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Abstract

We have previously suggested that the spin trap agent, a-phenyl-N-tert-butylnitrone
(PBN) induces neurite outgrowth through activation of the Ras-ERK pathway in PC12
cells. However, the chemical properties of PBN contributing to its biological function
and the detailed mechanism for the activation of Ras by PBN remain unknown. Here,
we demonstrate that the hydrophobic structure of PBN is related to the activation of Ras,
by comparing with hydrophilic analogs of PBN. ['*C]-labeled PBN was found to
localize in the lipid fraction and activate Ras indirectly. On the other hand, neurite
outgrowth by PBN was inhibited by a nitric oxide (NO) scavenger. Moreover, the
neurite outgrowth induced by PBN and the NO donor NOR4 was inhibited by the
dominant negative Ras or MAPK/ERK inhibitor. Taken together, these results suggest
that PBN is incorporated into the plasma membrane and induces neurite outgrowth in

PC12 cells by activating the Ras-ERK pathway through NO release.
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Introduction

The rat pheochromocytoma cell line PC12 has been used widely as a model for
neuronal differentiation [1]. Neurotrophic factors such as nerve growth factor (NGF)
and fibroblast growth factor (FGF) have been well established to differentiate PC12
cells into a sympathetic neuronal-like phenotype characterized by neurite outgrowth
[1-3]. Numerous experiments to determine the mechanism involved in NGF-induced
differentiation have been performed [4, 5]. NGF binds to and activates its high-affinity
receptor, TrkA [6]. This activation sequentially induces phosphorylation of Shc,
phospholipase C, (PLC,) and phosphatidylinositol 3-kinase (PI3K) [7]. The
phosphorylation of Shc activates Ras and subsequent activation of the Raf/ERK
signaling pathway leads to neuronal differentiation of PC12 cells [8, 9].

Recently, some proteins and peptides such as scoparone of a phytoalexin [10],
cyrneine A of a novel cyathane diterpene [11], KNK437 of a heat shock protein
inhibitor [12], a synthetic peptide ligand of neural cell adhesion molecule
(ASKKPKRNIKA) [13] and octanoic acid [14] also have been reported to induce
neurite outgrowth in PC12 cells. In our previous study, it was clarified that the nitron
compound a-phenyl-N-tert-butylnitrone (PBN), which is widely used as a spin trap,
induced neurite outgrowth in PC12 cells [15].

We also showed that PBN induced neurite outgrowth in PC12 cells through
activation of the Ras/ERK pathway. Interestingly, PBN did not induce the activation of
TrkA and subsequent activations of Shc, PI3K and PLC, unlike NGF.
N-acetyl-L-cysteine (NAC) counteracted PBN-induced neurite outgrowth and the
phosphorylation of ERK was prominently inhibited by NAC, dithiothreitol (DTT) and

2-mercaptoethanol [15]. Another report demonstrated that PBN up-regulated the content



of intracellular thiol and induced cell differentiation in a murine hematopoietic
progenitor [16]. Based on these studies, it is suggested that PBN activates Ras directly
or indirectly via a mechanism with a relationship to thiol residues. Lander et al.
demonstrated that NO stimulated a Ras-related pathway through the S-nitrosylation of
Cys-118 in Ras, using a cell-free system [17]. Furthermore, our preliminary experiment
showed that the replacement to serine at Cys-118 (C118S) in Ras inhibited neurite
outgrowth induced by PBN in PC12 cells. These results suggested the possibility that
PBN also activates Ras through the cysteine residue in Ras, resulting in neurite
induction of PC12 cells.

As an another mechanism of neurite induction of PC12 cells, Yamazaki et al.
demonstrated that NO donors such as NOR4 induced PC12 cell neuritogenesis through
activation of the cGMP-PKG pathway, indicating the ability of NO itself to induce
neurite outgrowth [18]. Several studies demonstrated that PBN was decomposed at the
C=N double bond and subsequently released NO via the cleavage of the C-N bond
under oxidative conditions caused by UV irradiation and the Fenton reaction and under
hyperthermic condition [19, 20]. These studies proposed the hypothesis that NO was
released through the oxidative decomposition of PBN in PC12 cells.

