1698 | M. Niwa er a/

(NAc) (Koob 1992; Wise 1996; Koob et al. 1998). The
principal target for the action of METH is believed to be
the dopamine transporter (DAT), which is a member of the
solute carrier 6 (SLC6) gene family of Na"/Cl™ coupled
transporters that also includes the neurotransmitter trans-
porters of norepinephrine, serotonin, glycine, and y-amin-
obutyric acid (GABA) (Amara and Kuhar 1993; Torres
et al. 2003; Chen et al. 2004). The DAT controls dopami-
nergic signaling by the rapid reuptake of dopamine (DA)
from synaptic clefts. As a substrate, METH not only
competitively inhibits DA uptake and thereby increases
synaptic DA but also promotes the reverse transport of
nonvesicular DA, resulting in an efflux of DA via the DAT
(Sulzer et al. 2005; Fog et al. 2006). This efflux results in
a dramatic increase in extracellular DA and is believed to
be of major importance for the psychostimulant properties
of METH (Sulzer et al. 2005; Fog et al. 2006). However,
the exact neuronal circuits and molecular cascade essential
for drug dependence are still poorly understood. Moreover,
the molecules related to the METH-induced increase in DA
efflux are unclear.

Tumor necrosis factor-oo (TNF-a) plays an important role
in a variety of infectious, inflammatory, and autoimmune
conditions (Vassalli 1992). TNF-a also affects the CNS
directly or indirectly through the stimulation of vagal
afferents (Maier and Watkins 1998). Thus, this proinflam-
matory cytokine is emerging as a modulator of CNS
function. Recently, we have demonstrated that TNF-o
activates synaptosomal and vesicular DA uptake (Nakajima
et al. 2004). Moreover, we have reported that TNF-o and its
inducer diminish METH and morphine-induced behavioral
sensitization and rewarding effects By promoting plasma-
lemmal and vesicular DA uptake as well as attenuating the
METH and morphine-induced increase in overflow of DA in
the NAc (Nakajima ez al. 2004; Niwa et al. 2007b,d; Niwa
et al. 2008). TNF-a modulates cellular responses through the
extracellular signal-regulated kinase 1/2 (ERK1/2) and
nuclear factor-kB (NF-kB) signaling pathways (van Vliet
et al. 2005). ERK1/2 regulates the surface expression and
capacity of DAT (Mor6n et al. 2003). However, the mecha-
nisms by which TNF-o regulates the uptake of DA are poorly
understood.

Recently, we have identified a novel molecule ‘shati’ in
the NAc of mice treated with METH repeatedly using the
polymerase chain reaction (PCR)-select complementary
DNA (cDNA) substraction method, which is a differential
and epochal cloning technique. Further, we have demon-
strated that shati, which contains the sequence of GCNS3-
related N-acetyltransferase (GNAT), acetyl-CoA-binding
sites, and ATP-binding sites, is involved in METH-induced
hyperlocomotion, sensitization, and conditioned place pref-
erence (Niwa et al. 2007a). Blockage of shati expression by
shati antisense oligonucleotide (shati-AS) potentiates not
only the increase in extracellular DA levels, but also the
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decrease in synaptosomal and vesicular DA uptake in the
NAc induced by repeated METH treatment, resulting in
potentiation of the METH-induced dependence (Niwa et al.
2007a).

Pheochromocytoma-12 (PC12) cells are useful as a model
of the neuronal system and have DATs. In the present study,
we investigated the effects of TNF-o on DA uptake in PC12
cells and the involvement of the mitogen-activated protein
kinase kinase (MEK) pathway in the effects of TNF-a: on DA
uptake. Moreover, we succeeded in the transfection of a
vector containing shati cDNA into PC12 cells, investigated
the involvement of shati in DA uptake and the METH-
induced decrease in DA uptake, and examined the relation-
ship between shati and TNF-o by using these PC12 cells.

Materials and methods

Cell culture and transfection

PCI12 cells purchased from the Riken cell bank (No. RCB0009)
were cultured on poly-ornithine-coated coverslips in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich St Louis, MO, USA)
supplemented with 10% heat inactivated horse serum and 5% fetal
bovine serum (Loder and Melikian 2003). We made the vector
containing shati c¢DNA with the suggested sequence of
NM_001001985 using the plasmid pcDNA-DEST53 (Invitrogen,
Carlsbad, CA, USA) as an expression vector with green fluorescent
protein (GFP), although N-terminal of seven amino acids of shati
was missing (CDS 882-1760) in this vector. For transient expres-
sion, the cells were transfected with the plasmid expressing shati
using Lipofectamine 2000 (Invitrogen).

[*HI DA uptake in PC12 cells

The uptake of [*’H] DA in PC12 cells was performed as described
before (Melikian and Buckley 1999). The cells were washed in
Krebs-Ringers- 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
buffer twice before the assay. Uptake was initiated by adding 1 pM
[’H] DA (Perkin Elmer, Waltham, MA, USA) containing 107> M
pargyline and 107> M ascorbic acid. Uptake proceeded for 10 min
at 23°C and was terminated with three rapid washes in ice-cold
Krebs-Ringers-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
buffer. The amount of [’H] DA accumulated was determined by
liquid scintillation counting (Beckman Coulter, Inc., Fullerton, CA,
USA). Non-specific uptake was defined in the presence of 10 uM
[1-(2[bis(4-fluorophenyl-) methoxyJethyl)-4-(3-phenylpropyl)piper-
azine] bimesylate hydrate (GBR 12909). The cells were pre-treated
with TNF-at (0.1, 1, and 10 ng/mL) for 40 min, and assayed for [*H]
DA uptake. To neutralize TNF-o in PC12 cells, the cells were pre-
treated with polyclonal goat anti-TNF-a antibody (R&D Systems
Ltd., Minneapolis, MN, USA; Ab; 1, 10, 50, and 100 ng/mL) or
soluble TNF receptor I (R&D Systems Ltd, sRI; 0.1, 0.5, 1, and
10 ng/mL) 10 min before the treatment with TNF-a (10 ng/mL,
40 min) (Barone et al. 1997), and assayed for [’H] DA uptake. The
function of TNF-a is mediated through two distinct cell surface
receptors, TNF receptor I and TNF receptor II. The majority of TNF
functions are mediated primarily through TNF receptor I, whereas
TNF receptor II seems to play a role in only a limited number of
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TNF responses (Hsu ef al. 1995). Moreover, it has been reported
that immunoreactivity for TNF receptor I is found in cell bodies and
process of dopaminergic neurons (Boka ez al. 1994). Therefore, we
have used soluble TNF receptor I for neutralization for TNF-a. To
examine the involvement of the MEK pathway in the TNF-
a-induced increase in DA uptake in PCI12 cells, the cells were
pre-treated with a selective MEK inhibitor 2-(2-amino-3-methyoxy-
phenyl)-4H-1-benzopyran-4-one (Calbiochem, San Diego, CA,
USA; PD98059; 1, 10, 100, and 500 pM) 10 min before their
treatment with TNF-a (10 ng/mL, 40 min), and assayed for [3H]
DA uptake. PD98059 was dissolved in dimethyl sulfoxide to give a
concentration of 50 mM, stored in aliquots at —80°C, and diluted in
Dulbecco’s modified Eagle’s medium to 1-500 pM immediately
prior to use. To examine the effects of TNF-a on the METH-induced
decrease in DA uptake in PC12 cells, the cells were pre-treated with
TNF-o (10 ng/mL) 10 min before being treated with METH (1 pM,
30 min), and assayed for [*H] DA uptake, following previous
observations (Nakajima et al. 2004). Cen et al. (2008) have reported
that METH (1 pM) decreases plasmmalemmal DAT expression in
time-dependent manner (0, 5, 15, 30, 60 min), which is paralleled
with the decrease in [°H] DA uptake. Since treatment of METH
(1 uM) for 30 min significantly decreases DA uptake compared
with control group (Cen et al., 2008), we have selected this time
point for treatment of METH before the uptake assay. To examine
the involvement of TNF-o in the shati-induced increase in [*H] DA
uptake in the shati-over-expressing PC12 cells, the cells were pre-
treated with polyclonal goat anti-TNF-o antibody (R&D Systems
Ltd, Ab; 50 ng/mL) or soluble TNF receptor I (R&D Systems Ltd,
sR I; 1 ng/mL) 10 min before their treatment with METH (1 pM,
30 min), and assayed for [°’H] DA uptake.

immunocytochemistry

Two antibodies against the peptide of the hypothetical protein,
CNTAFRGLRQHPRTQLL (S-3) and CMSVDSRFRGKGIAKALG
(S-4) unique to shati were generated. These peptides were
conjugated to keyhole limpet hemocyanin and injected into rabbits
six times at 1-week intervals. Serum was taken from the rabbits
1 week after the final injection. The serum was diluted 200 times for
immunostaining (Niwa et al. 2007a).

