mL, 50 min) or soluble TNF receptor 1 (1 and 10 ng/mL,
50 min) significantly inhibited the TNF-2-induced increase
in ['H] DA uptake (Fs34 = 7.370 for anti-TNF-a antibody:
Fs 34 = 7.526 for soluble TNF receptor I, p < 0.01, one-way
anova) (Fig. 1b and c). although the anti-TNF-a antibody
(10, 50, and 100 ng/mL, 50 min) or soluble TNF receptor |
(1 and 10 ng/mL, 50 min) itself had no effect on DA uptake
(Fig. 1d). These results suggest that TNF-u activates DA
uptake in PC12 cells.
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Fig. 2 Effects of MEK inhibitor on TNF-x-induced increase in [°H] DA
uptake in PC12 cells. (a) Effects of the MEK inhibitor PD98059 on
TNF-a-induced increase in [°H] DA uptake in PC12 cells. The cells
were pre-treated with PD98059 (1, 10, 100, and 500 uM) 10 min be-
fore their treatment with TNF- (10 ng/mL, 40 min), and assayed for
[*H] 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 M) 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-2 modulates cellular responses through the ERK1/2
signaling pathway (van Vliet et al. 2005). Therefore, we
investigated whether the TNF-a-induced increase in DA
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[*H] DA uptake (% of control)
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Fig. 3 Effects of TNF-x 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-x on METH-induced de-
crease in [*H] DA uptake in PC12 cells. The cells were pre-treated with
TNF-2 (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 [°H]
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 pM,
50 min) significantly inhibited the TNF-a-induced increase
in ['H] DA uptake (Fs_jx = 5.961, p < 0.01, one-way ANOVA)
(Fig. 2a), although PD98059 (1, 10, 100, and 500 uM.
50 min) itself had no effect on the uptake (Fig. 2b). These
results suggest that TNF-u activates DA uptake via the MEK
signaling pathway in PCI12 cells.

Effects of TNF-2 on METH-induced decrease in DA uptake
in PC12 cells

We have previously demonstrated that TNF-2 and its inducer
diminish the METH-induced decrease in DA uptake and
inhibit the rewarding effects of and sensitization to METH
(Nakajima er al. 2004; Niwa et al. 2007¢, ¢). 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 pM. 30 min) decreased [*H] DA
uptake compared with the control group in a dose-dependent
manner (Fy 5 = 83.675, p <0.01,
(Fig. 3a). Moreover, TNF-a (10 ng/mL. 40 min) inhibited
the METH-induced decrease in [*H] DA uptake (TNF-a,
Fii16=14.759, p < 0.01; METH, F, ;4 = 45.994, p < 0.01;
INF->METH F, s = 1.573, p = 0.228; two-way ANOVA)
(Fig. 3b). These results suggest that TNF-a inhibits the

onc-way ANOVA )

METH-induced decrease in DA uptake in PC12 cells (Fig. 3)
as well as promoting plasmalemmal and vesicular DA uptake

@ O PC12 (ii) Mock (iii)
(PCDNA-DESTS3)

(non-transfection)

(b)
(i)

Mock without GFP

(i)

Mock with GFP
(pcDNA-DESTS3)
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to diminish METH and morphine-induced behavioral sensi-
tization and rewarding effects (Nakajima er al. 2004; Niwa
et al. 2007b; Niwa et al. 2008).

Transfection of the vector containing shati cDNA into
PC12 cells

We established a PCI12 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 afier 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-DESTS3]). 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 (ii1)].
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-DESTS3) (ii) or vector containing
shati cDNA (iil). The expression vector
alone (mock-transfection) (ii), 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 pym. (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) (ii), or the vector
containing shati cONA 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 wvector
containing shati cDNA reveals overexpres-
sion of shati in PC12 cells (iii). Scale bar:
20 pm.
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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 et 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 ef al. 2007a).
Given the results for synaptosomal and vesicular [*H] 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 c¢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 uM, 30 min) in mock-transfected cells was
significantly potentiated by shati over-expression in PC12
cells (drug, F,.x =20917, p <0.01: transfection, F sy -
247.684, p < 0.01; drug x transfection, Fjo5= 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 PCI2 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 uM) for
30 min, and then assayed the uptake of [’H] DA. As
shown in Fig. 5b, METH (1 uM, 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<0.01; transfection, F,5=21.551,
p <0.01; drug x transfection, F,,z = 0.001, p=0.971:
two-way aNova) (Fig. 5b right two columns). These results
indicated that shati could attenuate METH-induced
inhibition of DA uptake.

Regulation of TNF-a expression by shati

TNF-a activates synaptosomal and vesicular DA uptake
(Nakajima et al. 2004). TNF-2 and its inducer diminish the
METH-induced decrease in DA uptake and inhibit the
METH-induced dependence (Nakajima et al. 2004; Niwa
et al. 2007¢, ¢). Moreover, given the findings on [*H] DA
uptake obtained using shati-AS (Niwa er 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-o 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 cONA. The mock construct (pcDNA-DEST53), or the
vector containing shati cDNA was introduced into PC12 cells. These
cells were treated with 1 yM METH for 30 min. Values are
means + SE (n=28). '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. (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-2 mRNA expression compared with the mock-trans-
fected cells (Fig. 6a left two columns), suggesting that shati
regulates expression of TNF-a in PC12 cells. The increase in
TNF-2. mRNA expression evoked by METH treatment
(1 uM, 30 min) in mock-transfected cells was significantly
potentiated by overexpression of shati in vitro (drug,
Fi55=21.000, p<0.01; transfection, F,,z = 65.860,
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Fig. 6b right three columns,
expression evoked by repeated METH treatment in the NAc
was significantly abolished by shati-AS, although shati-SC
had no effect. Moreover, TNF-2 mRNA expression in the
NAc of saline-treated mice was also inhibited by shati-AS,
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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.
Fy 5> = 296.090, p < 0.01; transfection, F 7> = 13.864, p <
0.01; neutralization, F, 5, = 32.930, p < 0.01: drug X trans-
fection, F;7,=0.189, p= 0.665: drug x neutralization,
Fy 7, = 1496, p=0.225; transfection x neutralization,
Fy 7> = 34.828, p <0.01; drug x transfection % neutraliza-
tion, F 5> = 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-u in PC12
cells. To confirm the relationship between shati and TNF-=,
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-o. These results indicated that shati was
expressed in TNF-a-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 uptake via TNF-» | 1708