On the other hand, PBN has been reported to be useful for preventing oxidative
injury and age-related protein oxidation in the brain due to its ability to trap radicals [21,
22]. Combined with the neuritogenesis and the neuroprotective properties of PBN, it is
thought to be important to compare the abilities of PBN and other spin trap compounds
to induce neurite outgrowth and clarify the chemical nature required for this outgrowth.
Thus, we first examined the neuritogenesis abilities of DMPO, PBN, more hydrophilic

PBN analogs such as oa-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) and



N-tert-butyl-a-(2-sulfophenyl)-nitrone (S-PBN). Using synthesized [“CIPBN, we
examined the distribution of PBN and the interaction between PBN and Ras in PC12
cells. To investigate the possibility that NO released from PBN induces the activation of
Ras, we examined whether the NO scavenger carboxy-PTIO inhibited neurite outgrowth
induced by PBN. Furthermore, to clarify the responsibility of the Ras-ERK pathway for
NO-induced neurite-outgrowth, we examined the effect of the NO donor NOR4 on
neurite outgrowth of PC12 cells with and without inhibition of the Ras-ERK pathway

by the MAPK/ERK inhibitor PD98059 or dominant-negative Ras (DNRas).



Materials and methods

Materials

PBN, POBN, S-PBN, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and
N-(tert-butyl)hydroxylamine were purchased from Sigma-Aldrich Japan (Tokyo, Japan).
Benzaldehyde—[ring—MC] was from American Radiolabeled Chemicals, Inc. (St. Louis,
MO). The Ras antibody, Ras Assay Reagent (Raf-1 Ras binding domain (RBD)
agarose), NGF, pUSEamp, and pUSEamp DNRas (S17N) were from Millipore Co.
(Billerica, MA). Antibodies to ERK and phospho-ERK were from Cell Signaling
Technology, Inc. (Danvers, MA). The actin antibody and horseradish
peroxidase-conjugated secondary antibodies were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). PD98059 was from Calbiochem-Novabiochem International Inc.
(San Diego, CA). Carboxy-PTIO and NOR4 were from Dojindo Laboratories
(Kumamoto, Japan). Lipofectamine™ 2000 was from Invitrogen (Carlsbad, CA).
pQBI25 was from Takara Shuzo (Tokyo, Japan). Other chemicals were purchased from

Wako Pure Chemical Industries, Ltd. (Tokyo, Japan).

Cell culture

PC12 cells were obtained from the Health Science Research Resources Bank (Osaka,
Japan). The cells were maintained in Dulbecco's modified Eagle's medium
(Gibco-BRL/Invitrogen, Carlsbad, CA) supplemented with 10% horse serum and 5%
fetal bovine serum (Filtron, Brooklyn, Australia) on poly-L-lysine-coated dishes at

37°C in 5% CO»/95% air.



Neurite outgrowth

PBN, POBN, S-PBN, DMPO, NGF and NOR4 at the indicated concentrations were
added to the culture medium, respectively. Neurite outgrowth of PC12 cells was
estimated after incubation for 72 h in the presence of the drug. This incubation time is
appropriate to evaluate neurite-inducible activity induced by these agents because we
have demonstrated that many neurite outgrowth was observed (68.9% for 10 mM PBN
and 98.8% for 50 ng/ml NGF of total cells) when cells were incubated for 72 h as
shown in previous our experiments [15]. PD98059 or carboxy-PTIO was added 30 min
before drug treatment. The percentage of cells with neurites extending at least 2

diameters from the cell body was counted.

SDS-PAGE and immunoblotting

PC12 cells were collected at the indicated periods after treatment with 10 mM PBN, 50
ng/ml NGF or 100 uM NOR4 and lysed in lysis buffer (50 mM Tris-HCI [pH 7.5], 150
mM NaCl, 5 mM EDTA, 1 mM Na3;VO,, 1 mM NaF, 1% Triton X-100). Proteins were
separated by SDS-PAGE and transferred onto nitrocellulose membranes (ADVANTEC
Toyo, Tokyo, Japan). The membranes were probed with the indicated antibodies
overnight at 4°C. The separated proteins were detected by a method using specific
secondary antibodies with Perkin Elmer Western Lighting™, Chemiluminescence
Reagent Plus (Perkin Elmer, Boston, MA). The bands were quantified using Image J

software (National Institutes of Health, Bethesda, MD, USA).