Transfected PC12 cells attached to glass coverslips were fixed
with 4% paraformaldehyde in phosphate-buffered saline for
20 min, and then blocked in 3% normal sera and 0.1% Triton
X-100 for 1h. The coverslips were incubated with primary
antibodies at 4°C overnight, washed with phosphate-buffered
saline, and then incubated with appropriate secondary antibodies
for 2 h. Polyclonal rabbit anti-S-3 or anti-S-4 antibody (1 : 200),
monoclonal mouse anti-tyrosine hydroxylase (TH) antibody
(1 :200, Chemicon, Temecula, CA, USA), monoclonal mouse
anti-GFP antibody (1 : 500, Chemicon), polyclonal goat anti-rat
TNF-o antibody (1 :100, R&D Systems Ltd), and polyclonal
rabbit anti-GFP antibody (1 : 100, Chemicon) served as primary
antibodies. Goat anti-mouse Alexa Fluor 546 (1 : 1000, Invitro-
gen), donkey anti-goat Alexa Fluor 546 (1 : 1000, Invitrogen),
rabbit anti-mouse Alexa Fluor 488 (1 : 1000, Invitrogen), and
donkey anti-rabbit Alexa Fluor 488 (1 : 1000, Invitrogen) were
used as secondary antibodies. After being washed and mounted,
stained cells were observed under a fluorescence microscope
(Axioskoop 2 plus). Because similar results were obtained using
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the anti S-3 and anti-S-4 antibodies in the immunohistochemical
experiments, only the data obtained with the anti-S-4 antibody is
described.

Real time reverse transcription-polymerase chain reaction

Total RNA was isolated using an RNeasy Kit (Qiagen, Hilden,
Germany) and converted into cDNA using a SuperScript™ First-
Strand System for RT-PCR Kit (Invitrogen). The levels of shati and
TNF-o mRNA were determined by real-time RT-PCR using a
TagMan probe. The 18S ribosomal RNA was used as the internal
control (Applied Biosystems, CA, USA). The shati primers used for
real-time RT-PCR were as follows: 5-TGTAAACACCCCTAA
AGTGCCCT-3" (forward; bp 2967-2989) and 5’-TCAATCCTGC
ATACAAGGAATCAA-3’ (reverse; bp 3022-3045), and the Taq-
Man probe was 5-CACAGTCTGTGAGGCTCAGGTTGCCC-3’
(probe; bp 2995-3020). The amplification consisted of an initial
step (95°C for 5 min) and then 40 cycles of denaturation for 30 sec
at 95°C, annealing for 40 s at 59°C, and the extension time
for 1 min at 72°C in an iCycle iQ Detection System (Bio-
Rad Laboratories, Inc., CA, USA) (Niwa et al. 2007a). The
expression levels were calculated as described previously (Wada
et al. 2000).

Animals

The male C57BL/6J- wild-type 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 : 12 h light/dark cycle starting
at 8:00 am) and had free access to food and water, except during
behavioral experiments. All animal care and use was in accordance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and approved by the Institutional Animal
Care and Use Committee of Nagoya University School of
Medicine. Animals were treated according to the Guidelines of
Experimental Animal Care issued from the Japanése Pharmaceu-
tical Society.

Shati-antisense oligonuciectide (shati-AS}) treatment

Mice were anesthetized with pentobarbital (40 mg/kg, i.p.) and
placed in a stereotaxic apparatus. The infusion cannula was
connected to a miniosmotic pump (total capacity was 90 pL, Alzet
1002; Alza, Palo Alto, CA, USA) filled with shati-antisense
oligonucleotide (shati-AS) or -scrambled oligonucleotide (shati-
SC). The pump was implanted into the right ventricle [anteropos-
terior (AP) —0.5 mm, mediolateral +1.0 mm from the bregma, and
dorsoventral —2.0 mm from the skull, according to the atlas of
Franklin and Paxinos (1997)]. Phosphorothionate oligonucleotides
were custom-synthesized at Nisshinbo Biotechnology (Tokyo,
Japan) and dissolved in artificial CSF (147 mM NaCl, 3 mM KCl,
1.2 mM CaCl,, and 1.0 mM MgCl,, pH 7.2). The oligonucleotides
were phosphorothioated at the first three bases of both the 5’- and 3'-
ends, which results in increased stability and less toxicity. The
sequences of shati-AS and -SC were 5-TCTTCGTCTCGCAGAC
CATGTCG-3" and 5-GGTCTGCTACACTGCTGCTAGTC-3,
respectively. Shati-AS and -SC were continuously infused into the
cerebral ventricle at a dose of 1.8 nmol/6 pL/day (flow rate,
0.25 pL/h). Additionally, shati-SC was used as a control. Three
days after the start of oligonucleotide infusion, mice were
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administered METH (1 mg/kg, s.c.) for 5 days and decapitated 2 h
after the final treatment (Niwa et al. 2007a).

Statistical analysis

All data were expressed as means + SE. Statistical differences
between two groups were determined with Student’s r-test.
Statistical differences among three groups or more were determined
using a one-way analysis of variance (ANOVA), twWo-way ANOVA, Or
three-way aNova, followed by the Bonferroni multiple comparison
test. p < 0.05 was regarded as statistically significant.

Nucleotide sequences

The DNA Data Bank of Japan/GenBank/European Molecular
Biology Laboratory accession number for the primary nucleotide
sequence of shati is DQ174094.
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Fig. 1 Effects of anti-TNF-a antibody (Ab) or soluble TNF receptor |
(sR 1) on TNF-o-induced increase in [*H] DA uptake in PC12 cells. (a)
The cells were pre-treated with TNF-a (0.1, 1, and 10 ng/mL) for
40 min, and assayed for [°*H] DA uptake. The [°H] DA uptake was
0.14 + 0.01 pmol/10 min for control. The final concentration of [>H] DA
was 20 nM. Value are means + SE (n = 8). *p < 0.05 versus control.
(b) Effects of anti-TNF-o antibody (Ab) on TNF-a-induced increase in
[®H] DA uptake in PC12 cells. The cells were pre-treated with anti-
TNF-o antibody (1, 10, 50, and 100 ng/mL) 10 min before their treat-
ment with TNF-o (10 ng/mL, 40 min), and assayed for [°H] DA uptake.
The [*H] DA uptake was 0.10 = 0.02 pmol/10 min for the control. The
final concentration of [*H] DA was 20 nM. Values are means + SE
(n=6-7). *p < 0.05 versus control. *p < 0.05 versus TNF-a-treated
cells. (c) Effects of soluble TNF receptor | (sR |) on TNF-a-induced
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Effect of TNF-z on DA uptake in PC12 cells

First, we investigated the effects of TNF on DA uptake in
PC12 cells, since we have recently demonstrated that TNF-o
activates synaptosomal and vesicular DA uptake in mice
(Nakajima et al. 2004).

TNF-o (10 ng/mL, 40 min) increased [’H] DA uptake
compared with the control group (F;,s =4.933, p <0.01,
one-way ANova) (Fig. la). Moreover, we investigated
whether the TNF-o-induced increase was antagonized by
the anti-TNF-a antibody and soluble TNF receptor in PC12
cells. Pre-treatment with the antibody (10, 50, and 100 ng/
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increase in [°H] DA uptake in PC12 cells. The cells were pre-treated
with soluble TNF receptor | (0.1, 0.5, 1, and 10 ng/mL) 10 min before
being treated with TNF-o (10 ng/mL, 40 min), and assayed for [°H] DA
uptake. The [*H] DA uptake was 0.06 + 0.00 pmol/10 min for the
control. The final concentration of [*H] DA was 20 nM. Values are
means = SE (n=6-7). *p < 0.05 versus control. *p < 0.05 versus
TNF-o-treated cells. (d) Effects of anti-TNF-« antibody (Ab) or soluble
TNF receptor | (sR 1) on [*H] DA uptake in PC12 cells. The cells were
pre-treated with anti-TNF-a antibody (10, 50, and 100 ng/mL) or sol-
uble TNF receptor | (1 and 10 ng/mL) for 50 min, and assayed for [°H]
DA uptake. The [°H] DA uptake was 0.08 + 0.01 pmol/10 min for the
control. The final concentration of [*H] DA was 20 nM. Values are
means + SE (n= 6-8).
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mL, 50 min) or soluble TNF receptor I (1 and 10 ng/mL,
50 min) significantly inhibited the TNF-a-induced increase
in [3H] DA uptake (Fs34 = 7.370 for anti-TNF-a antibody;
F534 = 7.526 for soluble TNF receptor I, p < 0.01, one-way
aNova) (Fig. 1b and c), although the anti-TNF-o antibody
(10, 50, and 100 ng/mL, 50 min) or soluble TNF receptor I
(1 and 10 ng/mL, 50 min) itself had no effect on DA uptake
(Fig. 1d). These results suggest that TNF-o activates DA
uptake in PC12 cells.
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Fig. 2 Effects of MEK inhibitor on TNF-a-induced increase in [°H] DA
uptake in PC12 cells. (a) Effects of the MEK inhibitor PD98059 on
TNF-o-induced increase in [°H) DA uptake in PC12 cells. The cells
were pre-treated with PD98059 (1, 10, 100, and 500 pM) 10 min be-
fore their treatment with TNF-2 (10 ng/mL, 40 min), and assayed for
[3H] DA uptake. The [°H] DA uptake was 0.10 = 0.00 pmol/10 min for
control. The final concentration of [°H] DA was 20 nM. Values are
means = SE (n = 4). *p < 0.05 versus control. *p < 0.05 versus TNF-
a-treated cells. (b) Effects of PD98059 on [*H] DA uptake in PC12
cells. The cells were pre-treated with PD98059 (1, 10, 100, and
500 pM) for 50 min, and assayed for [*H] DA uptake. The [*H] DA
uptake was 0.12 + 0.00 pmol/10 min for the control. The final con-
centration of [*H] DA was 20 nM. Values are means = SE (n = 4).
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Effects of mitogen-activated protein kinase kinase
inhibitor on TNF-a~induced increase in DA uptake in PC12
cells

TNF-o modulates cellular responses through the ERK1/2
signaling pathway (van Vliet et al. 2005). Therefore, we
investigated whether the TNF-o-induced increase in DA
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Fig. 3 Effects of TNF-a on METH-induced decrease in [°H] DA uptake
in PC12 cells. (a) Dose-response effects of METH on [°H] DA uptake
in PC12 cells. The cells were pre-treated with METH (0.25, 0.5, 1, and
10 uM) for 30 min, and assayed for [*H] DA uptake. The [*H] DA
uptake was 0.28 + 0.02 pmol/10 min for the control. The final con-

“centration of [*H] DA was 20 nM. Values are means = SE (n = 4).