increased extracellular DA levels and augmented receptor
stimulation (Hom 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 PC12 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 al. 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 er 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 er 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 medulla (Youdim 1991).
Recently, we have demonstrated that TNF-x 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. 2007c,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- in shati-induced increase in DA uptake in
PC12 cells. (a) TNF-x mRNA expression in PC12 cells transfected with
the vector containing shati cDNA. The expression vector alone
(pcDNA-DESTS53), 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-x 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-x in shati-induced increase in
[*H] DA uptake in PC12 cells. The expression vector alone (pcDNA-
DEST53), or the vector containing shati cDNA was introduced into
PC12 cells. The cells were pre-treated with anti-TNF-x antibody (Ab;
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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-x« in PC12 cells transiected with
the vector containing shati cDNA. The expression vector alone
(pcDNA-DEST5S3) (i), or the vector containing shati cDNA (i) (iii) was
introduced into PC12 cells. The GFP or shati-immunopositive cells
(green) were co-localized with TNF-a-immunopositive cells (red) (ii)
(iii). Double immunostaining for GFP or S-4 and TNF-x in PC12 cells
transfected with the vector containing shati cDNA reveals expression of
shati in TNF-a-immunopositive cells (ii) (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-INK, -p38. and -NF-xB, resulting in loss of DAT
surface expression and DAT capacity. According these
results, MEK-ERK pathway, but not MEK-INK, -p38. or
-NF-kB pathway, is important for intracellular trafficking and
transport capacity of DAT (Moron et al. 2003). Therefore,
we investigated the involvement of TNF-o in DA uptake and
the METH-induced inhibition of DA uptake in PCI2 cells.
Moreover, we examined the involvement of MEK-ERK
signaling in the effects of TNF on DA uptake. TNF-u
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 I
(Fig. 1b and c), suggesting that TNF-u certainly increases
DA uptake in PCI12 cells. Moreover, TNF-a inhibited the
METH-induced decrease in DA uptake in PCI2 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 er al. 2004). We suggest that TNF-o modulates
the function of DAT, although it also regulates the expression
of DAT. The expression of TNF-x is induced through the
activation of transcription factors such as activator protein-1
(AP-1) and NF-xB by the activation of INK/p38 (Guha et al.
2000; Rahman and MacNee 2000). Further, TNF-o 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-x
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-a and shati
increase DA uptake and inhibit the METH-induced decrease
in DA uptake (Nakajima er 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-o in PC12
cells. Over-expression of shati by transfection of the vector
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containing shati ¢cDNA (Fig. 4) dramatically induced the
expression of shati mRNA (Fig. 5a) and TNF-a 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-z-immunopositive cells (Fig. 6d), potentiated DA
uptake and inhibited the METH-induced decrease in DA
uptake (Fig. 5b) in PC12 cells by regulating TNF-a expres-
sion (Fig. 6a), since these effects were antagonized by anti-
TNF-2 antibody and soluble TNF receptor I used for the
neutralization of TNF-a (Fig. 6¢: Barone er 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

MEK pathway

©Dopamine
(DA)
AMethamphetamine
(METH)

{)shati

;Tumor necrosis (40 : 5
factor-o: (TNF-u) ‘ 3 A .. _ .,_-"

Inhibition against
METH-induced
dependence

Fig. 7 Schema for regulation of TNF-x 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-x expression in target neurons through the
activation of DA receptors. TNF-2 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-x: tumor necrosis factor-z,
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-a 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 er 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-a 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-x« system would
provide a new therapeutic approach to the treatment of
METH dependence.
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ABSTRACT

Tyrosine nitration of proteins at an extensive level is widely
associated with the cognitive pathology induced by amyloid B
peptide (AB). However, the precise identity and explicit conse-
quences of protein nitration have scarcely been addressed. In
this study, we examined the detectable nitration of proteins in
the hippocampus of mice with cognitive impairment (day 5)
induced by the i.c.v. injection of AB.s 45 (day 0). The intensity of
the nitration of proteins was inversely associated with the level
of recognition memory in mice. The detectable tyrosine nitra-
tions were revealed in proteins with a single size of approxi-
mately 70 kDa. The specific nitrated proteins at this size were

identified using the liquid chromatography/mass spectrometry/
mass spectrometry analysis and immunodetection methods.
Intense nitration of the neurofilament light chain (NFL) was
observed. The increased nitration of NFL was associated with
its serine hyperphosphorylation and weak interaction with the
nuclear distribution element-like, a protein essential for the
stable assembly of neurofilaments. No changes in cell numbers
in the hippocampus were found (day 5) in mice that received
AB.s a5 injections. These findings suggested that extensive
nitration of NFL is associated with the AB-induced impairment
of recognition memory in mice.

Increased nitration of proteins, a surrogate marker of wide-
spread oxidative damage in brains affected by the amyloid B
peptide (AB), is evidently correlated with the severity of cogni-
tive dysfunction in humans as well as animals (Smith et al.,
1997; Lim at al., 2001; Perry et al., 2002; Kim et al., 2003;
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Andersen, 2004; Bastianetto and Quirion, 2004; Walsh and
Selkoe, 2004).

We have previously reported the contribution of tyrosine
nitration to AB-induced, oxidative damage-mediated cogni-
tive dysfunction in mice (Alkam et al., 2007, 2008). A mouse
monoclonal anti-nitrotyrosine antibody in Western blot anal-
ysis identified the tyrosine-nitrated hippocampal proteins at
approximately 70 kDa as a single band with which the se-
verity of cognitive impairments in mice was well associated
(Alkam et al., 2007). In this study, we aimed to identify the
nitrated proteins in the single band for the specification of
the contribution of the extensive nitration of tyrosine to the
cognitive impairment. To produce strong and stable nitrative
damage, we applied AB,s 55, a toxic AR fragment that is
detected in the human brain (Pike et al., 1995; Kubo et al.,
2002). The tyrosine-nitrated proteins were examined by us-
ing liquid chromatography/mass spectrometry/mass spec-

ABBREVIATIONS: A, amyloid g peptide; LC-MS/MS, liquid chromatography/mass spectrometry/mass spectrometry; NFL, neurofilament light
chain; NUDEL, nuclear distribution element-like; NF, neurofilament; ONOO™, peroxynitrite; UA, uric acid; RIPA, radioimmunoprecipitation assay;
PBS, phosphate-buffered saline; PAGE, polyacrylamide gel electrophoresis; PVDF, polyvinylidene difluoride; HSP70, heat shock protein 70;
DRP-2, dihydropyrimidinase-like 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SD, sodium dithionite; CBB, Coomassie Brilliant Blue;

AD, Alzheimer’'s disease.
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trometry (LC-MS/MS) and immunodetection. Intense nitra-
tion of the neurofilament light chain (NFL) was observed.
The intensive nitration was associated with serine hyper-
phosphorylation and reduced interaction of NFL with nu-
clear distribution element-like (NUDEL), a protein essential
for the stable assembly of neurofilaments (NFs). The results
provided further support for the conception that extensive
nitration of tyrosine in proteins underlies one of the key
mechanisms contributing to the cognitive pathology induced
by AB.

Materials and Methods

Animals. Male ICR mice (Nihon SLC Co., Shizuoka, Japan) were
used. The animals were housed in a controlled environment (23 *
1°C, 50 = 5% humidity) and allowed access to food and water ad
libitum. The room lights were kept on between 8:00 AM and 8:00 PM.
All experiments were performed in accordance with the Guidelines
for Animal Experiments of Nagoya University Graduate School of
Medicine. The procedures involving animals and their care con-
formed to the Guidelines for Proper Conduct of Animal Experiments
{Science Council of Japan, 2006).