Transient dominant negative Ras expression assay

DNRas(C118S) was developed using the site-directed mutagenesis method with



subcloned Ras cDNA. The entire Ras sequence and mutation were confirmed by
sequence analysis. The transfection of PC12 cells with Ras(WT), DNRas(S17N) and
DNRas(C118S) was performed using the Lipofectamine™ 2000 reagent according to
the manufacturer's instructions and the method described by Tsuji et al. [15]. For
visualization, cells were cotransfected with pQBI25 vector encoding green fluorescent

protein (rsGFP).

Activated Ras pull-down assay

GTP-binding Ras was measured following the protocol of the Ras activation assay kit.
In brief, semi-confluent PC12 cells transfected with Ras(WT) and Ras(C118S) were
treated with 10 mM PBN for 5 min or 100 uM NOR4 for 30 min. Cells were lysed in
lysis buffer and the protein amount in each sample was adjusted to 1 pg/ul. For the
preclear step, 20 pl of protein G-sepharose was added to 500 pl of each sample, which
was then agitated for 30 min at 4°C. The supernatants were incubated with 5 pl of Raf-1
RBD agarose beads for 30 min at 4°C with gentle agitation, and then the beads were
washed three times and resuspended in lysis buffer and a three-fold volume of
Laemmli’s sample buffer (0.625 M Tris—HCI [pH 6.8], 10% B-mercaptoethanol, 20%
SDS, 20% glycerol, and 0.004% bromophenol blue). GTP-binding Ras protein was

detected using immunoblot analysis.

Synthesis of [**C]-labeled PBN
First, 120 mg of commercial benzaldehyde-[ring-'*C] (0.001 mol) and 100 mg of
N-(tert-butyl)hydroxylamine (0.001 mol) were carefully mixed in 1 ml of ethanol. The

mixture was dehydrated by stirring in the presence of molecular sieves for 96 h under



nitrogen gas. The recrystallization of PBN in hexane was performed by evaporation. To
detect the synthesized ['*C]PBN, the '"H NMR spectrum was examined with a Bruker
ASX-300 NMR spectrometer (Bruker BioSpin GmbH, Silberstreifen, Germany) using
tetramethylsilane (TMS) as an internal standard. In addition, we confirmed the spin trap
ability of synthesized ['*C]PBN in the Fenton reaction by Fe*" and H,O, with a JOEL
RE-1X ESR (Tokyo, Japan). The reaction mixture (200 pl) contained 7 pul FeSO4
(10 mM), 7 pul H,O; (1 M) and 100 pl PBN (100 mM). Spectrometer conditions were as
follows: incident microwave power, 5 mW; modulation frequency, 100 kHz; field

modulation amplitude, 0.2 mT; and scan range, 2.5 mT.

Fractionation of PC12 cells treated with [**C]PBN

After incubation with medium containing 10 mM ['*C]PBN for 5 min, PC12 cells were
collected and washed. The procedure of cell fractionation was according to the
Schmidt-Thannhauser method using trichloroacetic acid (TCA) [23]. The '“C
radioactivity in the acid-soluble fraction, lipid fraction and insoluble fraction was

measured with a liquid scintillation counter.

Immunoprecipitation

PC12 cells treated with 10 mM of PBN or ['*C]PBN for 5 min were lysed and
precleared using protein G-Sepharose. The cell lysate was incubated with the anti-Ras
antibody for 2 h at 4°C followed by protein G-Sepharose overnight at 4°C.
Immunoprecipitates were washed three times with lysis buffer, separated by
SDS-PAGE, transferred onto nitrocellulose membranes, and subjected to

immunoblotting analysis using the anti-phospho-Ras antibody.



Statistical analysis
All results are expressed as the mean + S.E. The variance ratio was estimated by the
F-test and differences in means of groups were determined by Student's t-test or Welch's

t-test. The minimum level of significance was set at P<0.05.
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Results

The hydrophobic property of PBN was related to the induction of neurite outgrowth in
PC12 cells