*p < 0.05 versus control. (b) Effects of TNF-a. on METH-induced de-
crease in [*H] DA uptake in PC12 cells. The cells were pre-treated with
TNF-a (10 ng/mL) 10 min before being treated with METH (1 uM,
30 min), and assayed for [°H] DA uptake. The [°H] DA uptake was
0.19 = 0.01 pmol/10 min for the control. The final concentration of [3H]
DA was 20 nM. Values are means + SE (n=5). *p < 0.05 versus
control. *p < 0.05 versus METH-treated cells.
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uptake was antagonized by the MEK inhibitor PD98059 in
PC12 cells.

Pre-treatment with PD98059 (10, 100, and 500 puM,
50 min) significantly inhibited the TNF-o-induced increase
in [*H] DA uptake (Fs 5 = 5.961, p < 0.01, one-way ANOVA)
(Fig. 2a), although PD98059 (1, 10, 100, and 500 pM,
50 min) itself had no effect on the uptake (Fig. 2b). These
results suggest that TNF-o activates DA uptake via the MEK
signaling pathway in PC12 cells.

Effects of TNF-o on METH-induced decrease in DA uptake
in PC12 cells

We have previously demonstrated that TNF-o and its inducer
diminish the METH-induced decrease in DA uptake and
inhibit the rewarding effects of and sensitization to METH
(Nakajima et al. 2004; Niwa et al. 2007c, e). Therefore, we
confirmed the effects of TNF-a on the METH-induced
decrease in DA uptake in PC12 cells.

METH (0.5, 1, and 10 uM, 30 min) decreased [3H] DA
uptake compared with the control group in a dose-dependent
manner (F4s5 = 83.675, p <0.01, one-way ANOVA)
(Fig. 3a). Moreover, TNF-o. (10 ng/mL, 40 min) inhibited
the METH-induced decrease in [*H] DA uptake (TNF-g,
Fi16 = 14759, p <0.01; METH, F) 15 = 45.994, p < 0.01;
TNF-a-METH F, 6 = 1.573, p = 0.228; two-way ANOVA)
(Fig. 3b). These results suggest that TNF-o inhibits the
METH-induced decrease in DA uptake in PC12 cells (Fig. 3)
as well as promoting plasmalemmal and vesicular DA uptake
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to diminish METH and morphine-induced behavioral sensi-
tization and rewarding effects (Nakajima et al. 2004; Niwa
et al. 2007b; Niwa et al. 2008).

Transfection of the vector containing shati ¢cDNA into
PC12 cells

We established a PC12 cell line transfected with the vector
containing shati cDNA to examine the role of shati in DA
uptake and the METH-induced decrease in DA uptake.

We used immunostaining for TH to check morphological
changes of the PC12 cells after the transfection of the vector
containing shati cDNA. Morphological changes to the cells
were not observed after the transfection compared with
mock-transfected or non-transfected PC12 cells (Fig. 4a). To
confirm the transfection of the vector containing shati cDNA,
we checked for immunostaining against S-4 and GFP, co-
expressed with shati. No immunoreactivity for S-4 or GFP
was found in the cells that were mock-transfected, which
express neither shati nor GFP [Fig. 4b (i)]. The cells mock-
transfected (=expression vector [pcDNA-DEST53]), which
express GFP, but not shati, were immunopositive for GFP,
but not S-4 [Fig. 4b (ii)]. The cells transfected with the
vector containing shati cDNA, which express both shati and
GFP, were immunopositive for S-4 and GFP [Fig. 4b (iii)].
The cells immunopositive for S-4 were merged with those
positive for GFP. These results indicated that shati was
certainly expressed in PC12 cells and transfection did not
affect cell survival or morphology.

Fig. 4 Transfection of the vector containing
shati cDNA into PC12 cells. (a) The mor-
phological changes of the PC12 cells after
transfection of the expression vector
(pcDNA-DESTS53) (i) or vector containing
shati cDNA (iii). The expression vector
alone (mock-transfection) (i), or the vector
containing shati cDNA (iii) was introduced
into PC12 cells. There were no changes in
survival or morphology in the transfected
PC12 cells. Scale bar: 20 um. (b) Immuno-
staining of shati in PC12 cells transfected
with the vector containing shati cDNA.
pENTR/TEV/D-TOPO (without shati
recombination and green fluorescent pro-
tein (GFP) site) (i), pcDNA-DEST53 with
GFP (mock-transfection) (i), or the vector
containing shati cDNA and GFP (iii), was
introduced into PC12 cells. The shati-
immunopositive cells (green) were colocal-
ized with GFP-immunopositive cells (red).
Double immunostaining for S-4 and GFP in
PC12 cells transfected with the vector
containing shati cDNA reveals overexpres-
sion of shati in PC12 cells (iii). Scale bar:
20 um.
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Effect of over-expressed shati on DA uptake in PC12 cells
We have previously demonstrated that shati-AS, which
inhibits the expression of shati mRNA, significantly poten-
tiates the METH-induced decrease in synaptosomal and
vesicular [*H] DA uptake compared with that in the shati-SC
or CSF-treated mice (Niwa ez al. 2007a). Moreover, [°H] DA
uptake in saline-treated mice was also decreased by shati-AS
compared with that in the CSF-treated mice, although shati-
SC had no effect on [°H] DA uptake (Niwa et al. 2007a).
Given the results for synaptosomal and vesicular [FH} DA
uptake using shati-AS, we concluded that shati plays a
critical role in modulating DA uptake. To address this issue,
we investigated the role of shati in DA uptake in PC12 cells
transfected with the vector containing shati cDNA.

Transfection of the vector containing shati ¢cDNA
increased shati mRNA expression compared with the
mock-transfection, suggesting that shati was over-expressed
in these cells (Fig. 5a left two columns). The increase in the
levels of shati mRNA expression evoked by METH
treatment (1 pM, 30 min) in mock-transfected cells was
significantly potentiated by shati over-expression in PC12
cells (drug, F.5 = 20917, p < 0.01; transfection, F) >3 =
247.684, p <0.01; drug x transfection, F,,5= 0.003,
p = 0.955; two-way anova) (Fig. 5a right two columns).

We examined the in vitro effect of over-expressed shati
on [’H] DA uptake in PC12 cells. Shati-over-expressing
cells themselves showed increased [*H] DA uptake
compared with the mock-transfected cells, suggesting that
shati itself promotes DA uptake (Fig. 5b left two col-
umns). We pre-treated PC12 cells with METH (1 pM) for
30 min, and then assayed the uptake of [’H] DA. As
shown in Fig. 5b, METH (1 pM, 30 min) decreased [*H]
DA uptake compared with the mock-transfected control
cells. In the shati-over-expressing cells, the METH-induced
decrease in [*H] DA uptake was significantly inhibited
compared with that in the mock-transfected cells (drug,
Fi40=45807, p<00l; transfection, F;,5=21.551,
p <0.01; drug X transfection, Fj,3 =0.001, p=0.971;
two-way anNova) (Fig. 5b right two columns). These results
indicated that shati could attenuate METH-induced
inhibition of DA uptake.

Regulation of TNF-« expression by shati

TNF-o activates synaptosomal and vesicular DA uptake
(Nakajima et al. 2004). TNF-a and its inducer diminish the
METH-induced decrease in DA uptake and inhibit the
METH-induced dependence (Nakajima et al. 2004; Niwa
et al. 2007c, e). Moreover, given the findings on [°H] DA
uptake obtained using shati-AS (Niwa ez al. 2007a) and
shati-over-expressing cells (Fig. 5b), we hypothesized that
shati increased DA uptake by regulating TNF-a. To address
this issue, we examined expression levels of TNF-o0 mRNA
after transfection of the vector containing shati cDNA or
treatment with shati-AS.