Treatment and Experimental Design. AB,; 35 (Bachem, Buben-
dorf, Switzerland) was dissolved in sterile double-distilled water to a
stock concentration of 1 mg/ml and stored at —20°C before use. The
dissolved AB,; 45 was incubated for aggregation at 37°C for 4 days. The
distilled water was incubated at the same conditions and used as the
vehicle. AB,_,, (Bachem) was dissolved to a stock concentration of 1.0
mg/ml in 35% acetonitrile/0.1% trifluoroacetic acid and stored at —20°C
before use. The solution of peroxynitrite (ONOO™; 144 mM) (Millipore,
Billerica, MA) was stored at —80°C before use. Incubated ABgs 45 (3
ug/3 pl), incubated distilled water (3 pl), AB;_4 (5 pe/5 ub), and
ONOO~ (144 mM/1 pul) were administered by i.c.v. injection as de-
scribed previously (Maurice et al., 1996; Alkam et al., 2007, 2008). In
brief, a microsyringe with a 28-gauge stainless steel needle 3.0-mm long
was used for all experiments. Mice were anesthetized lightly with ether,
and the needle was inserted unilaterally 1 mm to the right of the
midline point equidistant from each eye, at an equal distance between
the eyes and the ears and perpendicular to the plane of the skull. A
single shot of the indicated volume of agents was delivered gradually
within 3 s. Mice exhibited normal behavior within 1 min after the
injection. The injection placement or needle track was visible and was
verified at the time of dissection. Neither insertion of the needle nor the
volume of injection had a significant influence on survival, behavioral
responses, or cognitive functions. Uric acid (UA) (Wako Pure Chemicals,
Osaka, Japan) was prepared as a suspension in saline. Immediately
after the single injection of AB,s g5 or AB,_ 40, mice were given UA (100
mg/kg i.p.) daily for 6 consecutive days. The schedule of administration
of peptides and drugs as well as biochemical, histochemical, and behav-
ioral investigations is shown in Fig. 1.

Novel Object Recognition Task. This task, based on the spon-
taneous tendency of rodents to explore a novel object more often than
a familiar one, was performed on days 3 to 5 after the i.c.v. injection
of AB,_40, ABos g5, OF peroxynitrite (day 0) as described previously
(Alkam et al., 2007). A plastic chamber (35 x 35 X 35 cm) was used
in low light conditions during the light phase of the light/dark cycle.
The general procedure consisted of three different phases: 1) a ha-

bituation phase, 2) an acquisition phase, and 3) a retention phase.
On the 1st day (habituation phase), mice were individually subjected
to a single familiarization session of 10 min, during which time they
were introduced into the empty arena to become familiar with the
apparatus. On the 2nd day (acquisition phase), the animals were
subjected to a single 10-min session, during which time two floor-
fixed objects (A and B) were placed in a symmetric position from the
center of the arena, 15 cm from each other and 8 em from the nearest
wall. The two objects, made of the same wooden material with a
similar color and smell, were different in shape but identical in size.
Mice were allowed to explore the objects in the open field. A prefer-
ence index for each mouse was expressed as a ratio of the amount of
time spent exploring object A (TA % 100)/(TA + TB), where TA and
TB are the time spent exploring object A and object B, respectively.
On the 3rd day (retention phase), mice were allowed to explore the
open field in the presence of two objects: the familiar object A and a
novel object C in different shapes but in similar color and size (A and
C). A recognition index, calculated for each mouse, was expressed as
the ratio (TC x 100)/(TA + TC), where TA and TC are the time spent
during the retention phase on object A and object C, respectively. The
time spent exploring the object (nose pointing toward the object at a
distance = 1 cm) was recorded by hand.

Sample Preparation. Animals were decapitated, and the hip-
pocampi were removed on an ice-cold glass plate and stored at
—80°C. Hippocampal protein extracts were obtained by homogeniza-
tion in diverse ice-cold lysis buffers that included the radioimmuno-
precipitation assay (RIPA) buffer, phosphate-buffered saline (PBS)
buffer, Triton X-100 buffer, and 6 M urea buffer. The RIPA lysis
buffer contained 20 mM trizma hydrochloride, pH 7.6, 150 mM
sodium chloride, 2 mM EDTA-2Na, 50 mM sodium fluoride, 1 mM
sodium vanadate, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1%
SDS, 1 mg/ml pepstatin, 1 mg/ml aprotinin, and 1 mg/ml leupeptin.
The PBS lysis buffer, pH 7.4, contained 135 mM sodium chloride, 3.2
mM disodium hydrogen phosphate 12-water, 1.3 mM potassium chlo-
ride, and 0.5 mM potassium dihydrogen phosphate. The Triton X-100
buffer contained 10 mM trizma hydrochloride at pH 7.5, 150 mM
sodium chloride, 1 mM EDTA at pH 8.0, and 1% Triton X-100. The 6
M urea lysis buffer contained 10 mM trizma base at pH 8.1, 6 M urea,
and 1 mM dithiothreitol. All of these lysis buffers, with the exception
of the RIPA buffer, were supplemented with complete protease in-
hibitor cocktail tablets (Roche Applied Science, Mannheim, Ger-
many). Homogenates were centrifuged at 13000g for 20 min to obtain
the desired supernatant of the extracts. The centrifuged pellets were
washed twice with the previous buffer before being solubilized. The
washing procedure consisted of complete dispersion of the pellets by
vortexing and incubation in ice for 30 min followed by centrifugation
at 13000g for 20 min. The unassembled NFL and NUDEL proteins
were obtained within the soluble proteins in Triton X-100 buffer
(Nguyen et al., 2004), and the insoluble protein pellets that include
the assembled NFL and NUDEL proteins were then solubilized in 6
M urea lysis buffer (Crow et al., 1997). The cytoplasmic water-
soluble proteins were obtained in PBS lysis buffer (Aoyama and
Kitajima, 1999), and the insoluble pellets were then solubilized in
Triton X-100 buffer. The concentrations of PBS-soluble and urea-
soluble proteins were determined with a Bio-Rad protein assay re-
agent kit (Bio-Rad, Hercules, CA). The concentrations of the Triton

uric acid ( 100mg/kg/day, i.p.)
L-ld__ -2d _ -3d 4d 0d d 2d 3d 4d 5d ]
| l l 1
incubation of > ) .
AP, 1 (4 days) iLc.v.-injection of 1. biochemistry Fig. 1. The experimental design of the study.
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2. histology
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Extensive Nitration of NFL and the Impairment of Memory

X-100-soluble proteins were determined with a BCA protein assay
reagent kit (Pierce, Rockford, IL).