For the first experiment, we examined whether hydrophobicity was involved in
PBN-induced neurite-outgrowth in PC12 cells. In addition to PBN, we prepared POBN,
S-PBN and DMPO, the structures of which are shown in Figure 1A. PC12 cells were
incubated with 10 mM PBN, 10 mM POBN, 10 mM S-PBN, 10 mM DMPO or 50
ng/ml NGF for 72 h. As shown in Figure 1B, no neurite outgrowth was found in control
or DMPO-treated cells. Although PBN and NGF induced neurite outgrowth from
almost all cells, only small numbers of neuronal differentiated cells were observed
among cells treated with POBN and S-PBN (Figure 1B). The percentages of cells with
neurites are presented in Figure 1C. PBN significantly induced neurite outgrowth in
79.7 = 3.0% of PC12 cells at the same level as NGF (88.3 + 1.4%). By contrast, the
more hydrophilic PBN analogs POBN and S-PBN induced smaller numbers of cells
with neurites than PBN, and their percentages were 50.1 + 4.7% and 12.2 + 1.8%,
respectively. This meant that the hydrophobicity of PBN was related to the induction of

neurite outgrowth.

PBN induced neurite outgrowth in PC12 cells through the activation of Ras-ERK
pathway

To investigate the involvement of the Ras-ERK pathway in the induction of neurite
outgrowth by PBN, we examined the effects of an inhibitor against MAPK/ERK kinase,
PD98059, on neurite outgrowth induced by PBN in PC12 cells. PD98059 significantly

inhibited neurite outgrowth induced by PBN and NGF compared to DMSO-treated cells
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and the percentages were 27.0 = 1.3% for PBN-treated cells and 38.8 + 3.5% for
NGF-treated cells (Figure 2A). In addition, the phosphorylation of ERK was observed
at 5 min after PBN treatment as with NGF (Figure 2B). These results paralleled those of
our previous study [15].

To clarify whether PBN affected the activatation of Ras, we also examined the
expression of the activated form, GTP-binding Ras (GTP-Ras), by pull-down assay with
Raf-1 RBD agarose. PC12 cells transiently transfected with Ras(WT) or
DNRas(C118S) were treated with 10 mM PBN for 5 min. In Ras(WT)-transfected cells,
PBN increased the ratio of Ras-GTP expression to total Ras expression up to 1.9-fold
(Figure 2C). However, PBN induced weak activation of Ras in
DNRas(C118S)-transfected cells.

To confirm the critical role of Ras in neurite outgrowth by PBN, we examined
the effects of PBN and NGF on neurite induction in PC12 cells transfected with
Ras(WT) or DNRas(S17N). Cells were cotransfected with a pQBI25 vector encoding
rsGFP at 7:1 (DNRas/rsGFP) to enable the identification of cells transfected with these
constructs. By observing only rsGFP-positive cells, the levels of induction of neurite
outgrowth by PBN and NGF in cells transfected with the control vector pUSEamp were
confirmed to be 54.3 = 12.9% and 77.7 + 4.0%, respectively (Figure 3). By contrast, the
percentages of neurite outgrowth in PBN- and NGF-stimulated cells transfected with
DNRas(S17N) were significantly decreased to 32.0 £ 2.0% and 44.7 £ 8.5%,
respectively. In addition, the transfection of Ras(WT) induced neurite outgrowth in
about 45% of the PC12 cells without any treatment and the rates were increased to 71.0
+ 1.7% and 84.7 = 5.5% by PBN and NGF, respectively. These results demonstrated

that PBN induced neurite outgrowth via the ERK pathway by the activation of Ras in a
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manner similar to that NGF.

PBN was localized in plasma membrane and was not directly associated with Ras

To examine the distribution of PBN and the linkage between PBN and Ras in PC12, we
synthesized ['*CIPBN as described in Materials and Methods. To confirm the chemical
nature of the product synthesized as ['*C]PBN, we performed NMR spectrometry. As
shown in Figure 4A, two apparent NMR lines at 1.6 ppm and 8.0 ppm corresponding to
the '"H chemical shift of the methyl residue and benzene ring were observed and the
NMR spectrum obtained from the synthesized compound completely coincided with
that from a commercial PBN. Furthermore, to confirm accurate synthesis of ['*C]PBN,
we tested the scavenging ability of this synthesized ['*CJPBN against the ‘OH radical
using the ESR method. As shown in Figure 4A, the formation of a PBN/OH adduct was
clearly observed. The hyperfine constants of the ESR spectrum were equal to Ay = 1.53
mT and Apg =0.25 mT and were in good agreement with those reported for the spin
adduct of the 'OH radical with PBN [24]. This result indicated that ['*C]JPBN was
accurately synthesized with similar spin trapping ability to a commercial one.