© 2008 The Authors
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Fig. 5 Effect of overexpression of shati on DA uptake in PC12 cells.
(a) Shati mRNA expression in PC12 cells transfected with the vector
containing shati cDNA. The mock construct (pcDNA-DESTS3), or the
vector containing shati cDNA was introduced into PC12 cells. These
cells were treated with 1 uM METH for 30 min. Values are
means + SE (n=8). *p<0.05 versus mock-transfected cells.
¥p < 0.05 versus the vector containing shati cDNA-transfected cells.
®p < 0.05 versus METH + mock-transtected cells. (b) Effect of over-
expression of shati on [*H] DA uptake in PC12 cells. The mock con-
struct (pcDNA-DEST53), or the vector containing shati cDNA was
introduced into PC12 cells. The cells were pre-treated with 1 uM
METH for 30 min, and [°H] DA uptake was measured. The [°*H] DA
uptake was 0.12 = 0.02 pmol/10 min for the mock-transfected cells.
The final concentration of [°H] DA was 20 nM. Values are means = SE
(n=10-12). *p<0.05 versus mock-transfected cells. *p < 0.05
versus the vector containing shati cDNA-transfected cells. ®p < 0.05
versus METH + mock-transfected cells.

Shati-over-expressing cells themselves had increased
TNF-ax mRNA expression compared with the mock-trans-
fected cells (Fig. 6a left two columns), suggesting that shati
regulates expression of TNF-o in PC12 cells. The increase in
TNF-« mRNA expression evoked by METH treatment
(1 pM, 30 min) in mock-transfected cells was significantly
potentiated by overexpression of shati in vitro (drug,
Fy23=21.000, p<0.01; transfection, F) 5= 65.860,
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p <0.01; drug x transfection, F) 3 = 3.557, p = 0.070;
two-way ANovA) (Fig. 6a right two columns). As shown in
Fig. 6b right three columns, the increase in TNF-o mRNA
expression evoked by repeated METH treatment in the NAc
was significantly abolished by shati-AS, although shati-SC
had no effect. Moreover, TNF-a& mRNA expression in the
NAc of saline-treated mice was also inhibited by shati-AS,
although not by shati-SC (drug, F, 47 = 48.473, p <0.01;

intracerebroventricular treatment, F> 47 = 15.670, p < 0.01;
drug x intracerebroventricular  treatment, /5 4; = 0.239,
p = 0.788; two-way anova) (Fig. 6b left three columns),
indicating that shati-AS decreases effectively the expression
of TNF-o mRNA through the down-regulation of shati
mRNA expression.

As shown in Fig. 6c, right four columns, the ameliorative
effect of shati on the METH-induced decrease in DA uptake

a
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was antagonized by treatment with the TNF-xantibody
(50 ng/mL) or soluble TNF receptor I (1 ng/mL). The
shati-induced potentiation of DA uptake was also inhibited
by the treatments in shati-over-expressing cells (drug,
F 75 = 296.090, p < 0.01; transfection, F; 7, = 13.864, p <
0.01; neutralization, F 7, = 32.930, p < 0.01; drug X trans-
fection, Fy7, =0.189, p= 0.665, drug x neutralization,
Fi7;=1496, p=0.225  transfection X neutralization,
F\ 7, =34.828, p <0.01; drug X transfection X neutraliza-
tion, F 72 = 0.003, p = 0.958; three-way anova) (Fig. 6¢
left four columns). These results suggest that over-expression
of shati increased DA uptake by regulating TNF-a in PC12
cells. To confirm the relationship between shati and TNF-a,
we examined immunostaining for GFP, which is
co-expressed with shati, or S-4 and TNF-a. The cells mock-
transfected, which express GFP, but not shati, were immu-
nopositive for GFP, but not TNF-a. The cells transfected with
the vector containing shati cDNA, which express both GFP
and shati, were immunopositive for GFP or S-4 and TNF-a.
The cells immunopositive for S-4 were merged with those
positive for TNF-a. These results indicated that shati was
expressed in TNF-o-immunopositive cells (Fig. 6d).

Discussion

DA is the predominant catecholamine neurotransmitter in the
CNS. Disruptions of DA signaling contribute to various
psychiatric and neurological disorders, including drug
addiction, schizophrenia, and Parkinson’s disease (Self and
Nestler 1995; Hyman 1996). Extracellular DA levels are
primarily regulated by DAT, an integral membrane protein
that is a member of the Na*/Cl -dependent co-transporter
gene family (Amara and Kuhar 1993). By removing
extracellular DA and recycling it back to the neuron, DAT
plays an essential role in terminating DA signaling. Phar-
macological blockage of DAT by psychostimulants inhibits
the reuptake of DA from the extracellular space, resulting in

Shati increases dopamine upiake via TNF-o0 | 1705

increased extracellular DA levels and augmented receptor
stimulation (Horn 1990). Although pharmacological and
genetic ablation (Grace 1995; Jones er al. 1998) studies
indicate a critical role for DAT in the maintenance of DA
neuronal homeostasis, the endogenous mechanisms regulat-
ing DAT expression and activity are poorly understood.
The PCI12 cell line is derived from the rat pheochromo-
cytoma. It is often used as an in vitro model to understand the
physiology of central DA neurons (Roda eral 1980,
Tischler 2002; Fornai et a/. 2007). A number of factors
contribute to the wide use of PC12 cells: they are inexpen-
sive as well as easy to handle, and mimic many features of
central DA neurons. In fact, PC12 cells produce catechol-
amines (Markey et al. 1980; Roda et al. 1980; Vaccaro et al.
1980). In particular, they contain DA (Greene and Rein
1978) as the main catecholamine and bear DA receptors on
their external membrane (Sampath et al. 1994). In light of
the presence of DA and DA receptors, as well as DA uptake
mechanisms, PC12 cell lines are considered to be closer to
DA terminals than their ancestors (i.e. chromaffin cells of the
adrenal medulla). This concept is reinforced by the presence
of monoamine oxidase type A, which also characterizes DA
neurons (Finberg and Youdim 1983), in contrast with the
established prevalence of monoamine oxidase type B within
chromaffin cells of the adrenal meduila (Youdim 1991).
Recently, we have demonstrated that TNF-a and its
inducer play a neuroprotective role in the behavioral
sensitization to and rewarding effects of METH by activating
plasmalemmal and vesicular DAT as well as by inhibiting the
METH-induced increase in extracellular DA levels (Nakaj-
ima et al. 2004; Niwa et al. 2007¢c,e). TNF-a modulates
cellular responses through the ERK1/2 and NF-kB signaling
pathways (van Vliet et al. 2005). The adaptor protein TNF
receptor-associated factor 2 (TRAF2) and the serine and
threonine protein kinase receptor-interacting protein are
required for optimal TNF-induced signaling through ERK1/
2, c-Jun N-termial kinase (JNK) and p38 mitogen-activated

Fig. 6 Involvement of TNF-a in shati-induced increase in DA uptake in
PC12 cells. (a) TNF-2 mRNA expression in PC12 cells transfected with
the vector containing shati ¢cDNA. The expression vector alone
(pcDNA-DEST53), or the vector containing shati cDNA was introduced
into PC12 cells. The cells were treated with 1 uM METH for 30 min.
Values are means + SE (n = 8). *p < 0.05 versus mock-transfected
group. *p < 0.05 versus METH + mock-transfected group. (b) Effect of
shati-AS on TNF-a mRNA expression. Mice were administered METH
{1 mg/kg, s.c.) for 5 days and decapitated 2 h after the final treatment.
Values are means + SE (n = 8-10). *p < 0.05 versus corresponding
saline-treated mice. *p < 0.05 versus saline + CSF and saline + shati-
SC-treated mice. ®p < 0.05 versus METH + CSF and METH + shati-
SC-treated mice. (c) Involvement of TNF-« in shati-induced increase in
[®H] DA uptake in PC12 cells. The expression vector alone {pcDNA-
DESTS3), or the vector containing shati cDNA was introduced into
PC12 celis. The cells were pre-treated with anti-TNF-a antibody (Ab;

© 2008 The Authors

50 ng/mL) or soluble TNF receptor | (sR ; 1 ng/mL) 10 min before their
treatment with METH (1 uM, 30 min), and assayed for [*H] DA uptake.
The [®H) DA uptake was 0.15 + 0.02 pmol/10 min for the mock-trans-
fected group. The final concentration of [°H] DA was 20 nM. Values are
means + SE (n=10). *p<0.05 versus mock-transfected group.
*p < 0.05 versus the vector containing shati cDNA-transfected group.
$p < 0.05 versus METH + mock-transfected group. *p < 0.05 versus
METH + the vector containing shati cDNA-transfected group.
(d) Immunostaining of shati and TNF-« in PC12 cells transfected with
the vector containing shati cDNA. The expression vector alone
(pcDNA-DESTS53) (i}, or the vector containing shati cDNA (ii) (iii) was
introduced into PC12 cells. The GFP or shat-immunopositive cells
(green) were co-localized with TNF-a-immunopositive cells (red) (ii)
(iii). Double immunostaining for GFP or S-4 and TNF-a in PC12 cells
transfected with the vector containing shati cDNA reveals expression of
shati in TNF-a-immunopositive cells (i) (iii). Scale bar: 20 pm.
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protein kinase (p38) (Baud and Karin 2001; Devin et al.
2003). MEK inhibitor PD98059 significantly decreases
phosphorylated ERK1/2 without affecting total ERK level,
MEK-JNK, -p38, and -NF-xB, resulting in loss of DAT
surface expression and DAT capacity. According these
results, MEK-ERK pathway, but not MEK-JNK, -p38, or
-NF-kB pathway, is important for intracellular trafficking and
transport capacity of DAT (Moron er al. 2003). Therefore,
we investigated the involvement of TNF-o in DA uptake and
the METH-induced inhibition of DA uptake in PC12 cells.
Moreover, we examined the involvement of MEK-ERK
signaling in the effects of TNF on DA uptake. TNF-a
increased DA uptake via the MEK-ERK signaling pathway
in PC12 cells (Figs 1 and 2). The increase was antagonized
by the anti-TNF-a antibody and soluble TNF receptor [
(Fig. 1b and c), suggesting that TNF-o certainly increases
DA uptake in PC12 cells. Moreover, TNF-a inhibited the
METH-induced decrease in DA uptake in PCI12 cells
(Fig. 3b). We have previously reported that the kinetics of
[*H] DA uptake in the absence or presence of TNF-a (10 ng/
mL). Lineweaver-burk plots show that TNF-a potentiates
[*H] DA uptake by increasing the affinity (Km) accompanied
by reducing the maximum number of [*’H] DATs (Vmax)
(Nakajima et al. 2004). We suggest that TNF-a modulates
the function of DAT, although it also regulates the expression
of DAT. The expression of TNF-a is induced through the
activation of transcription factors such as activator protein-1
(AP-1) and NF-kB by the activation of JNK/p38 (Guha et al.
2000; Rahman and MacNee 2000). Further, TNF-a acts on
mitochondria to generate reactive oxygen species, 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 underlie behavioral sensitization
(Nestler 2001). Therefore, we hypothesized that TNF-o
inhibits the METH-induced increase in extracellular DA
levels in the NAc by promoting DA uptake and finally
inhibits METH-induced sensitization and rewarding effects
(Nakajima et al. 2004; Niwa et al. 2007c,e).