Western Blot Analysis. Equal amounts (20 pg) of protein sample
were resolved by a 4 to 20% gradient or 7% SDS-polyacrylamide gel
electrophoresis (PAGE). The proteins were then transferred electro-
phoretically to a polyvinylidene difluoride (PVDF) membrane (Milli-
pore). Membranes were incubated in 3% skim milk or 3% bovine
serum albumin (for phosphor-protein) in phosphate-buffered saline
containing 0.05% (v/v) Tween 20 for 2 h at room temperature. Anti-
nitrotyrosine mouse monoclonal 1A6 antibody (catalog number 05-
233; Millipore), anti-NFL mouse antibody (Sigma-Aldrich, St. Louis,
MO), anti-heat shock protein 70 (HSP70) polyclonal antibody (Assay
Designs, Ann Arbor, MI), anti-dihydropyrimidinase-like 2 (DRP-2)
mouse antibody (IBL, Takasaki, Japan), anti-NUDEL rabbit anti-
body (Abcam Inc., Cambridge, MA), anti-phosphoserine rabbit anti-
body (Zymed Laboratories, South San Francisco, CA), anti-B-actin
goat antibody (Santa Cruz Biotechnology Inc., Santa Crutz, CA), and
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mouse
antibody (Imgenex, San Diego, CA) were used. To confirm the spec-
ificity of the detected single band of tyrosine-nitrated proteins, the
reduction of nitrotyrosine to aminotyrosine was performed. In brief,
the membrane was treated with 10 mM sodium dithionite (SD) in 50
mM pyridine-acetate buffer, pH 5.0, for 1 h at room temperature.
After the reaction, the membrane was rinsed with distilled water
and then equilibrated with washing buffer and blocked for 1 h at
room temperature in blocking solution before standard procedures of
Western blotting were followed. The absent band in the SD-treated
membrane compared with the routine-treated control membrane
was regarded to be a genuine for nitrated proteins. To confirm the
specificity of the detected band for phosphoserine, the anti-phospho-
serine inhibitor (the inhibitor) that contains phosphoserine was used
to block the specific interaction of anti-phosphoserine primary anti-
bodies with serine-phosphorylated proteins in the membrane. In
brief, the anti-phosphoserine primary antibody and the inhibitor at a
final concentration of 20 mM were mixed into a bovine serum albu-
min-containing blocking buffer and preincubated for 10 min for the
ample binding of the antibodies with the phosphoserines (to cover up
all of the specific anti-phosphoserine antibodies) before the applica-
tion to the membrane. Incubation of the antibody-inhibitor mixture
with the membrane was carried out for 1 h at room temperature.
After the incubation, standard procedures were followed for blot
washing and incubation with a secondary antibody. The absence of
the bands in the membrane after the antibody-inhibitor treatment
compared with the membrane subjected to routine treatment was
regarded as genuine proof of serine phosphorylation. The intensity of
each protein band on the film was analyzed with the Atto Densito-
graph 4.1 system (Atto, Tokyo, Japan) and was corrected with the
corresponding B-actin or GAPDH level. The results were expressed
as a percentage of that in the naive group.

Liguid Chromatography/Mass Spectrometry/Mass Spec-
trometry. Protein bands in the SDS-PAGE were stained with Coo-
massie Brilliant Blue (CBB) (Fluka, Buchs, Switzerland). The band
of interest was excised from the gel. The gel piece was digested in
trypsin solution at 35°C for 20 h for analysis by LC/MS/MS (Apro-
science Lifescience Institute, Tokushima, Japan).

Immunoprecipitation. Hippocampal homogenates for Western
blottings were used for immunoprecipitation. The antibodies against
the proteins of interest were incubated overnight with 50 pl of
protein A-Sepharose beads (GE Healthcare, Little Chalfont, Buck-
inghamshire, UK). To obtain tyrosine-nitrated proteins, anti-nitro-
tyrosine agarose-conjugated mouse antibody (Millipore) was used.
The bead-antibody complexes were incubated overnight with 500 pg
of precleared proteins in the corresponding buffers, with the excep-
tion that urea lysis buffer does not include dithiothreitol. Immuno-
complexes were collected by centrifugation at 13000g for 1 min at
4°C and then washed three times with ice-cold PBS. Immunoprecipi-
tated samples were recovered by resuspending in 2X sample loading
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buffer, immediately fractionated by reducing in 7% SDS-PAGE, and
analyzed by Western blotting with the corresponding antibodies.

Histology. Each mouse was anesthetized with diethyl ether and
quickly intracardially perfused with physiological saline followed by
4% paraformaldehyde in 100 mM PBS, pH 7.4. The brains were
quickly removed, postfixed for 24 h in the same fixative solution, and
cryoprotected in a graded 10 to 40% sucrose solution in 100 mM PBS.
Coronal sections were cut 20-pm thick using a cryostat (Leica,
Wetzlar, Germany) and stained with 0.1% cresyl violet reagent
(Wako Pure Chemicals) according to standard procedures. The sec-
tions were mounted in fluorescent medium (Dako North America,
Ine., Carpinteria, CA), and images of CAl, CA3, and the granular
layer of the dentate gyrus of the hippocampus were taken using a
Carl Zeiss Axioskop phase-contrast microscope with a cooled CCD
camera system (SenSys; Photometries Ltd., Tucson, AZ). The Nissl-
positive neuronal cells were counted using Image J software (version
1.38; National Institutes of Health, Bethesda, MD). The total cell
count in per millimeter square was averaged from four sections per
animal (n = 4) according to previous reports (Nabeshima et al., 1991;
Nitta et al., 1997).

Statistical Analysis. The results are expressed as the mean =
S.E. Statistical significance was determined with a one-way analysis
of variance followed by the Bonferroni multiple comparisons test. p <
0.05 was taken as a significant level of difference.

Results

The Tyrosine Nitration of Proteins Induced by
AB,; 35 in the Hippocampus of Mice. Anti-nitrotyrosine
mouse antibody detected only a single band of hippocampal
proteins at approximately 70 kDa for tyrosine nitration,
which induced a potent nitrating agent after the i.c.v. injec-
tion of AB;_ 40, AB2s_ss, and peroxynitrite (ONOO™) (Fig. 2A).
AB peptides induced extensive nitration of proteins in the
hippocampus and impairment of recognition memory, both of
which were prevented by UA, a potent scavenger of ONOO ™.
ONOO™ induced marked tyrosine nitration of proteins in the
hippocampus and impairment of recognition memory (Fig. 2,
B and C). The intensity of the nitration was inversely asso-
ciated with the recognition memory in mice (Fig. 2D). The
authenticity of nitration was confirmed by the reduction of
nitrotyrosine to aminotyrosine with SD in the membrane and
by detecting the nitrotyrosine using the same antibody. The
absence of this band after SD treatment was regarded as a
genuine band for proteins with tyrosine nitration (Fig. 2, E
and F). Proteins in SDS-PAGE were stained with CBB, and
the 70-kDA protein band was excised for identification (Fig.
2G). The proteins in the excised gel were in-gel-trypsin-di-
gested and subjected to LC/MS/MS, and several proteins
were successfully identified (Table 1).

