Puttfarcken et al. 1988). Dependence is defined by a number of
abnormal responses after the abrupt withdrawal of a drug
(Johnson and Flemming 1989). Tumor necrosis factor-a or
Leu-lle has no effect on MOR-induced tolerance and physical
dependence (Figure 8). Tumor necrosis factor-a or Leu-lle
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regulates dopaminergic neurons, at least in part, through action
in the NAc, whereas the cortex is the terminal/intermedial area
for noradrenergic neurons associated with drug addiction and
plays a key role in NAL-precipitated MOR withdrawal (Terwill-
iger et al. 1991). Therefore, the mechanism by which TNF-a or
Leu-Tle inhibits MOR-induced rewarding effect and sensitization
is different from that of the NAL-precipitated MOR withdrawal
syndrome.

Our findings suggest that TNF-a inhibits MOR-mduced 1e-
warding effect and sensitization by attenuating the MOR-induced
increase in extracellular DA levels, and Leu-Ile inhibits them via
the induction of TNF-a expression. Leu-Ile could be a novel.
therapeutic agent for MOR-induced dependence.
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A Novel Molecule “Shati” Is Involved in Methamphetamine-
Induced Hyperlocomotion, Sensitization, and Conditioned
Place Preference

Minae Niwa,* Atsumi Nitta,! Hiroyuki Mizoguchi,! Yasutomo Ito,? Yukihiro Noda,! Taku Nagai,' and

Toshitaka Nabeshima!- _ -

1Department of Neuropsychopharmacology and Hospital Pharmacy and 2Equipment Center for Research and Education, Nagoya University Graduate
School of Medicine, Nagoya 466-8560, Japan, and *Department of Chemical Pharmacology, Meijo University Graduate School of Pharmaceutical Sciences,
Nagoya 468-8503, Japan '

Drug addiction 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 methamphetamine (METH)
using the PCR-select complementary DNA subtraction method. Moreover, we investigated whether shati is involved in METH-induced
hyperlocomotion, sensitization, and conditioned place preference (CPP). METH induced 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 oligonucleotide (shati-AS), which significantly inhibited the expression of shati mRNA,
enhanced the acute METH response, METH-induced behavioral sensitization, and CPP. Blockage of shati mRNA by shati-AS potentiated
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-induced hyperlocomotion, sensiti-
zation, and CPP. The functional roles of shati in METH-regulated behavioral alternations 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; methamphetaminé; behavioral sensitization; conditioned place preference; dopamine; addiction

Introduction

In terms 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 (NAc) (Koob, 1992; Wise, 1996b; Koob etal.,

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 et al., 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

profile 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 activity-dependent synaptic plasticity and
remodeling of the mesocorticolimbic 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 neurotoxicity
(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-a, and glial cell line-derived neurotrophic factor (GDNF)
(Niwa et al., 2007a—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 (Nagai et al., 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 kept in a
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 Animalsand 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 cDNA 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 unhybridized fraction (target) from hybridized common se-
quences. Total RNAs were extracted by RNeasy Max (Qiagen, Hilden,
Germany). For each subtraction, we performed two PCR amplifications.
Products from the secondary PCRs were inserted into pCRII usinga T/A
cloning kit (Invitrogen, Carlsbad, CA). Plasmid 'or cosmid DNAs were
prepared using QlAwell 8 Plus kit (Qiagen) according to the protocol of
the manufacturer. 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 Target {bp)
1 .
Forward 5'-CTTGCCTCCCCAGCCCATCA-3! 1987-2006 -
Reverse 5'-(TGGGGGCCAGGGTTCTGCT-3" - 247-2166
) .
Forward 5'-GGOTGGC(GGGTAGGTGGAA-3' ©2909-2928
~ Reverse 5’ -GGCAGTGCCCAGCCCTTCCT-3’ 30733092
3 . ]
Forward 5'-TGTACATTCCTCCCTGGTGGTG-3’ 3521-3542
Reverse 5'-ARATCTGAGAGCTGCAAGAAAATAGGG-3' 3594-3620

The amphfxamn consisted of an initial step (95°C for 5 min) and then 35 cydes of denaturation for 30 s at94 °Cand
anneafing for 1 min at 70, 71, and 65°C.

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

Reverse transcription-PCR and 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(+)-7-chloro-8-
hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro- 1 H-3-benzazepine]
(0.1 mg/kg, i.p.) or DA D,-like receptor antagonist raclopride (2 mg/kg,
ip.) 30 min before METH (2 mg/kg, s.c.) once a 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 apombr-
phine (Christensen 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 either R(+)-SCH23390 (0.1 or 0.5 mg/kg;i.p.)

- 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'-TGTACATTCCTCCCTGGTGGTG-3' (forward-3; base pairs
3521-3542) and 5'-AAATCT! GAGAGCT GCAAGAAAATAGGG-3' (re-
verse-3; base pairs 3594-3620) for set of sequences 3 (Table I). 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-CACAGTCTGIGAGG-
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 aniCycle iQ
Detection System (Bio-Rad, Hercules, CA). The expression levels were
calculated as described previously (Wada et al., 2000).

Immunchistochemistry. Two antibodies against the peptide of the hy-
pothetical protein, CNTAFRGLRQHPRTQLL (S-3) and CMSVDSR-
FRGKGIAKALG (§-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
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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 pum in the cryostat. Polyclonal rabbit anti-S-3 or
S-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. Each 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 ul, 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)
—2.0 mm from the skull, according to the atlas of Franklin and Paxinos
(1997)]. No histological or mechanical disruption was produced by im-
plantation of the infusion cannula (data not shown). Phosphorothionate
oligonucleotides were custom synthesized at Nisshinbo Biotechnology
(Tokyo, Japan) and dissolved in artificial CSF (in mm: 147 NaCl, 3 KCl,
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 phosphorothionated at the three bases of both 5’ and 3’ ends, which
results in increased stability and less toxicity. The sequences of shati-AS
and shati-SC were 5'-TCTTCGTCTCGCAGACCATGTCG-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 ul per day (flow rate, 0.25 pul/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 anesthetized with sodium pentobar-
bital, and a guide cannula (AG-8; EICOM, Kyoto, Japan) was implanted
into the NAc (AP +1.7 mm, ML +0.8 mm mediolateral from the
bregma, and DV —4.0 mm from the skull) according to the atlas of
Franklin and Paxinos (1997) and secured to the skull using stainless steel
- screws and dental acrylic cement. Micé were administered METH (1
~ mg/kg, s.c.) 3 d after implantation of the guide cannula and the start of