‘Shati’, named after the symbol for Nagoya castle, was
identified among molecules whose expression was regulated
in the NAc of mice treated with METH (Niwa et al. 2007a).
Recently, we have demonstrated that blockage of shati
expression by shati-AS potentiates the increase in extracel-
lular DA levels in the NAc and the decrease in synaptosomal
and vesicular DA uptake in the midbrain induced by repeated
METH treatment (Niwa et al. 2007a). Both TNF-o and shati
increase DA uptake and inhibit the METH-induced decrease
in DA uptake (Nakajima e al. 2004; Niwa et al. 2007a).
Therefore, we investigated the precise mechanism of the
effects of shati on DA uptake, and the METH-induced
inhibition of DA uptake in PCI12 cells. Moreover, we
examined the relationship between shati and TNF-a in PC12
cells. Over-expression of shati by transfection of the vector

© 2008 The Authors

containing shati cDNA (Fig. 4) dramatically induced the
expression of shati mRNA (Fig. 5a) and TNF-o mRNA
(Fig. 6a) in PC12 cells. No histological or mechanical
disruption was produced by transfection of the vector
(Fig. 4a). Over-expression of shati (Fig. 5a), which occurs
in TNF-a-immunopositive cells (Fig. 6d), potentiated DA
uptake and inhibited the METH-induced decrease in DA
uptake (Fig. 5b) in PC12 cells by regulating TNF-o expres-
sion (Fig. 6a), since these effects were antagonized by anti-
TNF-o antibody and soluble TNF receptor 1 used for the
neutralization of TNF-a (Fig. 6¢; Barone et al. 1997). These
findings strongly suggest that the over-expression of shati
elicited by METH serves as a homeostatic mechanism that
prevents behavioral sensitization and rewarding effects by
attenuating the METH-induced increase in extracellular DA

Pre-synaptic
dopaminergic

MEK pathway

@Dopamine
(DA)
‘Methamphetamine
(METH)
{yshati

;Tumor necrosis
factor-a (TNF-q)

nkibition against
METH-induced
dependence

Fig. 7 Schema for regulation of TNF-o induced by shati on METH-
induced DA responses. Under basal conditions, plasmalemmal DAT is
involved in the reuptake of extracellular DA into the cytosol; subse-
quently the cytosolic DA is stored into synaptic vesicles via VMAT-2.
Treatment of METH inhibits DA uptake through DA transporter and
facilitates DA’s release from pre-synaptic nerve terminals. METH is
associated with an increase in extracellular DA levels in the brain,
resulting in potentiation of the METH-induced dependence. METH
induces shati and TNF-u expression in target neurons through the
activation of DA receptors. TNF-x regulated by shati inhibits the
METH-induced increase in extracellular DA levels in the nucleus
accumbens by promoting DA uptake via MEK pathway and finally
inhibits sensitization to and the rewarding effects of METH. DA:
dopamine, METH: methamphetamine, TNF-o: tumor necrosis factor-4,
D1-R: dopamine D1 receptor, D2-R: dopamine D2 receptor, DAT:
dopamine transporter, VMAT-2: vesicular monoamine transporter-2,
TNFR I: tumor necrosis factor type | receptor.
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levels in the NAc through potentiation of plasmalemmal and
vesicular DA uptake via induction of TNF-o expression
(Fig. 7), although the mechanism by which TNF-a is
regulated by shati remains to be elucidated.

Motif analyses have revealed that shati contains sequences
of GNAT (Niwa et al. 2007a). Docking simulations with
acetyl-CoA or ATP conducted using Molecular Operating
Environment software reveal possible acetyl-CoA- and/or
ATP-binding sites, since there is low potential energy for
these interactions, in contrast with the prohibitively high
energy of docking with DA, DNA or nuclear localization
signals (Niwa et al. 2007a). These results suggest shati to
have a physiological role in producing acetylcholine or the
metabolic action of ATP. Accordingly, we have to investigate
the mechanism by which shati regulates the production of
acetylcholine or metabolic roles of ATP in subsequent
studies.

In conclusion, we hypothesized that TNF-o expression
induced by shati inhibits the METH-induced increase in
extracellular DA levels in the NAc by promoting DA uptake
and finally inhibits sensitization to and the rewarding effects
of METH (Fig. 7). Targeting the shati-TNF-o system would
provide a new therapeutic approach to the treatment of
METH dependence.
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Social isolation (SI) rearing in rodents causes a variety of behavioral changes, including hyperlocomotion,
anxiety, impulsivity, aggression, and learning and memory deficits. These behavioral abnormalities in
rodents may be related to the symptoms in patients with neuropsychiatric disorders, such as attention-
deficit hyperactivity disorder, obsessive-compulsive disorder, autism, schizophrenia and depression. In
this study, we examined the effect of long-term Sl rearing after weaning on emotional behaviors and cog-
nitive function in mice. Furthermore, the effects of methylphenidate (MPH), clozapine (CLZ) and fluoxetine
(FLX) on Sl-induced behavioral changes were examined to measure the predictive validity of Sl-reared
mice as an animal model for these neuropsychiatric disorders. MPH improved Sl-induced anxiety-like
behavior in the elevated-plus maze test, but had no effect on aggressive behavior. In contrast, CLZ ame-
liorated aggressive behavior, but not anxiety-like behavior in Sl-reared mice. Repeated FLX treatment
prevented Sl-induced aggressive behavior and social interaction deficits. These findings suggest that SI-
induced behavioral abnormality is a psychobehavioral complex relevant to various clinical symptoms
observed in neuropsychiatric disorders and that Sl-reared mice are a useful animal model to study the
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pathophysiology/pathogenesis of these diseases.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Adverse early life experiences, such as maternal separation or
social isolation (SI) affect structural and functional brain develop-
ment and adult behaviors in rodents [22,31,38]. Behavioral changes
induced by SI rearing have been characterized, including enhanced
locomotor activity under a novel environment [47,49], anxiety-like
behavior [23,48], aggressive behavior [24,29,50], and impairment
of prepulse inhibition of the acoustic startle response [9] and spatial
learning and memory in the Morris water maze [24,28].

The social environment in early life significantly influences
not only the behavioral organization but also neurochemical and
anatomical development of the brain. For instance, dopamine and
serotonin systems are affected by Sl in the nucleus accumbens [20],

* Corresponding author at: Department of Neuropsychopharmacology and Hos-
pital Pharmacy, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho,
Showa-ku, Nagoya 466-8560, Japan. Tel.: +81 52 744 2674; fax: +81 52 744 2682.

E-mail address: kyamada@med.nagoya-u.ac.jp (K. Yamada).

0166-4328/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2009.03.028

prefrontal cortex [21] and hippocampus [33]. The neuroanatomical
consequences of isolation rearing include decreased spine density
of pyramidal neurons in the prefrontal cortex and hippocampus
[41], fewer hippocampal synapses [46] and the decreased survival
of newly divided cells and neurogenesis in the dentate gyrus of
hippocampus [24].

The behavioral, neurochemical and anatomical changes in
Sl-reared mice may be related to clinical symptoms and pathophys-
iology in patients with neuropsychiatric disorders [15] in which
anxiety, impulsivity and aggression are commonly observed. To
address this issue, we measured the predictive validity in Sl-reared
mice by examining the effects of methylphenidate (MPH), clozapine
(CLZ) and fluoxetine (FLX) on Sl-induced behavioral abnormal-
ity. A clinical report has shown that attention-deficit/hyperactivity
disorder (ADHD) occurred with disruptive disorders (oppositional
defiant disorder or conduct disorder), internalizing disorder (anx-
iety and/or depression), or both [25]. MPH is one of the most
commonly used drugs to treat ADHD [4] and is effective to
improve attention and behavior, including impulsivity and aggres-
sion [34,43]. CLZ, atypical antipsychotic, is effective to reduce
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aggressive or violent acts in schizophrenia and neuroleptic- 2.3. Drug administration
resistant schizophrenia patients [17,42]. FLX, a selective serotonin
MPH hydrochloride (Nihon Ciba-Geigy KK, Tokyo, Japan) and FLX

reuptake inhibitor (SSRI), is used to treat depression. In addition,
FLX reduces impulsive aggressive behavior in personality-
disordered subjects [7]. Our findings suggest that Sl-induced
behavioral abnormality is a psychobehavioral complex relevant
to various clinical symptoms observed in neuropsychiatric dis-
orders, including ADHD, schizophrenia and depression, and that
Sl-reared mice are a useful animal model to study the pathophysi-
ology/pathogenesis of these diseases.