Next, we performed cell fractionation assay using ['*C]PBN to determine the
distribution of PBN in PC12 cells. As mentioned in Materials and Methods, PC12 cells
treated with ['*C]PBN were separated into acid-soluble, lipid and insoluble fractions
and then the '*C radioactivity levels in them were measured (Figure 4B). The
radioactivity in lipid fraction was higher (24.7 £ 13.9 cpm) than in the other fractions
(7.6 £ 3.6 cpm for the acid-soluble fraction and 4.3 £ 1.2 cpm for the insoluble
fraction).

To investigate whether PBN bound to Ras protein directly, PC12 cells were
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treated with ['*C]PBN for 5 min and then Ras protein was immunoprecipitated using a
specific antibody. Immunoblot analysis confirmed the expression of Ras in
['*C]PBN-treated cells (Figure 4C). When the e radioactivity in this
immunoprecipitate for Ras was measured, less was observed (2.5 cpm) than in the
non-immunoprecipitate control (19.0 cpm) (Figure 4D). These results suggested that

PBN was localized in the lipid fraction and was not associated with Ras protein directly.

Inhibition of neurite outgrowth in PC12 cells by NO scavenger

Recently, it has been reported that NO itself has the ability to induce neurite outgrowth
through the NO-cGMP-PKG signaling pathway, as demonstrated by an experiment
using an NO donor [18]. On the basis of this report, we examined whether
carboxy-PTIO, known as an NO scavenger [25], could affect the abilities of PBN and
NGF to induce neurite outgrowth. As shown in Figure 5A, pretreatment with 50 uM
carboxy-PTIO obviously inhibited PBN-induced neurite outgrowth. When various
concentrations of carboxy-PTIO were used for pretreatment 30 min before PBN
treatment, PBN-induced neurite-outgrowth was attenuated by PBN dose-dependently
(Figure 5B). However, carboxy-PTIO could not inhibit NGF-induced neurite outgrowth.
These results suggested that the mechanism of neurite outgrowth induced by PBN was

related to NO, unlike that induced by NGF.

Neurite outgrowth induced by NO donor in PC12 cells
Next, we examined whether neurite outgrowth could be induced by NO itself. For NO
treatment, we used NOR4, which is well established to be an NO donor [26, 27]. Figure

6 shows the percentages of neurite outgrowth from PC12 cells treated with 0-100 uM
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NOR4 for 72 h. NOR4 induced neurite outgrowth dose dependently without any

toxicity, and the percentage in cells treated with 100 uM NOR4 was 46.8 + 8.5%.

NO-induced neurite outgrowth is dependent on Ras-ERK pathway

To clarify whether NO-induced neurite outgrowth was involved in the Ras-ERK
pathway, like that induced by PBN, we evaluated the rate of neurite outgrowth induced
by NOR4 in PCI12 cells transiently transfected with DNRas(S17N) or Ras(WT). As
shown in Figure 7A, the induction of neurite outgrowth in cells transfected with
DNRas(S17N) was decreased to 5.3 + 1.3% compared to cells with the control vector
(32.5 £ 6.2%). The transfection of Ras(WT) increased the rate to 91.0 £ 0.9%. This
tendency was similar to that in PBN-treated cells.

Furthermore, to investigate the activation of the Ras-ERK pathway in
NORA4-treated cells, we examined the expression of ERK, phosphorylated ERK and Ras
by immunoblotting analysis and Ras-GTP by pull-down assay. As shown in Figure 7B,
the phosphorylation of ERK in PC12 cells was increased by NOR4 treatment and the
ratio of p-ERK/actin at 10 min was 1.5 compared to that of control. This up-regulation
was completely attenuated by pretreatment with 50 uM PD98059 for 30 min. Pull-down
assay showed that NOR4 treatment increased the amount of Ras-GTP in cells
transiently transfected with Ras(WT); however, NOR4-induced formation of Ras-GTP
was not observed in Ras-deactivated cells by transfection of DNRas(C118S) (Figure
7C). These results paralleled those in the case of PBN (Figures 2B and 2C), suggesting
that activation of the Ras-ERK pathway was responsible for the induction of neurite

outgrowth by NO as well as PBN.
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Discussion