oligonucleotide infusion. One day after METH treatment for 2 d, a dial-
ysis probe (AI-8-1, 1 mm membrane length; EICOM) was inserted
through the guide cannula and perfused continuously with CSF (in mas:
147 NaCl, 4KCl, and 2.3 CaCl,) at a flow rate of 1.0 pl/min. Dialysate was
collected in 20 min fractions and injected 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 [?’H]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 [ >H]DA (PerkinElmer, Wellesley, MA) was 5 n.
Samples were incubated at 37°C for 4 min, and then ice-cold Krebs—
Ringer’s solution containing 10 uM GBR12909
fluorophenyl-)methoxy]ethyl)-4-(3-phenylpropyl)piperazine] bimesy-

[1-(2[bis(4- .
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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 pm
GBR12909 during the incubation. The radioactivity trapped on filters
was measured with a hqmd scintillation counter (Beckman Coulter, Ful-
lerton, CA).

Vesicular [PH]DA uptake. Vesicular [ *H]DA uptake was determined as

- described by Erickson et al. (1990). Synaptosomes were prepared as de-

seribed by Nakajima et al. (2004). Vesicular [ >H]DA uptake was per-
formed by mcubatmg synaptic vesicle samples (15 pg protein/100 pul) at

30°C for 4 min in assay buffer (in mu: 25 HEPES, 100 potassium tartrate,
1.7 ascorbic acid, 0.05 EGTA, 0.1 EDTA, and 2 ATP-Mg?*, 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 preference. 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, respectively: Each box could be divided by a sliding door (10 X
15 cm high). The place conditioning paradigm was performedby usinga
previously established procedure with a minor modification (Noda et al.,
1998; Schechter and Calcagnetti, 1998; Niwa et al., 2007a,bd). In the
preconditioning test, the sliding door was opened, and the mouse was
allowed to move freely between both boxes for 15 min once aday for 3d.
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-20 LD (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 opposite the drug conditioning site for 20
min. These treatments were repeated for three cycles (6 d). In the post-
conditioning test, the sliding door was opened, and we measured the time
that the mouse spent in the black and transparent boxes for 15 min, 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 more 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 Iapan/GenBanldEuro-

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 1A 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 2A, 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

" ¢cDNA 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. 2B).

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 (F(3,, = 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 (Fis 4y, =
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, F, 5,, = 20.368, p < 0.01 for Fc;
single administration, F, 5, = 0.005, p = 0.942 for Fc; repeated
drug administration X single administration, F, 55, = 1.643,p =
0.209 for Fc; repeated drug administration, F; 5, = 14.436,p <
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MHCGPPDMVC ETKIVATEDH EALPGAKKDA
LLVAAGAMWP PLPAAPGPAA APPPAAGPQP
HGGTGGAGPP EGRGVCIREF RAAEQEAARR
IFYDGILERI PNTAFRGLRQ HPRTQLLYAL
LAALCFAVTR SLLLTCLVPA GLLALRYYYS
RKVILAYLEC ALHTDMADIE QYYMKPPGSC
FWVAVI DGNV_VGIVAARAHE EDNTVELLRM -
SVDSRFRGKG TAKALGRRVL EFAMLHNYSA
VLPGMTLSLA ERLFFQVRYH RYRLQLREE

Figure 1.  Characterization of shati. 4, The sequence of shati. The red character showed
homology modeling of shati: The underlined character showed GCNS-related
N-acetyltransferase motif. 8, Homology modeling for C-terminal domain of shati. ¢, Homology
modeling and motif analysis of shati. Shati has the sequence of GCAT. Red ribbon, Homology
model of shati; sphere, acetyl-CoA analyzed by x-ray crystallography; green ribbon,
N-acetyltransferase.
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Figure2.  Expression of shati mANA in the various organs of mice. A, RT-PCR analysis 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 shatiinduced by repeated METH treatment in
the NAc of mice. Mice were administered METH (2 mg/kg, s.c) for 6 d and decapitated 2 h after
the last METH treatment. Values are means = SE (n = 5). *p <C 0.05 versus saline-treated
mice. The sets of primers used for PCRare listed in Table 1. To standardize the PCR products, we
used primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the intemal control.

0.01 for NAc; single administration, F, 5,, = 4.917, p < 0.05 for
NAc; repeated drug administration X single administration,
F, 31 = 10.545, p < 0.01 for NAc; repeated drug administration
F1,32) = 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, 5,, = 1.669, p = 0.206 for CPu; repeated drug
administration, F, 3,, = 0.628, p = 0.434 for Hip; single admin-
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Figure3. METHinduced expression of shati mRNA in the brain. 4, Dose-dependent effect of

repeated METH treatment on shati mRNA expression in the NAc. Mice were administered METH
(03,1, and 2 mg/kg, 5.c.} for 3 d. Mice were decapitated 2 h after the last METH treatment.
Values are means = SE(n = 8). *p << 0.05 versus saline-treated mice. 8, Time course changes
in the expression of shati mRNA after repeated METH treatment in the NAC, Mice were admin-

" istered METH (2mg/kg, s.c) for6d and decapitated 1, 2, 6, 24, and 48 hand 1 weekafter thelast

METH treatment. Values are means- = SE (n = 6-7). *p << 0.05 versus saline-treated mice. €,
Changes in the expression of shati mRNA in the various brain regions (Fc, NA, €Pu, 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 (2 mg/kg, s.c.) or saline on day 6. Mice were decapitated
2hafterlasttreatment of METH (2 mg/kg, s.c.) 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 o D,-like receptor antagonist raclopride on METH-inducedexpression of
shati mRNA in the NAc. Mice were treated with R{+)-SCH23390 (0.1 mg/kg, s.c. or raclopride
(2 mg/kg, . 30 min before daily METH (2 mg/kg, s.c. for 6 d) treatment. Mice were decapi-
tated 2 h after the last METH treatment. Values are means = SE (n = 6-8). *p <0.05 versus
vehide/saline-treated mice. *p < 0.05 versus vehide/METH-treated mice.

istration, F; 5,, = 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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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, 55y = 18.649, p < 0.01; antagonist, F(; 5, = 5.554, p <
0.01; agonist X antagonist, F; 55, = 5.382, p < 0.01; two-way
ANOVA) (Fig. 3D), although neither antagomsts had an effecton
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, and D, receptors.