(Sigma-Aldrich Co., St. Louis, MO, USA) were dissolved in saline. CLZ (Sigma-Aldrich
Co.) was dissolved in a single drop of 1N chloridric acid (HCI), diluted with saline,
and neutralized by sodium bicarbonate [16]. MPH (1 and 3 mg/kg) and CLZ (0.5
and 2.5 mg/kg) were administered intraperitoneally (i.p.) 30 min before behavioral
studies. Daily administration of FLX (10 mg/kg, i.p.) was started 2 weeks after SI,
and continued until the end of the behavioral tests. During behavioral analysis, FLX
was administered 30 min before the behavioral test [24].

2.4. Spontaneous locomotor activity under a novel environment
2. Materials and methods Locomotor activity was measured for 1 h using digital counters with an infrared
detector (NS-ASO1; Brain Science Idea Co., Ltd., Tokyo, Japan) in a polycarbonate box
2.1. Animals (35cm x 30cm x 17 cm high).
Male ICR mice 3 and 7 weeks old (Japan SLC Inc,, Hamamatsu, Japan) were pur-
chased and used for the experiments. They were housed under a standard 12-h
light/dark cycle (lights on 9:00 am) at a constant temperature of 23 + 1 °C with free
access to food and water throughout the experiments. The animals were handled
in accordance with the guidelines established by the Institutional Animal Care and
Use Committee of Nagoya University, the Guiding Principles for the Care and Use
of Laboratory Animals approved by the Japanese Pharmacological Society and the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.5. Elevated-plus maze test

The elevated-plus maze consisted of two open (25cm x 8 cm x 0.5 cm) and two
closed (25cm x 8cm x 20cm) arms emanating from a common central platform
(8 cm x 8 cm) to form a plus shape [32]. The entire apparatus was elevated to 50 cm
above floor level and illuminated with a 20-W bulb. The test was started by placing
a mouse on the central platform of the maze facing an open arm. An arm entry was
defined as all four paws in the arm. The duration of time spent in any arms and
number of arm entries was measured for 5 min. These data were used to calculate
the percentage of duration in open arms [i.e., (duration in open arms/duration in
open and closed arms) x 100].

2.2. lIsolation rearing

After 3 daysofacclimatization, 3-week-old mice were randomly divided intotwo
groups: Slrearing and group-housed (GH) rearing. Mice in the Sl group were individ-
ually housed in wire-topped opaque polypropylene cages (20cm x 12cm x 10¢m)
while mice in the GH group continued to be housed under normal conditions (five
per cage) in wire-topped clear plastic cages (34 cm x 22 cm x 15 cm). After 4 weeks
SI, mice were subjected to behavioral analyses, as described below. During behav-
ioral analysis, the housing conditions were maintained.

2.6. Forced swim test

The forced swim test was carried out as described previously with minor modi-
fications [27]. Mice were placed in a glass cylinder (20 cm high x 13.5 cm diameter)
filled to a depth of 12 cm with water (24 +1°C). A 3-min test per day was repeated
for 5 days. Immobility time (floating) was measured. A mouse was judged to be
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Fig. 1. Effect of social isolation (SI) rearing on emotional behavior and recognition memory. (a) Spontaneous locomotor activity under a novel environment. Locomotor
activity was measured every 10min for 60min [group-housed (GH): n=10, SI: n=11]. Effect of rearing condition: F(1,19)=1.081, p=0.3116; effect of time (within-subject
effect): F(11,209)=15.5, p <0.001; interaction: F(11,209)=1.071, p < 0.3861. (b) Exploratory activity in the elevated-plus maze test. Exploratory activity was measured for 5 min
(GH: n=17, SI: n=19). (¢) Immobility in the forced swim test. Immobility was measured for 3 min per day (GH: n=9, SI: n=10). Effect of rearing condition: F(1,17)=5.228,
p=0.0354; effect of day (within-subject effect): F(4,68)=11.821, p <0.0001; interaction: F(4,68)=2.316, p = 0.066]. (d) Exploratory preference and (e) total exploration time in
the novel object recognition test. Retention session was carried out 24 h after training (GH: n= 14, SI: n=15). Data are shown as the means + SE. *p < 0.05, **p <0.01, ***p <0.001
vs. GH mice [Student’s t-test (b), (d) or ANOVA (c)].
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Fig. 2. Effect of social isolation (SI) rearing on aggressive and social behavior. (a-c) Aggressive behavior in the intruder-evoked aggressive test was measured for 10 min
[group-housed (GH): n=15, SI: n=15]. (d-f) Social, escape and aggressive behavior was measured in four trials (5 min for each trial) with an intertrial interval of 30 min
in the social interaction test (GH: n=13, SI: n=15). (d) Social interaction. Effect of rearing condition: F(1,26)=2.877, p=0.1018; effect of trial (within-subject effect):
F(3,78)=25.446, p<0.0001; interaction: F(3,111)=6.261, p=0.0007. (e) Escape behavior. Effect of rearing condition: F(1,26)=8.877, p=0.0062; effect of trial (within-subject
effect): F(3,78)=7.579, p=0.0002; interaction: F(3.78)=6.157, p=0.0008. (f) Aggressive behavior. Effect of rearing condition: F(1,26)=8.066, p=0.0086; effect of trial (within-
subject effect): F(3,78)=4.013, p=0.0104; interaction: F(3,78)=1.601, p=0.1959. Data are shown as the means +SE. *p<0.05, **p <0.01 vs. GH mice [Student’s ¢t-test (a—e) or

ANOVA (f)].

immobile if it ceased struggling and remained floating motionless in water making
only those movements necessary to keep its head above water.

2.7. Intruder-evoked aggressive test

The intruder-evoked aggressive test was carried out according to our previous
report [24]. Male 7-week-old ICR mice were used as intruders which had not shown
aggressive behavior against their peers. The resident mouse was habituated to the
test cage (20cm x 12cm x 10cm high) for 10 min, and then an intruder mouse was
placed in the test cage. The investigating behavior of the resident mouse against
the intruder was observed for 10 min. The frequency of attacking/biting and tail rat-
tling, and duration of aggression, including attacking/biting, tail rattling, aggressive
grooming, sideways posturing and pushing under were analyzed.

2.8. Social interaction test

To investigate the habituation response to a novel mouse, the social interaction
test was carried out as described previously with minor modifications [44]. A male
resident mouse was housed alone in a home cage (34 cm x 22cm x 15 cm high) for
2 days before the test, and then a novel male mouse was introduced into the cage
for 5 min per trial. The test consisted of four trials, in which test mice were exposed
to the same novel mouse, with an intertrial interval of 30 min. We measured the
time spent in social interaction (close following, inspection, anogenital sniffing, and
other social body contact), escape behavior (actively avoiding the other mouse), and
aggressive behavior (biting, wrestling and tail rattling).

2.9. Novel object recognition test

The novel object recognition test was carried out as described previ-
ously [35]. The experimental apparatus consisted of a Plexiglas open-field box
(30 cm x 30 cm x 35 cm high), the floor of which was covered in sawdust. The appa-
ratus was located in a sound-attenuated room and illuminated with a 20-W bulb.
The test procedure consisted of three different sessions: habituation, training, and
retention. Each mouse was individually habituated to the box, with 10 min explo-
ration in the absence of objects for 3 consecutive days (habituation session, days
1-3). During the training session, two different novel objects were symmetrically

fixed to the floor of the box, 8 cm from the walls, and each animal was allowed to
explore in the box for 10 min (day 4). The objects were constructed from a golf ball,
wooden column, and wall socket, which were different in shape and color but sim-
ilar in size. The animals were considered to be exploring the object when the head
of the animal was facing the object or when the animal was touching or sniffing
the object. The time spent exploring each object was recorded. After training, mice
were immediately returned to their home cages. During the retention sessions, the
animals were placed back in the same box 24 h (day 5) after the training session,
in which one of the familiar objects used during training was replaced by a novel
object. The animals were then allowed to explore freely for 5 min, and the time spent
exploring each object was recorded. Throughout the experiments, the objects were
used in a counterbalanced manner in terms of their physical complexity and emo-
tional neutrality. A preference index, the ratio of the amount of time spent exploring
any one of the two objects (training session) or the novel object (retention session)
over the total time spent exploring both objects, was used to measure cognitive
function.