The signaling pathways involved in neuronal differentiation have been extensively
studied in PC12 cells. As the first reaction, NGF stimulates TrkA receptor tyrosine
kinase in PC12 cells [28]. The activation of TrkA induces the phosphorylation of PLC,
PI3-kinase, and Shc [7, 29]. This leads the recruitment to the membrane of a complex of
adaptor proteins Grb-2 and SOS, thereby stimulating transient activation of Ras [4, 30].
The activation of Ras causes activation of the Ras-ERK cascade, resulting in neurite
outgrowth [31, 32]. Our previous study demonstrated that PBN induced neurite
outgrowth through activation of the Ras-ERK pathway and PKC [15]. Interestingly, this
induction was not associated with the activation of TrkA and subsequent activation of
She, PI3-kinase, and PLC, unlike that by NGF. However, the detailed mechanism for
PBN-induced activation of Ras has been unclear.

In the present study, neurite outgrowth of PC12 cells induced by PBN was
significantly inhibited by pretreatment with the MAPK/ERK inhibitor PD98059 (Figure
2A). Immunoblot analysis demonstrated that the expression of phosphorylated ERK
increased and reached a peak at 5 min after PBN treatment (Figure 2B). Furthermore,
pull-down assay using Raf-1 RBD agarose showed that PBN up-regulated the
expression of Ras-GTP in Ras(WT)-transfected PC12 cells, but this up-regulation was
attenuated in dominant-negative Ras-mutated Cys-118 to serine (Figure 2C). The
transfection of Ras(WT) enhanced PBN-induced neurite outgrowth (Figure 3). In
contrast, the transfection of DNRas(S17N) with low affinity to GTP [33] inhibited
PBN-induced neurite outgrowth. These results suggested that PBN-induced neurite
outgrowth was mediated by activation of the Ras-ERK pathway and the mutation of

Cys-118 inhibited the GDP-GTP reaction induced by PBN. Since PBN activates the
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Ras-ERK pathway without the activation of TrkA, and subsequently PI3K and PLCy
[15], this suggested that PBN activated Ras, especially at the Cys-118 residue in Ras,
directly or indirectly.

To elucidate the mechanism for PBN-induced activation of the Ras-ERK
pathway, we synthesized ['*C]-labeled PBN, which was confirmed by proton NMR
spectrometry and ESR spectrometry (Figure 4A). Among the cell fractions separated by
the Schmidt-Thannhauser method, the strongest ['*C] radioactivity was observed in the
lipid fraction (Figure 4B), indicating the localization of PBN in the plasma membrane.
We also demonstrated that more hydrophilic PBN analogs, POBN and S-PBN had weak
abilities to induce neuritogenesis compared to that of PBN (Figures 1B and 1C).
Therefore, the hydrophobicity may be related to neurite outgrowth due to localization in
the plasma membrane. Moreover, immunoprecipitation assay for Ras from
['*C]PBN-treated cells demonstrated that PBN was not directly associated with Ras
protein (Figure 4D), suggesting indirect interaction between PBN and Ras. As another
reason why neuritogenesis ability was dependent on the chemical structure of the spin
trapping agent, there is a possibility that neuritogenesis ability is associated with OH
radical spin trapping efficacy of each spin trap agent. However, Kim et al. [34] and
William et al. [35] reported that trapping efficiency of PBN against ‘OH radicals is
lower than that of POBN or S-PBN in cell free system. Therefore, these reports
indicated that the neuritogenesis induced by nitrone spin trapping agents was associated
with their hydrophobicity but not their hydroxyl radical scavenging ablity.

Here, the question how PBN stimulates Ras indirectly remains. As one
possibility, several studies reported that NO was generated from PBN under certain