(c) METH/NeuN |d) M

(f) METH/GFAP |(g) METH/merge

{€) saline+AS

() METH+AS

Immunostaining of shati in the NA after repeated treatment with METH. Mice were administered METH (2 mg/kg,
s.c) for 6 d and decapitated 24 h after the fast treatment. A, Double-labeling fluorescence photomicrographs for shati and NeuN
or GFAP. The shati-immunopositive cells (green) were colocalized with NeuN-immonopositive cells (red). Double immunostaining
for S-3 or 54 and NeuN in the NAc reveals shati expression in neuronal cells. Scale bars, 20 pum. B, Effect of shati-AS on
METH-induced inrease in shati expression. METH-induced increase in shati expressionin the NAcwas inhibited by shati-AS. Scale
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Localization of shati in the brain of mice
treated with METH

There were few shati-immunopositive
cells in saline-treated mouse brain (Fig.
4Aa,Ah). METH (2 mg/kg, s.c. for 6 d)
increased the number of shati-
immunopositive cells in the NAc com-
pared with that in saline-treated mice (Fig.
4 A). The shati-immunopositive cells were
diminished when the antibodies were ab-
sorbed by S-3 or S-4 antigen (data not
shown). The shatl-lrnmunoposmve cells
were colocalized with the cells that were
immunopositive for NeuN, a neuronal
marker, but not for GFAP, an astroglial
marker, in the NAc of mice (Fig. 4Ab-A-
g Ai-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. 4Ba-Bf).

H/merge

Roles of shati in METH-induced
hyperlocomotion and sensitization
To examine the role of shati 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 in the NAc (Fig. 5B). The in-
 crease in the levels of shati mRNA expres- -
sion evoked by repeated METH treatment
in the NAc was significantly and com-
pletely abolished by shati-AS, although
shati-SC had no effect. Moreover, shati
mRNA expression in the NAc of saline-
treated mice was also reduced by shati-AS,
whereas shati-SC did not affect the expres—
sion in'saline-treated mice (drug, F; 45, =
72.765, p' < 0.01; intracerebroventricular
treatment, F(, ,,, = 14.104, p < 0.0}
drug X intracerebroventricular treatment,
Fia42 = 0092, p = 0912; two-way
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, o
= 62.530, p < 0.01; intracerebroventricular treatment, F(, 4, =
0.148, p = 0.862; drug X intracerebroventricular treatment,
F(, 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 administration leads
to a progressive augmentation of many be-
havioral effects of the drug (behavioral
sensitization). Sensitization is of interest as
a model for drug-induced 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 anincrease 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
[F3.12y = 7.404 for METH (1 mg/kg) plus
shati-AS-treated mice; F(, 5 = 5.593 for
METH (1 mg/kg) plus shati-SC-treated
mice; F; 15 = 30.917 for METH (1 mg/
kg) plus CSF-treated mice; F; 12, = 7.453
for METH (2 mg/kg) plus shati-AS-treated
mice, F(,,1,) = 4.243 for METH (2 mg/kg)
plus shati-SC-treated mice; F5;5, = 8.569
for METH (2 mg/kg) plus CSF-treated
mice; p < 0.05, one-way ANOVA] (Fig.
5D). As shown in Figure 5D, the shati-AS
treatment potentiated the METH (1 mg/
kg, s.c.)-induced hyperlocomotion and
sensitization compared with shati-SC- or
CSF-treated mice (drug, F 14

291.696, p < 0.01; intracerebroventricular
treatment, F,,4;, = 28.223, p < 0.0;
time, F(3,141) = 17.154, p < 0.01; drug X
intracerebroventricular treatment, F4 14;)
=12.432,p < 0.0};drug X time, Fi4141) =
12.913, p < 0.01; intracerebroventricular
treatment X time, F4 4, = 0.156, p =
0.960; drug X intracerebroventricular
treatment X time, Fig 4y = 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 (F(5 13 = 6.974, p < 0.05, one-way
ANOVA), although 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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Figure 5. Roles of shati in METH-induced hyperlocomotion and sensitization. An osmotic minipump was used to defiver a
continuous infusion of shati-AS (1.8nmol/6 g per day), shati-SC (1.8 nmol/6 pl per day), or CSFinto the rightventride (AP —0.5
mm, ML +1.0 mm from bregma, and DV —2.0 mm from the skull). A, Experimental schedule for the real-time R-PCR using
shati-AS. B, Effect of shati-AS on shati mRNA expression, Mice were administered METH (1 mg/kg, s.) for 3dand decapitated 2h
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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 addition, METH and the amphetamines
redistribute 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 using an in vivo microdialysis technique. The

experimental schedule is shown in Figure 6A. METH caused a’

marked increase in overflow of DA in the NAc of the CSF-treated
mice on the day 3 (Fig. 6B). The peak of overflow of DA was
increased by METH treatment to ~360% of the baseline level in
the CSF-treated mice. In shati-AS-treated mice, the METH-
induced increase in overflow of DA was significantly potentiated
compared with that in the shati-SC- or CSF-treated mice (intra-
cerebroventricular treatment, F,,, = 5.662, p < 0.05; time,
F(10,140) = 35.646, p < 0.01; intracerebroventricular treatment X
time, F(30,140) = 1.927, p < 0.05; repeated ANOVA) (Fig. 6B).
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]DA up-,
take compared with the saline-treated mice. In shati-AS-treated
mice, the METH-induced decrease in [ > H] DA uptake was signif-
icantly potentiated compared with that in the shati-SC- or CSF-

treated mice. Moreover, [>H]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, F(; 40) = 30.447, p < 0.01; intracere-
broventricular treatment, F, 40, = 12.576, p < 0.01; drug X in-
tracerebroventricular treatment, F, 40, = 0.392, p = 0.678; two-
way ANOVA) (Fig. 6 D).