The Identification of the Tyrosine-Nitrated Proteins
and the Level of Nitration. The nitration of the identified
proteins was examined by applying the immunoprecipitation
method. For peptide match scores, HSP70, DRP-2, and NFL
were favored for the further study. Because the antibody that
was used to detect the nitrated proteins in Western blot
analysis could not be used for immunoprecipitation, a spe-
cially designed agarose-conjugated mouse anti-nitrotyrosine
monoclonal antibody was used. We applied AB,; 55 for the
rest of the study, considering its property to produce stronger
and stable oxidative damage (Pike et al., 1995) as evidenced
in Fig. 2. Immunoprecipitated nitrated-proteins were frac-
tionated by SDS-PAGE and blotted with the antibodies
raised against the proteins of interest (Fig. 3A). Intensive
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Fig. 2. The tyrosine nitration of proteins in the hippocampus and the cognitive function in mice. A and B, nitrotyrosine in the hippocampus was
measured 5 days after the i.c.v. injection of AR peptides or ONOO™. Protein samples from the hippocampus were subjected to SDS-PAGE, blotted to
a PVDF membrane, and probed with a monoclonal anti-nitrotyrosine antibody. AP peptides induced extensive nitration of protein, which was
prevented by UA, a potent scavenger of ONOO~. ONOO "~ induced marked tyrosine nitration of proteins. The quantified intensity of the bands for
nitrotyrosine was corrected by that of B-actin and expressed as a percentage of that in the naive group. Data are presented as the mean + S.E. (n =
4). +, p < 0.05 versus naive and vehicle; *, p < 0.05 versus AB,s 5 o AB,_4. C, the novel object recognition task was performed on days 3 to 5 after
the i.c.v. injection of AB peptides or ONOO ™. AB peptides induced marked impairments of recognition memory, which were prevented by UA. ONOO~
induced impairment of recognition memory. Data are presented as the mean = S.E. (n = 10). *, p < 0.05 versus naive and vehicle; *, p < 0.05 versus
AB,s 35 and AB,_,,- D, the panel shows the inverse association of extensive nitration of protein tyrosine in the hippocampus and the level of recognition
memory in mice. E and F, protein samples from the hippocampus were subjected to 4 to 20% SDS-PAGE, blotted to PVDF membrane, and probed with
a monoclonal anti-nitrotyrosine antibody before (E) and after (F) reduction of nitrotyrosine to aminotyrosine by treating the membrane with SD. G,
protein bands in 4 to 20% SDS-PAGE were stained by CBB, and the band of interest was picked up for peptide analysis using LC-MS/MS,

TABLE 1
The identified protein candidates
Protein Name gi Accession Number Peptide Matched % Sequence Coverage Total Score
HSP70 g1 1661134 22 39 724
DRP-2 gi 40254595 T 20 292
NFL gi 200038 4 9 254
ATPase, H* transporting, V1 subunit A, isoform 1 gi 315607 9 17 184
Glycerol-3-phosphate dehydrogenase gi 1339938 1 2 96
Ig superfamily receptor PGRL gi 15593237 1 3 55
Solute carrier family 25 (mitochondrial carrier, g127369581 3 8 53
aralar memberl2)

gi, genlnfo identifier; PGRL, prostaglandin regulatory-like protein.

nitration was observed for NFL in the AB,s 45 group com- were immunoprecipitated in each group (Fig. 4, A and B).
pared with the naive or vehicle group (Fig. 3, A and B). No The intensity of the tyrosine nitration and serine phosphor-
differences were observed in the nitration of HSP70 and ylation of NFL was greater in the ABy5 g5 group than in the
DRP-2 proteins among the three groups (Fig. 3, A, C,and D). naive or vehicle group (Fig. 4, A, C, and D). The authenticity
The increased nitration of NFL was inversely associated with  of the phosphoserine band was confirmed as indicated under
recognition memory in mice that received AB,s_gs injections Materials and Methods. Treatment with UA prevented the
(Fig. 3E). AB,s ss-induced intensive tyrosine nitration and serine hy-
Association between Extensive Nitration of NFLand perphosphorylation of NFL (Fig. 4, A, C, and D), indicating a
Serine Hyperphosphorylation. Hyperphosphorylation of positive association between the extensive nitration of NFL
the serine residues of NFL could lead to disruption of the and the serine hyperphosphorylation (Fig. 4E).
subtle regulation of the NF network (Hisanaga et al., 1990; Association between Extensive Nitration of NFL and
Nixon and Shea, 1992). After being nitrated in vitro, NFLis Its Reduced Interaction with NUDEL. To examine
not able to form the NF assembly (Crow et al., 1997). The whether the extensive nitration of NFL practically influences
question of whether extensive nitration of NFL influences its interaction with partner proteins, we focused on the free,
serine phosphorylation of the protein stimulated our interest. unassembled NFL that could be differentiated from the as-
We immunoprecipitated NFL and blotted against nitroty- sembled NFL. The majority of the newly synthesized unas-
rosine and phosphoserine. Equal amounts of NFL protein sembled NF proteins, including NFL, are Triton X-100-solu-

=137=

8002 ‘sz Jequeides uo (1.83) a7 pe Alun eAobBeN ouj ysn Hodsuel | juj uissiN je Bio sjewnofiedsejed| woyy papeojumoq



v
=
e
-
-]
3
-
>
-
2
[_.
Z
-
2
=4
-
ol
<
e
a
4
<
>
v,
o
-]
O
:
<
L
=5
e
Q
0
0

Extensive Nitration of NFL and the Impairment of Memory

141

A B nitration of NFL * C nitration of HSP70
350 350
Nalve Vehicle AB,q ¢ 300 300
el £ £
° 2 oz
E———lwm 5o 200
o S
[===] £ s s
DRP-2 £ °150 S e 150
g < S I
g§ 10 E 100
IP: anti-nitrotyrosine 50 50
WB: indicated antibodies 0 0
D nitration of DRP-2 E
350 amono 80 - ’ R=0.99
300 s
Naive % ?250 g ¢
£ 2200 § 01
Vehicle g s 150 B
g2 & 20 -
E 100 g
AByg s 0
- - ¢ v v +
00 05 1.0 15 20 25
0 Intensity of nitration of NFL

Fig. 3. Tyrosine nitration of the identified proteins. A, immunocomplexes, obtained from precleared protein samples of the hippocampus using an
anti-nitrotyrosine agarose-conjugated mouse antibody, were separated by 7% SDS-PAGE, blotted onto a PVDF membrane, and probed with
corresponding antibodies raised against the proteins of interest. B to D, NFL was intensely nitrated in the AB,; g5 group, whereas HSP70 and DRP-2
remained unchanged. E, the panel shows inverse association of the extensive nitration of NFL in the hippocampus (B) and the level of recognition
memory in mice (Fig. 1B). The intensity of bands was quantified and expressed as a percentage of that in the naive group. Data are presented as the

mean * S.E. (n = 4). *, p < 0.05 versus naive and vehicle.

ble before being incorporated into the NF assembly, which is
Triton X-100-insoluble (Black et al., 1986). NFL constitutes
the core of the NF network, and without NFL, no filaments
are formed (Zhu et al., 1997). Without binding directly with
NUDEL, the Triton X-100-soluble NFL can barely lead the
assembly of a stable NF network, regardless of its own abun-
dance (Nguyen et al., 2004). We probed equal amounts of
NFL immunocomplexes with antibodies raised against the
nitrotyrosine and NUDEL (Fig. 5, A and B). Less NUDEL
was coimmunoprecipitated in the AB,; 55 group that bears
extensively nitrated NFL (Fig. 5, A-D). The protein expres-
sion of NUDEL did not differ among the groups (Fig. 5E). UA
prevented the AB,; ss-induced increase of NFL nitration as
well as the reduced coimmunoprecipitation of NUDEL (Fig.
5, A, C, and D). The extensive nitration of NFL was associ-
ated with its reduced interaction with NUDEL (Fig. 5F).
These results suggested that the intensive nitration of NFL
could disturb the normal function of the protein.
Association between Extensive Nitration of NFL and
the Reduced Content of NUDEL in the Cytoskeleton
Fraction. A majority of NF proteins, after their synthesis in
the cytoplasm, are rapidly converted to a Triton X-100-insol-
uble filamentous network and move down the axon using the
transport machinery (Nixon and Shea, 1992). After direct
and specific binding with NFL, NUDEL facilitates the assem-
bly of a stable NF network and remains bound to the assem-
bled filaments (Nguyen et al., 2004). Thus, the level of inter-
action between NFL and NUDEL in cytoplasm (Triton X-100-