2.10. Statistical analysis

Statistical analyses were performed using StatView 5.0 software (SAS Institute,
Cary, NC, USA). For locomotor activity, the forced swim test and social interaction test,
one-way repeated measure ANOVA was used. To analyze the drug's effect, two-way
or two-way repeated measures ANOVA was performed. The rearing condition, drug,
and dose were between-subject factors. Time (day or trial) was a within-subject
factor. Significant main effects or interactions were followed by Bonferroni’s post
hoc test. Differences between two groups were analyzed by the two-tailed Student’s
t-test.

3. Results
3.1. Slrearing induced behavioral abnormality

There was no significant difference in spontaneous locomotor
activity between GH and SI mice under novel environmental con-
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Fig. 3. Effect of methylphenidate (MPH) on social isolation (SI)-induced anxiety-like and aggressive behavior. MPH (1 or 3 mg/kg, i.p.) was administered 30 min before the
behavioral test. (a-b) The elevated-plus maze test [saline-treated group-housed (GH) mice (n=10); MPH (1 mg/kg)-treated GH mice (n=9); MPH (3 mg/kg)-treated GH mice
(n=10); saline-treated SI mice (n=12); MPH (1 mg/kg)-treated SI mice (n=10); MPH (3 mg/kg)-treated SI mice (n=11)]. (a) Duration in open arms. Effect of rearing condition:
F(1,56)=5.238, p=0.259; effect of dose: F(2,56)=1.943, p=0.1527; interaction: F(2,56)=3.977, p=0.0243. (b) Total arm entries. Effect of rearing condition: F(1,56)=0.002,
p=0.9661; effect of dose: F(2,56)=1.387, p=0.2582; interaction: F(2,56)=1.638, p=0.2035. (c)-(e) The intruder-evoked aggressive test [saline-treated GH mice (n=10); MPH
(1 mg/kg)-treated GH mice (n=9); MPH (3 mg/kg)-treated GH mice (n= 10); saline-treated SI mice (n=11); MPH (1 mg/kg)-treated Sl mice (n=11); MPH (3 mg/kg)-treated SI
mice (n=11)]. (c) Frequency of biting. Effect of rearing condition: F(1,56)=19.565, p <0.0001; effect of dose: F(1,56) = 0.682, p=0.5096; interaction: F(1,56)=0.682, p=0.5096.
(d) Frequency of tail rattling. Effect of rearing condition: F(1,56) = 16.658, p =0.0001; effect of dose: F(1,56) = 1.675, p=0.1966; interaction: F(1,56)=2.320, p=0.1077.(e) Duration
of aggressive behaviors. Effect of rearing condition: F(1,56) = 60.983, p < 0.0001; effect of dose: F(1,56)=0.124, p=0.8833; interaction: F(1,56)=0.359, p =0.6999. Data are shown
as the means + SE. *p <0.05, ***p <0.001 vs. GH mice [Bonferroni’s post hoc test (a) or ANOVA (c-e)]. 'p <0.05 vs. saline-treated mice (Bonferroni's post hoc test).

ditions (Fig. 1a). In the elevated-plus maze test, the time spent in the
open and closed arms was significantly different between GH and
SI mice. SI mice spent significantly less time exploring the open
arms and longer time in the closed arms than GH mice (Fig. 1b).
In the forced swim test, one-way repeated ANOVA revealed a sig-
nificant effect of the rearing condition on the immobility time,
which was significantly increased in SI mice compared with GH
mice (Fig. 1c).

In the novel object recognition test, SI rearing significantly
reduced the exploratory preference to a novel object in the reten-
tion test (Fig. 1d). There was no difference in the total exploratory
time in the training or retention sessions between the two groups
(Fig. 1e).

In the intruder-evoked aggressive test, SI rearing significantly
increased biting (Fig. 2a), tail rattling (Fig. 2b) and total time of
aggressive behavior as compared with GH mice (Fig. 2¢). Further-
more, GH mice showed a characteristic reduction of the time for
investigating an intruder mouse. In contrast, SI mice showed little
reduction in social interaction, suggesting impaired habituation to
an unfamiliar intruder (Fig. 2d). SI rearing significantly increased
escape behavior compared with GH mice in the first and second
trials (Fig. 2e). Consistent with the result of the intruder-evoked
aggressive test (Fig. 2a and b), SI mice exhibited significantly more
aggressive behavior than GH mice (Fig. 2f).

3.2. MPH improved Sl-induced anxiety-like behavior, but not
aggressive behavior

MPH significantly ameliorated the reduced time spent in the
open arms in SI mice in a dose-dependent manner (Fig. 3a) with-
out affecting the total number of arm entries (Fig. 3b). MPH had
no effect on Sl-induced aggressive behavior at the dose examined
(Fig. 3c), although there was a tendency for the number of biting
and tail rattling in SI mice to decrease (Fig. 3a and b).

3.3. CLZ improved SI-induced aggressive behavior, but not
anxiety-like behavior

CLZ (2.5mg/kg) significantly decreased the time spent in the
open arms and total arm entries in the elevated-plus maze test in
both GH and SI mice (Fig. 4a and b). Furthermore, CLZ (2.5 mg/kg)
completely inhibited biting and tail rattling (Fig. 4c and d) and sig-
nificantly reduced the time spent in aggressive behavior (Fig. 4e) in
SI mice.

3.4. Repeated FLX treatment improved Si-induced deficit of social
behavior

Repeated FLX treatment significantly improved the Sl-induced
deficit of social behavior to the level in saline-treated GH mice with-
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test. (a-c) The elevated-plus maze test [vehicle-treated group-housed (GH) mice (n=6); CLZ (0.5 mg/kg)-treated GH mice (n=9); CLZ (2.5 mg/kg)-treated GH mice (n=9);
vehicle-treated SI mice (n=6); CLZ (0.5mg/kg)-treated SI mice (n=9); CLZ (2.5 mg/kg)-treated SI mice (n=11)]. (a) Duration in open arms. Effect of rearing condition:
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SImice (n=11)].(c) Frequency of biting. Effect of rearing condition: F(1,43) =10.187, p=0.0026; effect of dose: F(1,43)=3.282, p=0.0471; interaction: F(1,43)=2.757, p=0.0747.
(d) Frequency of tail rattling. Effect of rearing condition: F(1,43) =5.382, p =0.0252; effect of dose: F(1,43) =2.119, p = 0.1325; interaction: F(1,43)=1.562, p=0.2215.(e) Duration
of aggressive behaviors. Effect of rearing condition: F(1,43)=25.9, p <0.0001; effect of dose: F(1,43)=5.592, p=0.0069; interaction: F(1,43)=4.539, p=0.0163. Data are shown
as the means + SE. *p<0.05, **p<0.01, ***p<0.001 vs. GH mice [ANOVA (a), (c-e) or Bonferroni's post hoc test (e)]. 'p<0.05, /p<0.05, "'p<0.001 vs. vehicle-treated mice

[ANOVA (a)-(b) or Bonferroni's post hoc test (e)].

out affecting the social behavior in GH mice (Fig. 5a). Furthermore,
repeated FLX treatment significantly reduced aggressive behavior
in SI mice (Fig. 5¢). There was a tendency for repeated FLX treat-
ment to decrease escape behavior in SI mice, but the effect was not
statistically significant (Fig. 5b).

4. Discussion

The behavioral, neurochemical and anatomical changes in
Sl-reared mice may be relevant to the clinical symptoms and patho-
physiology in patients with neuropsychiatric disorders, such as
ADHD and schizophrenia. To address this issue, we examined the
response to drugs used to treat these neuropsychiatric disorders.

First, we investigated the effect of SI rearing after weaning on
emotional behavior and recognition memory. S rearing after wean-
ing induced anxiety-like behavior, aggressive behavior, abnormal
social interaction and recognition memory deficits in mice, which
is consistent with previous studies reporting anxiety [23,48,51],
aggression [29,50], social interaction [12,50] and recognition mem-
ory [1,47], respectively. On the other hand, some studies showed
an anxiolytic-like effect of SI rearing in the elevated-plus maze
test [18,47]. It is possible that Sl-induced hyperactivity may be

attributable to the anxiolytic-like effect under a novel environment.
In our study, Sl-reared mice exhibited no difference in locomotor
activity and habituation response to a novel environment compared
with GH mice. Under such conditions, anxiety-like behaviors were
demonstrated with Sl rearing.

We found that SI-reared mice were vulnerable to repeated forced
swim stress. In contrast, previous reports showed that SI rearing
in rodents reduced the immobility time in the forced swim test
[19,27]. The discrepancy in the forced swim test may be explained
by the difference in behavioral testing. In previous studies, mice
were subjected to the forced swim test once or twice, while in the
present study, the test was repeated on 5 consecutive days. In fact,
there was no apparent difference inimmobility time during the first

. 2 days of the test in the present study.