We also examined the in vivo effect of shati-AS on [3H]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
(Liu and 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 potentlated compared with that
in the shati-SC- or CSF-treated mice. Moreover, [°’H]DA uptake
in the saline-treated group was also decreased by shati-AS com-
pared with that in the shati-SC- or CSF-treated mice, although

shati-SC had no effect on [*H]DA .uptake (drug, F 4y =

137.229, p < 0.01; intracerebroventricular treatment, F(; 45, =
15.087, p < 0.01; drug X intracerebroventricular treatment,
F(3,42) = 0.240, p = 0.788; two-way ANOVA) (Fig. 6E).
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 input from other brain regions)
might affect basal DA overflow and compensate the dysfunction
of DA uptake induced by repeated treatment of METH. Con-
versely, the experiment of [*’H]DA uptake was ex vivo study by
using the midbrain tissue (Fig. 6D, E). High-concentration and
exogenous [*H]DA was used for the investigation of functional
changes of DA uptake 1 h after the last METH treatmeiit in the
midbrain. The ex vivo method could more directly measure the
changes of DA uptake in the midbrain, companng in vivo micro-
dlalys1s study.

Roles of shati in METH-induced conditioned place preference
The effect of shati-AS on METH-induced CPP was examined ina
place conditioning paradigm, in which animals learn 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-inducing actions of a drug, as well as
the rewarding effects of a drug. The experimental schedule is
shown in Figure 7A. As shown in Figure 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 significantly poten-
tiated compared with that in the shati-SC- or CSF-treated mice
(drug, F, 45, = 78.202, p < 0.01; intracerebroventricular treat-
ment, F(, 45y = 4.950, p = 0.011; drug X intracerebroventricular
treatment, F(, 45y = 5.046, p = 0.010; two-way ANOVA) (Fig.
7B), indicating that downregulation of shati expression was suf-
ficient to confer the enhanced METH-induced CPP. Sh_ati-AS,
shati-SC, or CSF treatment 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 anovel molecule shatifrom 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,
kldney, and spleen (Fig. 2 A), itis plausible that shati is involved in
the regulation of pathophysiological func-
tion. Single METH treatment induced the

after METH treatment on the day 3. Values are means = SE (» = 8). *p << 0.05 versus saline-treated mice. *p < 0.05 versus
shati-SC-treated mice. €, Experimental schedule for measurement of locomotor activity using shati-AS. D, Effect of shati-AS on
repeated METH-induced behavioral sensitization. Mice were administered METH (1 or 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 fof 2 h 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,
Figan =51.238, p<001 day, F3 0 = 68.423, p < 0.01; group X day,F(,m) = 4.412,p < 0.01). *p < 0.05 versus METH
plus (SF-treated mice. *p << 0.05 versus METH plus shati-S(-treated mice. $p < 0.05 versus the locomotor activityen day 1 in 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
Fc, 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 reinforcément 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. 4A4).

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, 4A), and
downregulation of shati by AS (Figs. 4B,
5B) led 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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Figure 6, Effects of shati-AS on METH-induced dopaminergic responses. 4, Experimental schedule for the measurement of
overflow of DA sing in vivo microdialysis using shati-AS. B, Effect of shati-AS on METH-induced increase in overflow of DA in the
NAc. Mice were administered METH (1 mg/kg, s.c.) for 3 d. On day 3, levels of DA were measured in the NAc (AP +1.7 mm, ML
—0.8mm from bregma, and DV — 4.0 mm from the skull) for 220 min after METH treatment by in vivo microdialysk. Basal levels
of DA were 0.30 = 0.08, 0.31 == 0.05, and 0.30 == 0.04 nu for the CSF-treated, shati-SC-treated, and shati-AS-treated mice,
respectively. ANOVA with repeated measures revealed significant differences in METH-induced increase in overflow of DA (group,
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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-time RT-PCR, and immunohistochemis-
try (Figs. 3, 4 B-D, 5), because expression of shati was induced in
the NAc of mice by METH (2 mg/kg for 6-d), which wasdetected
by using a PCR-select cDNA subtraction method (supplemental
Fig. 1, available at www.jneurosci.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 were no statistically signifi-
cant differences among the three groups (Fig. 5D). The dose—
response effects of METH on the locomotor activity mayreflect a
shift to the left, but these effects were reached the plateau. Con-
versely, shati-AS-treated mice showed a marked potentiation of
METH (1 mg/kg)-induced hyperlocomotion and sensitization
on days 1-5 compared with shati-SC- or CSF-treated mice (Fig.
5D). On day 3, the potentiation of the METH-induced hyperlo-
comotion by shati-AS reached the maximum and plateau. There-
fore, in the experiments of AS, we selected METH at the dose of 1
mg/kg for 3 d (Figs. 5B, 6B,D,E). We also confirmed that shati
mRNA was increased by METH at the 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.