soluble fraction) should be reflected by their protein levels in
the axonal cytoskeleton (Triton X-100-insoluble fraction).
The Triton X-100-insoluble fractions from the previous step
(Fig. 5) were washed twice with Triton X-100 lysis buffer
before being solubilized in urea lysis buffer. Western blot
analysis revealed that the level of NUDEL protein was re-
duced in the AB,5 35 group compared with the naive and
vehicle groups, whereas the treatment with UA prevented
the reduction (Fig. 6, A and D). This was consistent with the
reduced interaction between NFL and NUDEL in the AB,5 35
group (Fig. 5, A and D). However, the level of NFL in the
AB,; .5 group was surprisingly not different from that in
the naive and vehicle groups (Fig. 6, A and B). Considering
the increase of the intensity of the protein nitration in the
AB,s 35 group (Fig. 6, A and C), we examined the nitration of
NFL by immunoprecipitation. Intense nitration for the NFL
protein in the AR, 45 group was observed (Fig. 6E). Applying
the multiplicative inverse (in which the inverse or reciprocal
of “n” is “I/n”), a mathematical method that is useful in
medical science (Silberberg, 1990), the reciprocal level of the
extensively nitrated NFL in the Triton X-100-insoluble frac-
tion was estimated (Fig. 6F). The reciprocal level of exten-
sively nitrated NFL in the AB,; ;5 group paralleled with that
of NUDEL in the same group (Fig. 6, D and F), signifying a
negative effect of the extensive nitration of NFL on NUDEL-
dependent NF assembly. The increased nitration of tyrosine
could modify protein function by altering the three-dimen-
sional conformation and hydrophobicity (Dalle-Donne et al.,
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serine hyperphosphorylation of NFL. A, equal amounts of NFL protein

immunocomplexes were obtained from precleared protein samples of the hippocampus, using anti-NFL antibody. The immunocomplexes were
separated on SDS-PAGE, blotted onto a PVDF membrane, and probed with the indicated antibodies. B to D, tyrosine nitration and serine
phosphorylation of NFL were increased in the AB,; ¢ group, whereas UA prevented the increase of both. E, the increased nitration of NFL was
correlated with serine hyperphosphorylation of NFL. The intensity of bands was quantified and expressed as a percentage of that in the naive group.
Data are presented as the mean = S.E. (n = 4). ¥, p < 0.05 versus naive and vehicle; #, p < 0.05 versus AB,5 3s.

2005; Reynolds et al., 2007). It was therefore assumed that
the overnitrated, free NFL would become less Triton X-100
soluble and, as a result, would be detected in the Triton
X-100-insoluble fraction along with the assembled NF pro-
teins. It is hardly practical to separate the unassembled
extensively nitrated NFL from the assembled NFL in the
Triton X-100-insoluble fraction. The majority of the cytoplas-
mic water-soluble proteins could be separated from the Tri-
ton X-100-soluble protein pools by using PBS lysis buffer in
the first step (Aoyama and Kitajima, 1999). After the sepa-
ration of the PBS-soluble and Triton X-100-soluble proteins
as described under Materials and Methods, we examined the
amount of NFL protein in these two different fractions. The
majority of NFL protein in all groups was found in the PBS-
soluble cytoplasmic fraction as indicated by GADPH, a cyto-
plasmic marker (Fig. 7A). The levels of NFL protein in both
the PBS-soluble and Triton X-100-soluble fractions were in-
creased in the AB,s 55 group (Fig. 7, A-C). It is interesting to
note that the increase of NFL in both fractions was prevented
by the treatment with of UA, a potent scavenger of ONOO™,
suggesting that the AB,s ss-induced ONOO™ may increase
the protein synthesis of NFL before extensively nitrating the
protein (Fig. 7, A-C). The Triton X-100-soluble NFL that
became insoluble in PBS in the AB,5 35 group was exten-
sively nitrated (Fig. 7D), and the intensity of nitration was
associated with the level of the PBS-insoluble, Triton X-100-
soluble NFL (Fig. 7E). These results revealed new possibili-
ties for Triton X-100-insolubile NFL in association with ex-
tensive nitration.

The Cell Numbers in the Hippocampus of Mice with
the Impairment of Memory Induced by AB,s 35 On day 5
after the i.c.v. injection of AB,s 45, cell numbers in CAl, CA3,

and the granular layer of the dentate gyrus of the hippocampal
formation were examined using cresyl violet staining. The
quantification of the stained cells revealed no cell loss induced
by AB,s 35 (Table 2). These results were consistent with reports
that at a dose of 3 to 5 pg, ABos 35 could induce memory
impairment but not cell loss within a time session of 1 month
after its injection in mice (Maurice et al., 1996; Tohda et al.,
2003). These results suggest that cell loss was not involved in
the impairment of memory induced by AB,s 55 in mice.

Discussion

Neuronal oxidative damage has long been hypothesized as
a critical mechanism of cellular dysfunction in neurodegen-
erative ailments (Perry et al., 2002). Reports showing that
antioxidants delay or reduce progressive cognitive decline in
both animal models and humans have emphasized the direct
contribution of oxidative damage to cognitive pathology
(Sano et al., 1997; Yamada et al., 1999; Lim et al., 2001).
Oxidative damage is generally manifested by the increase of
lipid peroxidation, DNA oxidation, protein oxidation, and
peroxynitrite-mediated tyrosine nitration of proteins. The
increased nitration of tyrosine could irreversibly disrupt the
function of proteins (Koppal et al., 1999), and it might play a
key pathogenic role in the progression of cognitive impair-
ment (Smith et al., 1997; Keller, 2006). Until now, various
proteins with tyrosine nitration have been reported in asso-
ciation with neurodegeneration and cognitive decline (Strong
et al., 1998; Castegna et al., 2003; Tran et al., 2003; Sack-
steder et al., 2006; Sultana et al., 2006). The diversity of
nitrated proteins in these reports seems to depend on the
species of the sources of samples (Sacksteder et al., 2006;
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total NFL

Fig. 5. Association between the extensive nitra-
tion of NFL and the reduced interaction with
NUDEL in the Triton X-100-soluble fraction. A,
the immunocomplexes obtained with the anti-
NFL antibody, from precleared protein samples
of the hippocampal homogenates, were sepa-
rated by SDS-PAGE, blotted onto a PVDF mem-
brane, and probed with the indicated antibodies.
B, equal amounts of NFL protein were obtained.
# C, tyrosine nitration of NFL was increased in the