To assess the predictive validity of Sl-reared mice as an ani-
mal model of neuropsychiatric disorders, we examined the effects
of MPH, CLZ and FLX on Sl-induced behavioral abnormalities. We
chose the elevated-plus maze test and intruder-evoked aggressive
test for MPH and CLZ experiments because anxiety-like behav-
ior and aggressive behavior are the most distinctive alteration of
behaviors induced by SI rearing, and ADHD and schizophrenic
patients often exhibit anxiety and violence behavior [3,17,25]. The
clinical dose range for MPH to treat ADHD is 0.3-0.6 mg/kg (twice
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Fig. 5. Effect of repeated fluoxetine (FLX) treatment on social isolation (SI)-induced impairment of social behavior. Daily administration of FLX (10 mg/kg, i.p.) was started 2
weeks after Sl and continued to the end of the social interaction test. (a) Social behavior. Effect of rearing condition: F(1,39)=6.448, p=0.0152; effect of drug: F(1,39)=11.473,
p=0.0016; interaction: F(1,39)=4.147,p = 0.0485. (b) Escape behavior. Effect of rearing condition: F(1,39)=2.737, p=0.1061; effect of drug: F(1,39) =2.211, p=0.1451; interaction:
F(1,39)=1.050, p=0.3119. (c) Aggressive behavior. Effect of rearing condition: F(1,39)=4.741, p=0.0356; effect of drug: F(1,39)=5.191, p=0.0283; interaction: F(1,39)=4.160,
p=0.0482. Data are shown as the means + SE [GH/Sal: saline-treated group-housed mice (n=14); GH/FLX: FLX-treated GH mice (n=7); SI/Sal: saline-treated Sl mice (n = 14);
SI/FLX: fluoxetine-treated SI mice (n=8)]. **p<0.01 vs. GH mice. 'p<0.05, ''p<0.01 vs. saline-treated mice (Bonferroni’s post hoc test).

a day) and MPH raises resting extracellular levels of dopamine
several-fold which in turn inhibits the nerve impulse-associated
release [40]. Accordingly, we chose 1-3 mg/kg of MPH in this exper-
iment. Our findings suggested that MPH could improve Sl-induced
anxiety-like behavior because the drug increased the reduced
time spent in open arms in SI mice without affecting the time
in GH mice. It is unlikely that the anxiolytic effect arises from
hyperlocomotion in MPH-treated mice since total arm entries in
both GH and SI mice were not affected by MPH. Previous stud-
ies demonstrated that Sl rearing in rats altered the time course
of locomotor activity induced by amphetamine [26] and increased
amphetamine-induced dopamine release in the nucleus accum-
bens [20]. Therefore, functional changes in dopaminergic systems
may be involved in anxiety-like behavior in SI-reared mice as well
as the anxiolytic effect of MPH. In the present study, MPH had little
effect on Sl-induced aggressive behavior, which disagrees with the
previous study that MPH inhibited aggression in SI mice [29]. The
reason for the discrepancy between studies is unclear at present.
Higher doses of MPH may be required to inhibit SI-induced aggres-
sive behavior.

A previous study demonstrated that CLZ at a dose of 2.5 mg/kg
reduced aggressive behavior in isolated mice [30]. Consistently,
we found that CLZ at same dose markedly suppressed aggressive
behavior although it had little effect on anxiety-like behavior in
Sl-reared mice. However, the anti-aggressive effect of CLZ may be
attributed to sedation, because CLZ treatment decreased the num-
ber of total arm entries in the elevated-plus maze test. In fact,
CLZ at dose of 2.5mg/kg significantly reduced locomotor activ-
ity in both GH and SI mice (data not shown). CLZ has affinities
for and antagonizes dopamine (DA) and serotonin (5-HT) recep-
tors. The neurotransmitters DA, 5-HT and gamma-aminobutyric
acid have been implicated in the neurobiological mechanisms of
aggression [10]. Previous studies showed that the extracellular DA
level was increased in the nucleus accumbens during and after
aggressive episode in rats [13], while a D1-like antagonist (SCH-
23390) or a D2-like antagonist (sulpiride) microinjected into the

nucleus accumbens decreased the positive reinforcing properties of
aggression in mice [8]. Furthermore, SI rearing induces hyper-
function of the mesolimbic dopaminergic system [15]. Thus, the
dopaminergic hyperfunction induced by SI rearing may play a role
in the development of aggressive behavior.

The 5-HT system has a role in aggressive behavior [10,36]. Pre-
vious studies showed an inverse correlation between the tendency
to engage in aggression and a defect of serotonergic neurons in not
only rodents [6] but also humans [45]. In accord with this evidence,
FLX ameliorated impulsive aggressive behavior in personality-
disordered subjects [7] and rodents [14,24]. We have previously
reported that a single FLX treatment (10 mg/kg) failed to reverse
Sl-induced aggressive behavior in the intruder-evoked aggressive
test and anxiety-like behavior in the elevated-plus maze, but the
aggressive behavior was ameliorated by repeated FLX treatment
(10mg/kg) [24]. Accordingly, in this study social interaction test
was conducted to assess the effect of repeated FLX treatment on
Sl-induced impairment of social behavior. We found that FLX ame-
liorated the impairment of social behavior as well as aggressive
behavior in SI-reared mice. A recent study demonstrated that FLX
suppressed the activation of neuronal circuits of aggression during
aggressive interaction [14]. The extracellular 5-HT level is decreased
in the prefrontal cortex (PFC) during and following aggressive con-
flictinrats[13]. The 5-HT, 5 or 5HT;g receptor agonist microinjected
in the PFC decreases aggression [5,11]. On the other hand, SI rear-
ing induces the dysfunction of serotonergic neurons; for example,
5-HT;a receptor binding is significantly reduced in the PFC of SI-
reared rodents [37,39]. Brain dialysis revealed that 5-HT release
induced by KCI in the frontal cortex was attenuated in SI rats [2].
Hence, aggression in Sl-reared mice may be attributed to the hypo-
function of serotonergic neurons in the brain, especially in the PFC.

In the present study, we showed that long-term SI rear-
ing after weaning affected adult behavior in mice. Sl-reared
mice exhibited increased vulnerability to swim stress, increased
anxiety and impulsivity/aggression, and impaired recognition
memory and social interaction. MPH improved Sl-induced anxiety
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behavior, CLZ reduced SI-induced aggressive behavior, and repeated
FLX treatment ameliorated SI-induced abnormality of social behav-
ior. These results suggest that Sl-induced behavioral abnormality
is a psychobehavioral complex relevant to various clinical symp-
toms observed in neuropsychiatric disorders, including ADHD,
schizophrenia and depression, and that SI-reared mice are valuable
to analyze the pathophysiology/pathogenesis of these diseases.
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Gene-environment interaction may play arole in the etiology of schizophrenia. Transgenic mice express-
ing dominant-negative DISC1 (DN-DISC1 mice) show some histological and behavioral endophenotypes
relevant to schizophrenia. Viral infection during neurodevelopment provides a major environmental risk
for schizophrenia. Neonatal injection of polyriboinosinic-polyribocytidylic acid (polyl:C), which mimics
innate immune responses elicited by viral infection, leads to schizophrenia-like behavioral alteration
in mice after puberty. To study how gene-environmental interaction during neurodevelopment results
in phenotypic changes in adulthood, we treated DN-DISC1 mice or wild-type littermates with injection
of polyl:C during the neonatal stage, according to the published method, respectively, and the behav-
ioral and histological phenotypes were examined in adulthood. We demonstrated that neonatal polyl:C
Polyl:C treatment in DN-DISC1 mice resulted in the deficits of short-term, object recognition, and hippocampus-
Susceptibility gene dependent fear memories after puberty, although polyl:C treatment by itself had smaller influences on
DISC1 wild-type mice. Furthermore, polyl:C-treated DN-DISC1 mice exhibited signs of impairment of social
Transgenic mice recognition and interaction, and augmented susceptibility to MK-801-induced hyperactivity as com-
pared with vehicle-treated wild-type mice. Of most importance, additive effects of polyl:C and DN-DISC1
were observed by a marked decrease in parvalbumin-positive interneurons in the medial prefrontal cor-
tex. These results suggest that combined effect of neonatal polyl:C treatment and DN-DISC1 affects some
behavioral and histological phenotypes in adulthood.
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1. Introduction

Genetic susceptibility factors for schizophrenia have recently
become available; these include neuregulin-1, dysbindin, and
disrupted-in-schizophrenia 1 (DISC1) [9]. Maternal viral infection in
the first and second trimesters of pregnancy in humans increases
the risk of schizophrenia in young adulthood [3,4,22]. Further-
more, the possible interaction between environmental and genetic

* Corresponding author at: Department of Neuropsychopharmacology and Hos-
pital Pharmacy, Nagoya University Graduate School of Medicine, Nagoya 466-8560,
Japan. Tel.: +81 52 744 2674; fax: +81 52 744 2682.

E-mail address: kyamada@med.nagoya-u.ac.jp (K. Yamada).

1 These authors contributed equally to the work.

0166-4328/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2009.08.027

susceptibility factors, especially during neurodevelopment, is pro-
posed as a promising disease etiology of schizophrenia [5,14].
Here we study a possible interaction of genetic and envi-
ronmental factors by injecting a synthetic double-stranded RNA,
polyriboinosinic-polyribocytidylic acid (polyl:C) into transgenic
mice that express a dominant-negative form of DISC1 (DN-
DISC1). We chose DISC1 as a genetic factor on which to focus,
because its role during neurodevelopment is well character-
ized [6,13]. DN-DISC1 mice show some behavioral (sensorimotor
gating deficits, depression-like behavior and hyperactivity) and
histological (enlarged lateral ventricles and reduction in the
immunoreactivity of parvalbumin in the cortex) endophenotypes
relevant to schizophrenia [10]. Polyl:C is a toll-like receptor 3 lig-
and that induces a strong innate immune response, and has been
used to mimic viral infection during neurodevelopment [15,23].
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