Changes in mRNA and protein expression caused by drugs are

.of particular interest. The expression of certain mRNAsand 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 potentiates 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 neutral-

Fia.14y= 5662, p < 0.05; time, Fiyy, 145y = 35.646, p < 0.01; group X time, Fiy, 149 = 1.927, p < 0.05). Values are means +
SE (n = 5-6). *p < 0.05 versus CSF-treated mice. *p < 0.05 versus shati-SC-treated mice. €, Experimental schedule for the
[ >HIDA uptake assay using shati-AS. D, Effect of shati-AS on METH-induced decrease of synaptosomal [ H]DA uptake. Mice were
administered METH (1 ma/kg, s.c.) for 3 d and decapitated 1 h after 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 = 0.0 pmol/mg protein per 4 min forthe saline plus
(SF-treated, saline plus shati-SC-treated, saline plus shati-AS-treated, METH plus CSF-treated, METH plus shati-SC-treated, and
METH plus shati-AS-treated mice, respectively. The final concentration of [ *HIDA was 5 nw. Values are means = SE (v = 7-8).
*p < 0.05 versus saline-treated mice. *p << 0.05 versus shati-SC-treated mice. £, Effect of shati-AS on METH-induced decrease of
vesicular [HIDA 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 =+ .25, 4.05 =0.29, 2.80 = 0.20, 1.74 = 0.21, 1.85 + .14, and 0.90 + 0.14 pmol/mg
protein per 4 min for the saline plus CSF-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 [*H]DA was 30 nm.
Values are means = SE (7 = 8).*p <C 0.05 versus saline-treated mice. *p <C 0.05 versus shati-S(-treated mice.
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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
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-



7614 - ). Neurosd., July 11, 2007 - 27(28):7604-7615

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 rewarding
effects (Messer et al., 2000). Conversely, responses to cocaine are
enhanced in 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 moleculesin -

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 hyperlo-
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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Context: We can improve understanding of human meth-
amphetamine dependence, and possibly our abilities to
prevent and treat this devastating disorder, by identify-
ing genes whose allelic variants predispose to metham-
phetamine dependence.

Objective: To find “methamphetamine dependence”
genes identified by each of 2 genome-wide association
(GWA) studies of independent samples of methamphet-
amine-dependent individuals and matched controls.

Design: Replicated GWA results in each of 2 case-
control studies.

Sefting: Japan and Taiwan.

Participants: Individuals with methamphetamine de-
pendence and matched control subjects free from psy-
chiatric, substance abuse, or substance dependence di-
agnoses (N=580).

Main Oufcome Measures: “Methamphetamine de-
pendence” genes that were reproducibly identified by clus-
ters of nominally positive single-nucleotide polymor-
phisms (SNPs) in both samples in ways that were unlikely
to represent chance observations, based on Monte Carlo
simulations that corrected for multiple comparisons, and

subsets of “methamphetamine dependence” genes that
were also identified by GWA studies of dependence on
other addictive substances, success in quitting smok-
ing, and memory.

Results: Genes identified by clustered nominally posi-
tive SNPs from both samples were unlikely to represent
chance observations (Monte Carlo P<.00001). Variants
in these “methamphetamine dependence” genes are likely
to alter cell adhesion, enzymatic functions, transcription,
cell structure, and DNA, RNA, and/or protein handling or
modification. Cell adhesion genes CSMD1 and CDHI3 dis-
played the largest numbers of clustered nominally posi-
tive SNPs. “Methamphetamine dependence” genes over-
lapped, to extents much greater than chance, with genes
identified in GWA studies of dependence on other addic-
tive substances, success in quitting smoking, and memory
(Monte Carlo P range <.04 to <.00001).

Concluslon: These data support polygenic contribu-
tions to methamphetamine dependence from genes that
include those whose variants contribute to dependence
on several addictive substances, success in quitting smok-
ing, and mnemonic processes.

Arch Gen Psychiatry. 2008;65(3):345-355
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ETHAMPHETAMINE

abuse is a growing

problem in many re-

gions of the United

States and a long-
standing concern in Taiwan and Japan.
Elucidating which genetic variants en-
hance individuals’ vulnerability should in-
crease our understanding of methamphet-
amine dependence.

Recent reviews suggest that addictive
substance dependence is likely to display
a polygenic genetic architecture.' Psy-
chostimulant dependence displays strong
familial and genetic influences in family
and twin studies.*!® Individual differ-
ences in vulnerability to methamphet-
amine are thus likely to display substan-

tial genetic determinants. Since much of
the genetic vulnerability to stimulant abuse
overlaps with the genetics of vulnerabil-
ity to other classes of addictive sub- -
stances, it is likely that methamphet-
amine dependence displays such genetic
overlaps as well.'*1%'® However, there is
no evidence that any single gene’s vari-
ants mediate a large portion of vulnerabil-
ity to psychostimulant dependence.
Identifying the genes that harbor alle-
lic variants that contribute to human indi-
vidual differences in vulnerabilities to meth-
amphetamine dependence will help us to
understand processes that underlie hu-
man addictions. We may improve under-
standing of the relative contributions of
variants in the brain systems that underlie
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reward vs mnemonic components of addictions, for ex-
ample.? Increasing our ability to determine which con-
stellation of genetic and environmental factors plays a role
in the methamphetamine dependence of each affected in-
dividual should improve “personalized” targeting of treat-
ment and prevention efforts to those most likely to ben-
efit from them.

Genome-wide association (GWA) can help to eluci-
date chromosomal regions and genes that contain alle-
lic variants that predispose to substance abuse. This ap-
proach does not require family member participation. It
gains power as densities of genomic markers in-
crease.??* Association identifies smaller chromosomal
regions than linkage-based approaches. Genome-wide as-
sociation fosters pooling strategies that preserve confi-
dentiality and reduce costs, including those that we have
previously validated.?>? This approach provides ample
genomic controls that can minimize the chances of un-
intended ethnic mismatches between disease and con-
trol samples (eg, stratification). The large numbers of as-
sessments that are key components of GWA do mandate
careful use of statistical approaches that correct for mul-
tiple comparisons and studies in multiple independent
samples, such as those that we now report.