NFL-associated
NUDEL

* AB,s 35 group, whereas UA treatment prevented
the increase. D, the level of NFL-interacting
NUDEL was reduced in the AB,; 55 group,
whereas UA treatment prevented the reduction.
E, no difference in NUDEL protein expression
was found among the groups. F, the increased

nitration of NFL was associated with reduced
interaction with NUDEL. The intensity of bands
was quantified and expressed as a percentage of
that in the naive group. Data were presented as
the mean *= S.E. (n = 4). =, p < 0.05 versus naive
% and vehicle; *, p < 0.05 versus AB,s o5
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Sultana et al., 2006), the proteomic detections on various
conditions (Castegna et al., 2003; Sultana et al., 2006), im-
munodetections by means of different anti-nitrotyrosine an-
tibodies with the diverse recognition property for nitroty-
rosine (Strong et al., 1998; Tran et al., 2003), or the biological
selectivity of tyrosine nitration (Ischiropoulos, 2003; Sack-
steder et al., 2006). Dissimilar reports about the nitrated
proteins in the brains of humans with Alzheimer's disease
(AD) (Castegna et al., 2003; Sultana et al., 2006) emphasize
the importance of the sources of protein, even in the same
species or under the same conditions of detection during the
identification process, while illustrating the diversity of ni-
tration due to the dissimilar expression of proteins during
the different stages of the disease.

In the present study, we looked for further evidence for the
pathogenic role of protein nitration as one of the key contrib-
utors to the decline of cognitive function induced by AB.
Using LC-MS/MS and immunodetection, we identified the
hippocampal proteins with nitrated tyrosine residues after
the i.c.v. injection of ABys 35 in mice. Preferentially, in re-
spect with currently examined proteins, intense nitration of
NFL was observed, demonstrating a good correlation with
the severity of cognitive impairment induced by ABog 35.

NFL, one of the three subunits of NF proteins, is the indis-

D Naive

0.5 1.0 1.5
Immunoprecipitated NUDEL

APyt UA

pensable core of the NF assembly (Zhu et al., 1997). Studies
have reported that NFL is selectively nitrated compared with
the majority of other proteins present in brain homogenates,
and they suggested that newly synthesized free NFL is par-
ticularly susceptible to peroxynitrite-mediated nitration
(Crow et al., 1997; Strong et al., 1998). The extensively ni-
trated NFL inhibits the assembly of unmodified NF subunits
(Crow et al., 1997). On the other hand, the extensive serine
phosphorylation of NFL could sufficiently block NF assembly
(Nixon and Shea, 1992; Gibb et al., 1996). Therefore, we have
evaluated the effect of tyrosine nitration on the phosphory-
lation of NFL at serine residues in general. The increased
tyrosine nitration of NFL was associated with its serine
hyperphosphorylation. Prevention of the extensive nitration
of NFL by UA, a scavenger of ONOO™ that nitrates proteins,
restrained the serine phosphorylation of NFL at a normal
level. The results indicated that the increased nitration of
NFL could give rise to its serine hyperphosphorylation.
NFL requires direct binding with NUDEL, whereas
NUDEL can not directly bind with other subunits of NF
proteins, to initiate the assembly of NF (Nguyen et al., 2004).
After the assembly of the NF network, NUDEL remains
bound to the assembled Triton X-100-insoluble neurofila-
ments and may promote, in conjunction with molecular mo-
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tors, the axonal transport of the neurofilaments (Nguyen et
al., 2004). Thus, the level of interaction between NFL and
NUDEL in the Triton X-100-soluble cytoplasmic fraction
could be reflected by their protein levels in the Triton X-100-
insoluble cytoskeletal fraction. In the current study, the in-
creased nitration of Triton X-100-soluble NFL proteins in the
AB,s 45 group was associated with its decreased interaction
with NUDEL. In the Triton X-100-insoluble fraction, the
protein level of NUDEL was reduced in the ABy5 35 group,
and the reduction was prevented by treatment with UA. In
the same fraction, the protein level of NFL surprisingly did
not differ among groups, whereas the intensity of the nitra-
tion of NFL was strong in AB,; 55 group. Estimation by the
multiplicative inverse approach indicated that the reduced
level of nonextensively nitrated NFL in the AP, 55 group
parallels with that of NUDEL. These results required an
explanation for the detection of the extensively nitrated NFL
in the Triton X-100-insoluble cytoskeletal fraction, because
the assembled NFL is nitration-resistant and the intensely
nitrated NFL can not participate in the NF assembly (Crow
et al., 1997). The alteration of the solubility of the overni-
trated NFL might be involved in the detection of the exten-
sively nitrated NFL in the Triton X-100-insoluble cytoskel-
etal fraction in the AB,s ;5 group. Interpretation of the

I Fig. 6. The reduced content of NUDEL

in the Triton X-100-insoluble cytoskel-
etal fraction. The Triton X-100-insolu-
ble fraction, including cytoskeletal pro-
teins, was solubilized in 6 M urea. A,
equal amounts of protein were sub-

jected to Western blot analysis. B, the
protein levels of NFL were unchanged
in all groups. C, the intensity of nitro-
tyrosine was increased in the AB,s 55
group, and the increase was prevented
4 by UA, a scavenger of ONOO™ that ni-

trates tyrosine. D, the protein level of
T b NUDEL was reduced in the AB,s g5

NUDEL

group, and UA prevented this reduc-
tion. The quantified intensity of the
bands was corrected by that of B-actin
and expressed as a percentage of that
in the naive group. E, equal amounts of
NFL protein were immunoprecipitated
and probed with anti-nitrotyrosine an-
tibodies. The intensity of nitrotyrosine

in NFL was increased in the AB,; 5
group, whereas UA prevented any in-
crease. F, the reciprocal of the overni-
trated NFL was estimated by applying
multiplicative inverse (or reciprocal, in
which the reciprocal of n is I/n). The
intensity of bands was quantified and

reciprocal of over-nitrated

expressed as a percentage of that in the
naive group. Data are presented as the
mean * S.E. (n = 4). », p < 0.05 versus
naive and vehicle; *, p < 0.05 versus

ABss ss:

D Nalve . ABacss
E Vehicle APyt UA

emergence of the intensely nitrated NFL in PBS-insoluble,
but Triton X-100-soluble, protein pools in the AB,; 55 group
indicates that extensive nitration would render NFL protein
to have poor solubility in PBS. By this rate, it is possible that
a considerable level of overnitrated NFL protein in the
AB,s 35 group would even become Triton X-100 insoluble
over a period of time, and that it would be detected along with
a reduced level of NUDEL-associated assembled NFL, which
is also Triton X-100 insoluble. The observation of detectable
levels of nitration in NFL in the RIPA-soluble, Triton X-100-
soluble, and Triton X-100-insoluble fractions in the naive and
vehicle groups implies that natural nitration of tyrosine, as
serine phosphorylation, might exist as a physiological prop-
erty of NFL and might not be detrimental to the function of
the protein, whereas extensive nitration is detrimental. The
nitration-susceptible tyrosine residues of NFL are identified
particularly as tyrosine 17 in the head region and tyrosines
138, 177, and 265 in the a-helical coil regions of the rod
domain of the protein (Crow et al., 1997). It needs to be
determined which tyrosine residue is the site for natural
nitration or for extensive nitration. It has been reported that,
although the exact mechanism is not clear, the newly syn-
thesized Triton X-100-soluble NF proteins, including NFL,
could separately undergo axonal transport before being in-
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Fig. 7. The association of the extensive nitration of NFL with the alteration of solubility. The hippocampal tissues were homogenated in PBS and
centrifuged at 13000g for 20 min, the washed pellets were solubilized in Triton X-100 as described under Materials and Methods, and equal amounts
of protein were subjected to Western blot analysis. A to C, a majority of NFL and GAPDH proteins were soluble in PBS. NFL protein in the AB,; 35
group in both the PBS-soluble fraction and the Triton X-100-soluble fraction was increased, and the increase was prevented by UA, a scavenger of
ONOO™ that nitrates tyrosine. The quantified intensity of the bands was corrected by that of GAPDH and expressed as a percentage of that in the
naive group. D, equal amounts of NFL from the Triton X-100-soluble proteins were immunoprecipitated and probed with anti-nitrotyrosine antibodies.
The intensity of nitrotyrosine in NFL was increased in the AR, ;5 group, whereas UA prevented the increase. The intensity of bands was quantified
and expressed as a percentage of that in the naive group. E, the level of NFL in the Triton X-100-soluble (PBS-insoluble) fraction was associated with
the intensity of its nitration. Data are presented as the mean = S.E. (n = 4). », p < 0.05 versus naive and vehicle; *, p < 0.05 versus ABys g5

TABLE 2
The Nissl-positive cells in the hippocampus
In each group, n = 4.

Number of Nissl-Positive Cells

Subfields of Hippocampus

Naive Vehicle ABos._35 ABgs g5 + UA

counts/mm?®
CAl 10800 = 230 10900 = 290 10850 * 250 10790 % 270
CA3 6750 = 190 6690 = 210 6698 *+ 180 6680 = 310
GrDG 21000 = 670 20980 = 590 20990 = 710 20780 = 690

GrDQG, the granular layer of the dentate gyrus.

corporated into the Triton X-100-insoluble axonal cytoskele- being incorporated into the Triton X-100-insoluble axonal
ton (Jung et al., 1998). We do not know whether the NFL  cytoskeleton.

proteins with natural nitration undergo axonal transport The observation of no cell loss in CA1, CA3, and the gran-
after the NF assembly or undergo axonal transport before ular layer of the dentate gyrus of the hippocampus in mice
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A
Cytoplasm, Triton-soluble Cytoskeleton, Triton-insoluble
Fig. 8. The contribution of the extensive ni-
NFL ~"\_ \Q__ tration of NFL to cognitive dysfunction. A, in
NUDEL o Nenroaal Cognitive this model, NFL interacts with NUDEL,
e oeeb which is essential for the incorporation of NF
function function subunits into the network during NF assem-
NFL ~"N\L a bly and elongation. A normal NF assembly
NUDEL ot Microtubule and elongation favors normal neuronal and
cognitive functions. B, the overnitration of
B NFL disrupts the interaction of NFL with
NUDEL and may lead to the defective assem-
NFL ~"N\_ e bly of NF and abnormalities in neurcnal and
NUDEL e -+ cognitive functions. The resized microtu-
i Neuronal , Cognitive |  pyles, kinesin, and dyenin have been added
g for clarity (modified from Nguyen et al., 2004;
I?I'va,r nitrated . |dysfunction| |dysfunction Holzbaur, 2004).
NUDEL ¢ ~ g Microtubule

that received AB,s 55 injections favored the contribution of
extensive nitration of NFL to the impairment of memory. A
recent study demonstrated that rapidly formed fresh amyloid
plaques cause axonal and dendritic structural changes
within a minimum of 5 days after the “birth of the plaques”
(Meyer-Luehmann et al., 2008). Given the time windows of
AB neurotoxicity, AB,s; 55 may require longer time to cause
cell loss in our mouse model of cognitive impairment.

The disrupted interaction between NFL and NUDEL is
regarded as the most important factor for the destabilization
of the NF assembly that leads to the axonal dysfunction,
which is an early event in the cognitive pathology of AD
(Nguyen et al., 2004; Stokin et al., 2005). Therefore, our
results suggest that disrupted interaction between NUDEL
and NFL with extensive nitration could be one of the major
factors that associated with the cognitive dysfunction in-
duced by AR in mice (Fig. 8). However, further studies are
required to investigate whether the extensive nitration of
NFL and the impaired interaction with NUDEL induced by
AR are associated with the disruption of axonal transport.
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Abstract. Nicotine, a primary component of tobacco, is one of the most abused drugs
worldwide. Mesolimbic dopaminergic neurons mediate the rewarding effects of abused drugs,
including nicotine. We show that the tissue plasminogen activator (tPA) — plasmin system
regulates nicotine-induced reward and dopamine release in the nucleus accumbens (NAc) by
activating proteinase-activated receptor 1 (PAR;). Nicotine-induced conditioned place preference
and dopamine release in the NAc are diminished in tPA knockout (tPA—/-) mice. The defect of
nicotine-induced dopamine release in tPA—/— mice is reversed by microinjection of either
exogenous tPA or plasmin into the NAc. Acute nicotine treatment increases tPA protein levels
and promoted the release of tPA into the extracellular space. The expression of PAR, on
dopaminergic neurons is evident and the activation of PAR,; by plasmin is demonstrated by
assaying GTP-yS binding. Finally, nicotine-induced conditioned place preference and dopamine
release are diminished in PAR,—/— mice. These findings suggest that targeting the tPA-plasmin—
PAR, system would provide new therapeutic approaches for the treatment of nicotine dependence.

Keywords: dependence, dopamine, nicotine, proteinasc-activated receptor 1 (PAR)),
tissue plasminogen activator (tPA)

Introduction

Tissue plasminogen activator (tPA), a serine protease
that catalyzes the conversion of plasminogen (plg) to
plasmin, plays an important role in fibrinolysis. This
protease cascade is tightly regulated by the actions of
serine protease inhibitors, of which plasminogen activator
inhibitor-1 (PAI-1) and neuroserpin are the major
cognate serpins for tPA, while plasmin is inhibited by
a2-antiplasmin (1). Accumulating evidence has demon-
strated that tPA is involved in synaptic plasticity and
remodeling, directly by itself or indirectly through
plasmin. For instance, tPA is directly involved in
long-term potentiation (LTP) by acting on low-density
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lipoprotein receptor—related proteins (2) and NMDA
receptors (3). On the other hand, neurite outgrowth (4),
cell migration (5, 6), and amyloid-f degradation induced
by tPA (7, 8) are mediated by plasmin. In addition,
recent studies have demonstrated the role of tPA in the
regulation of neurotransmitter release. Depolarization-
evoked dopamine release in the NAc (9) as well as
norepinephrine release from hearts (10) are diminished
in tPA-deficient (tPA—/—) mice compared with wild-
type mice. We have demonstrated that the tPA-plasmin
system plays an important role in the rewarding effects
of abused drugs, including methamphetamine and
morphine (11— 16).

Plasmin is known to degrade several extracellular
matrix proteins, such as laminin (17), and converts pro-
brain—derived neurotrophic factor to its mature form
(18). Alternatively, plasmin was recently demonstrated
to activate proteinase-activated receptor 1 (PAR;) (19).
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