We thus now describe GWA in 2 samples of meth-
amphetamine-dependent and control individuals. These
studies test the a priori hypothesis that marker allele fre-
quency differences between methamphetamine-depen-
dent and control individuals will help us to identify genes
whose alleles predispose to development of dependence
on methamphetamine. Sample 1 contrasts (1) Han Chi-
nese methamphetamine-dependent individuals from the
Taipei region of Taiwan with (2) age- and sex-matched
Han Chinese Taiwanese control individuals free from any
histories of abuse or dependence on any legal or illegal
addictive substance. Sample 2 contrasts (1) Japanese meth-
amphetamine-dependent individuals with (2) age- and
sex-matched Japanese control individuals free from any
histories of abuse or dependence on any legal or illegal
addictive substance. We used standard statistical ap-
proaches to document the power that these samples pro-
vided to identify genetic influences of different magni-
tudes. We identified striking convergence of the data from
sample 1 and sample 2, in ways that are never attained
by chance in many Monte Carlo simulation trials. We dis-
cuss the convergence that these data provide with re-
cently reported GWA studies of related phenotypes that
include polysubstance abuse, nicotine dependence, al-
cohol dependence, success in quitting smoking, and in-
dividual differences in memory. To our knowledge, these
results provide the first replicated GWA study that iden-
tifies “methamphetamine dependence” genes.

— T

RESEARCH VOLUNTEERS
Sample 1
Subjects recruited in Taipei provided informed consent for ge-

netic studies under protocols approved by ethics committees
at the respective institutions; 30% were female and the mean

(SD) age was 32.5 (10) years. One hundred forty individuals
were diagnosed independently by each of 2 psychiatrists based
on interviews, review of records, and Chinese versions of the
Diagnostic Interview for Genetic Studies? and the Family In-
terview for Genetic Studies™ using DSM-IV criteria.® These in-
dividuals were of ethnic Han Chinese origin and older than 17
years, reported methamphetamine use more than 20 times per
year (unless they described well-documented methamphet-
amine psychosis), and denied histories of psychosis either prior
to methamphetamine use or in relation to other psychedelic
drugs. Most reported use of at least 1 other addictive sub-
stance. Two hundred forty Han Chinese controls, who were
matched for sex and age, were older than 17 years, and denied
either illegal drug use or psychotic symptoms to psychiatric in-
terviewers, were recruited in Taipei from hospital and phar-
macy staffs, blood donation centers, and an electric company.

Sample 2

Subjects who were born and resided in the northern Kyushu, Se-
touchi, Chiba, Tokai, or Kanto regions of Japan provided in-
formed consent for genetic studies under protocols approved by
ethics committees at the respective institutions. Twenty-one per-
cent of subjects were female and the mean (SD) age was 39.9
(13) years. One hundréed methamphetamine-dependent sub-
jects were inpatients or outpatients of psychiatric hospitals in
these regions that participate in the Japanese Genetics Initiative
for Drug Abuse®** and met International Statistical Classifica-
tion of Diseases, 10th Revision, Diagnostic Criteria for Research*
criteria F15.2 and F15.5 for methamphetamine dependence in
independent diagnoses made by each of 2 trained psychiatrists
based on interviews and review of records. Ninety-one percent
revealed histories of methamphetamine psychosis, 89% used
methamphetamine intravenously, 62% also abused organic sol-
vents, and most abused at least 1 other substance. Subjects who
displayed clinical diagnoses of schizophrenia, other psychotic
disorders, or organic mental syndromes were excluded. Con-
trols were 100 age-, sex-, and geographically matched staff re-
cruited at the same institutions, who denied use of any illegal
substance, abuse or dependence on any legal substance, any psy-
chotic psychiatric illness, or any family history of substance de-
pendence or psychotic psychiatric iliness during interviews with
trained psychiatrists.

DNA PREPARATION AND ASSESSMENT
OF ALLELE FREQUENCIES

Genomic DNA was prepared from blood, 224" quanttated,
and combined into pools representing 20 individuals of the same
ethnicity and phenotype. Relative allele frequencies were as-
sessed using Affymetrix (Santa Clara, California) microarrays.
Hybridization probes were prepared from the genomic DNA
pools (as described in the Affymetrix GeneChip Mapping As-
say manual), with precautions to avoid contamination that in-
cluded dedicated preparation rooms and hoods. Briefly, 50 ng
of pooled genomic DNA was digested by Xbal or HindII1 (100K)
or by Styl or Nspl (500K), ligated to appropriate adaptors, and
amplified using a GeneAmp PCR System 9700 (Applied Bio-
systems, Foster City, California) with a 3-minute 94°C hot start;
30 cycles of 30 seconds at 94°C, 45 seconds at 60°C, and 60
seconds at 68°C (100K) or 15 seconds at 68°C (500K); and a
final 7-minute 68°C extension. Polymerase chain reaction (PCR)
products were purified (MinElute 96 UF kits; Qiagen, Valen-
cia, California) and quantitated. Forty micrograms of PCR prod-
uct were digested for 35 minutes at 37°C with 0.04-unit/pL de-
oxyribonuclease I to produce 30— to 100-base pair fragments,
which were end-labeled using terminal deoxynucleotidyl trans-
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ferase and biotinylated dideoxynucleotides and hybridized to
the appropriate 100K (Xbal or HindlII arrays) or 500K (Styl or
Nspl arrays) array (early-access Centurion and commercial Men-
del array sets; Affymetrix). Arrays were stained and washed as
described in the Affymetrix GeneChip Mapping Assay manual
using immunopure strepavidin (Pierce, Milwaukee, Wiscon-
sin), biotinylated antistreptavidin antibody (Vector Labs, Bur-
lingame, California), and R-phycoerythrin strepavidin (Mo-
lecular Probes, Eugene, Oregon). Arrays were scanned and
fluorescence intensities were quantitated using an Affymetrix
array scanner, as described previously.” Estimates for “ge-
nomic coverage” for these marker densities were almost 0.8
(sample 1) and almost 0.9 (sample 2).*

Chromosomal positions for each single-nucleotide poly-
morphism (SNP) were sought using NCBI (build 36.1; Na-
tional Center for Biotechnology Information, Bethesda, Mary-
land) and NetAffyx (Affymetrix) data. Allele frequencies for each
SNP in each DNA pool were assessed based on hybridization
intensity signals from 4 arrays, allowing assessment of hybrid-
ization to the 20 (100K arrays) or 12 (500K arrays) “perfect
match” cells on each array that were complementary to the PCR
products from alleles “A” and “B” for each diallelic SNP on sense
and antisense strands. We eliminated (1) SNPs with minor al-
lele frequencdies less than 0.02 determined using Affymetrix data;
(2) SNPs on sex chromosomes; and (3) SNPs whose chromo-
somal positions could not be adequately determined. We thus
analyzed data from the remaining 371 820 and 466 883 SNPs
(for sample 1 and sample 2, respectively) in detail. Each array
was analyzed, as described previously,? subtracting back-
ground values, normalizing to the highest values noted on the
array, averaging the hybridization intensities from the array cells
that corresponded to the perfect match “A” and “B” cells, cal-
culating “A/B ratios” by dividing average normalized A values
by average normalized B values, performing arctangent trans-
formations to aid combination of data from arrays hybridized
and scanned on different days, and determining the average
arctan value for each SNP from the 4 replicate arrays. This ap-
proach is thus based on hybridization intensity data from Af-
fymetrix scanners rather than relative allele score (RAS) or k
corrections derived from RAS scores.?*!

The analyses presented in this work use standard methods
for correcting hybridization values for each perfect match fea-
ture based on chip-to-chip differences in background fluores-
cence and in total fluorescence intensity. These approaches have
generated good, approximately 0.95, correlations between indi-
vidually genotyped and pooled-genotype values in extensive vali-
dation experiments.>*? Other approaches to analysis of pooling-
based GWA studies have focused on the RAS measurements that
derive from Affymetrix software to generate k correction scores
for each SNP that attempt to correct for probe X probe variation
(ie, that induced by, or consistent with, differential hybridiza-
tion effects).>®5! In studies that have used these corrections, cor-
relations between individually and pooled genotyped SNP alle-
lic frequencies can equal or exceed those that we have observed
in validation experiments.>*** However, RAS scores have been
used less and less as the genotype-calling algorithms for succes-
sive generations of Affymetrix arrays have improved their accu-
racy. Initial RAS scores are based in part on data from mismatch
cells, which have again been eliminated from successive genera-
tions of Affymetrix arrays because of their inconsistent effects
on accuracy. The k corrections based on RAS scores that are gen-
erated in different laboratories produce differing results.® Fur-
ther, we have found that substantial numbers of the array fea-
tures that provide information for the RAS scores are saturated
under conditions used to conduct individual genotyping (Q-R.L.,

"D.W., and G.R.U,, unpublished data, 2005), leading us to use
smaller amounts of input DNA and hybridization probes for the
pooled assays reported herein. The k corrections may prove to

be useful for experiments in which saturation is controlled care-
fully and where data from heterozygote control individuals are
generated in the same experiments and in the same laboratories
as the pooling data. However, in the present analysis, this adds
to the variation that we already parse as quantified by replicate
pools (ie, biological haplotype replication), applications of dif-
ferent chips to the same pool (ie, chip-oriented technical repli-
cation), and different samples altogether (ie, overall association
replication).

ANALYSES

We compared data for all the pools from methamphetamine-
dependent individuals with all of the pools from control indi-
viduals separately for sample 1 and sample 2, as previously de-
scribed.?® A ¢ statistic for the differences between abusers and
controls was generated, as described previously,? for each SNP .
for each sample. For each sample, we focused on “nominally
positive” SNPs that displayed ¢ statistics with P < .05 for abuser-
control differences. We first sought evidence for clustering of
the nominally positive SNPs from each sample. We focused on
chromosomal regions in which atleast 3 of these nominally posi-
tive SNPs, assessed by at least 2 different array types, lay within
25 kilobases (kb) of each other. We term these clustered nomi-
nally positive SNPs clustered positive SNPs and focus our analy-
ses on regions in which they lie. The degree of clustering within
each single sample provides a technical control (eg, assurance
that there are haplotypes that occur at different frequencies in
dependent vs control samples) that could result from stochas-
tic differences in haplotypes as well as differences related to the
methamphetamine-dependence phenotype. -

To seek the SNPs within the strongest positive support from
both data sets, we sought convergence between data from sample
1 and sample 2 (Table).’ Analyses focused on genes idend-
fied by clustered positive results from both samples, rather than
on individual SNPs whose informativeness might differ be-
tween samples 1 and 2. Clustering of positive results in the same
gene in each of 2 independent samples is unlikely to represent
purely stochastic effects for most genes and is thus likely to re-
flect differences related to dependence on methamphetamine
(and/or to dependence on addictive substances in general).

Monte Carlo simulation trials assessed the significance of
the results in ways that correct for the number of repeated com-
parisons made herein, as described previously.” These empiri-
cal statistical approaches do not require assumptions about the
underlying distribution of the data sets, as do statistical ap-
proaches such as analysis of variance, and allow correction for
the hundreds of thousands of repeated comparisons in ways
that would provide difficulties for repeated analyses of vari-
ance. For each trial, a randomly selected set of SNPs from the
current data set was assessed to see if it provided results equal
to or greater than the results that we actually observed (eg, to
see how frequently randomly selected sets of 15 565 SNPs from
sample 1 and 25538 SNPs from sample 2 contained nomi-
nally positive SNPs that lie clustered within 25 kb of each other
on the chromosomes, see “Results” section). The number of
trials for which the randomly selected SNPs displayed the same
features of observed results was then tallied to generate an em-
pirical P value. These simulations thus corrected for the num-
ber of repeated comparisons made in these analyses, an impor-
tant consideration in evaluating this large association genome
scanning data set. We used a similar approach to assess the like-
lihood that the convergences between the current data and data
obtained from other samples might occur by chance. .

To seek possible generalization of these results, we sought
locations where the clustered positive data from both sample
1 and sample 2 lie at chromosomal positions near clustered posi-
tive results from studies that compared allelic frequencies in
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Table. Selected “Methamphetamine Dependence” Genes Identified by Clustered Pasitive Resuits From Both Sample 1 and Sample 22

Gene Class Description SNPs®t " P Valye®
SGcZ GAM Sarcoglycan, zeta 3,20 <.,00001
DAF/CD55 ENZ Decay-accelerating factor for complement system 1,4 <.00001
ACSL6 ENZ Acyl-CoA synthetase long-chain family member 6 9,5 <.00001
FKBP15 ENZ FKBP15 4,4 <.00001
" PDESC ENZ ¢GMP phosphadiesterase 6C o’ 4,7 <.00001
POU5F1 TF POU-domain 5 transcription factor 1 1,5 <.00001
SH3MD4 PROT SH3 multiple domains 4 9,7 <.00001
RALY RNA Autoantigenic RNA binding protein 5,3 <.00001
PRKG1 ENZ cGMP-dependent protein kinase | 14,5 .00001
LARGE ENZ Like-glycosyltransferase 11,3 .00001
PCOLCEZ STR Procollagen G endopeptidase enhancer 2 3,2 .00001
Mosc2 ENZ MOCO sulphurase C-terminal domain containing 2 4,5 .00002
ZNF423 TF Zinc finger protein 423 54 .00002
MAP2K5 ENZ Mitogen-activated protein kinase kinase 5 53 .00003
USP48 PROT Ubiquitin-specific peptidase 48 3,2 .00003
SMYD3 TF SET MYND domain containing 3 7.5 .00007
CGHCR1 REC Coiled-coil a-helical rod protein 1 2,4 .00009
LRRN6C CAM Leucine-rich repeat neuronal 6C 4,13 00010
CENPC2 STR Centromere protein G2 2,3 .00012
RAPGEF5 REC Rap guanine nucleotide exchange factor 5 4,1 00016
SERPINAS ENZ Serpin peptidase inhibitor A5 4,1 .00018
PRDM2 TF PR domain containing 2 with ZNF domain 6,3 .00022
ASTNZ CAM Astrotactin 2 i 12,3 00037
TM7SF4 PROT Transmembrane 7 superfamily member 4 2,3 .00037
TRPM3 CHAN Transient receptor potential cation channel, subfamily M, member 3 4,10 00039
RGS17 ENZ Regulator of G-protein signaling 17 4,3 00047
COL28A1 STR Collagen, type XXVIlI, alpha 1 . 4,3 .00047
Mosc1 ENZ MOCO sulphurase C-terminal domain containing 1 5,1 00048
PDE4B ENZ Phosphodiesterase 4B 8,4 00049 -
AOAH ENZ Acyloxyacyl hydrolase 34 00043
PDE4D ENZ Phosphodiesterase 4D 6,6 00057
ZNF659 TF Zinc finger protein 659 6,9 00060
NRG1 CAM Neuregufin 1 53 00064
HS3ST4 ENZ Heparan sulfate {glucosamine) 3-0-suifotransferase 4 3,7 .00064
MYO58 STR Myosin 58 4,11 00065
PSD3 REC Pleckstrin and sec7 domain containing 3 3,15 .00078
AKS ENZ Adenylate kinase 5 6,3 .00080
CUBN REC Cubilin 6,6 00085
FHIT ENZ Fragile histidine triad gene 8,20 00088

Abbreviations: Acyl-CoA, acyl coenzyme A; CAM, cell adhesion molecule; cGMP, cyclic guanine monophosphate; CHA, channels; DIS, disease assaciated;
ENZ, enzymes; PROT, protein processing; REC, receptors (combining single TM, 7 TM, and figand-gated channel families); RNA/DNA, RNA/DNA handling or
madification; SNP, single-nucleotide polymorphism; STR, structural proteins; TF, transcriptional regulation; TRANSP, transporter.

3Each gene listed here contains at least 5 clustered positive SNPs with P < .05 from sample 1 and/or sample 2, has a function that can be inferred, and
displays a Monte Carlo Pvalue < .001. Genes are grouped by the class of the function to which they appear to contribute: CAM, ENZ, STR, TF, PROT, REC,
RNA/DNA, TRANSP, CHA, and DIS. The Monte Carlo P value represents probabilities of chance discovery of clustered nominally positive SNPs in segments of
randomly selected genes that sum to the same size as the true gene identified in the present work. Genes listed in this Table are selected because their
Monte Carlo P values are <.001 and/or because they are identified in other samples in ways that are discussed in the text (see eTable [available at http://www
.archgenpsychiatry.com] for full table, in which correction for 109 repeated comparisons would require P <.0004 for significance).

bNumbsers of clustered nominally positive SNPs from samples 1 and 2 that lie within the gene’s exons or 10-kilobase flanks.

SMonte Carlo Pvalue for the number of nominally significant SNPs lying within a gene region of the same size.

polysubstance abusers vs controls,* alcohol-dependent indi-
viduals vs controls,” nicotine-dependent individuals vs non-
dependent smokers,*® individuals successful in quitting smok-
ing vs those unsuccessful,® and individuals with better or poorer
scores in memory testing (Table).

To provide controls for the alternative possibilities that the
results obtained herein could come from (1) occult racial/
ethnic stratification or (2) assay noise, we compared the clus-
tered positive SNPs from sample 1 and from sample 2 with SNPs
that displayed the largest allele frequency differences between
(1) European American vs African American control individu-
als, as previously described®; (2) HapMap Japanese (JPT) and
Han Chinese (HCB) samples; and (3) SNPs that displayed the
largest variances from array to array, as previously described.®

To assess the statistical power of our analysis, we used the
program PS version 2.1.31% with (1) a=.05, (2) sample sizes
equal to the numbers of pools from the current data set, (3) mean
abuser-control differences of 0.05and 0.1, and (4) standard de-
viations from the SNPs that provided the largest differences be-
tween control and abuser population means from the current data
set. We also present data from the Genetic Power Calculator.

Power Calculations

There s no single standard for calculation of the power of GWA;
we have thus presented calculations based on allele frequency
differences in the body of this article. An alternative approach,
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