oxidative conditions [19, 20]. NO was also reported to bind to and S-nitrosylate
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Cys-118 residue in Ras, activating the ERK cascade [17]. In the present study,
pretreatment with the NO scavenger carboxy-PTIO inhibited PBN-induced neurite
outgrowth in a dose-dependent manner, but not NGF-induced neurite-outgrowth (Figure
5). These facts suggested that NO was produced from PBN under unknown intracellular
oxidative circumstances in PC12 cells exposed to PBN and involved in activation of
Ras to lead to neuritogenesis in PC12 cells exposed to PBN. Whereas NGF induced
neuritogenesis-related Ras/ERK cascade through a well-known signal transduction
molecules such as TrkA, Shc, Grb-2, PLC, and PI3K but not NO [4, 7, 28-32].
Furthermore, our results showed the ability of the NO donor NOR4 to induce
neuritogenesis (Figure 6), supporting a previous report [18]. In addition, DNRas(S17N)
transfection inhibited NOR4-induced neurite outgrowth (Figure 7A). NOR4 also
induced the activation of both ERK and Ras in PC12 cells (Figures 7B and 7C). These
results paralleled that of PBN-induced neuritogenesis, suggesting the possibility that
NO released from PBN was involved in neurite outgrowth. In this study, the treatment
of carboxy-PTIO, an NO scavenger, reduced PBN-induced neurite outgrowth from 75%
to 30% of PC12 cells, indicating that NO-related neurite outgrowth in PC12 cells
exposed to 10 mM PBN was at least 45% of total cells as fraction inhibited by
carboxy-PTIO (Figure 5B). On the other hand, the treatment of 100 puM NOR4 induced
neurite outgrowth to about 47% of total PC12 cells (Figure 6) and the decomposition of
NOR4 was known to produce same amount of NO [36]. Since fraction of NO-related
neurite outgrowth in PBN-treated PC12 cells was equivalent to that of NOR4-induced
neurite outgrowth, it was assumed that the amount of NO accumulated in PC12 cells
exposed 10 mM PBN reached to at least 100 uM. However, this NO release from PBN

in PC12 cells may be very slow in intracellular oxidative condition, because the other
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NOR analogs such as NOR2 and NOR3, which release NO rapidly compared to NOR4,
have been reported to have severe toxic effects on cells [26].

In conclusion, PBN localized in the plasma membrane stimulates the Ras-ERK
pathway through NO release and S-nitrosylation of Cys-118 in Ras protein, resulting in

neurite outgrowth in PC12 cells.
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Figures & Legends
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Figure 1.

Neurite outgrowth induced in PC12 cells by PBN analogs. (A) Structures of PBN
analogs and DMPO. Representative images obtained by phase-contrast microscopy (B)
and the percentages (C) of neurite outgrowth in cells induced by DMPO, S-PBN, POBN,
PBN and NGF. PC12 cells were stimulated by the indicated concentration of each drug
for 72 h. Each value is the mean + S.E. of about 200 cells obtained from three

independent experiments. *, p < 0.05; **, p <0.01 versus control.
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Figure 2.

Involvement of the activation of ERK and Ras in PBN-induced neurite outgrowth. (A)
Inhibitory effect of PD98059 on neurite outgrowth induced by PBN or NGF. PC12 cells
were pretreated with 50 pM PD98059 for 30 min before the exposure to PBN and NGF.
Each value is the mean = S.E. *, p <0.01. (B) Time-course of the ERK activation by
PBN. After the treatment of PC12 cells with PBN or NGF for the indicated times,
immunoblots for p-ERK, ERK and actin were performed. Quantification of bands was
performed using Image J software and the ratio of p-ERK against actin is presented. (C)
The activation of Ras induced by PBN was inhibited by the transfection of DNRas.
PC12 cells were transiently transfected with Ras(WT) or DNRas(C118S), followed by

exposure to PBN. The expression of Ras-GTP was detected by pull-down assay. The
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total expression of Ras was also detected by immunoblotting. The ratio of Ras-GTP to

Ras is shown at the bottom.
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Figure 3.

Inhibition of PBN-induced neurite outgrowth by transfection of DNRas. After the
transient cotransfection of pUSEamp, DNRas(S17N) or Ras(WT) with rsGFP vector,
PC12 cells were stimulated with 10 mM PBN or 50 ng/ml NGF for 72 h. The
percentage of rsGFP-positive cells with neurites was determined. Each value is the
mean + S.E. of about 100 cells obtained from three independent experiments. *, p <

0.01 versus pUSEamp-transfected control.
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Distribution of PBN in PC12 cells and interaction between PBN and Ras. (A) The
synthesis of ['*C]PBN. [*C]PBN synthesized as described in Materials and Methods
was confirmed by NMR spectrometry (center) and ESR spectrometry (left top). The 'H
chemical shifts of the methyl residue and benzene ring in the NMR spectrum and the
formation of a PBN/OH adduct in the ESR spectrum were observed. (B) Distribution of

['*C]PBN in PC12 cells. PC12 cells treated with ['*C]PBN were fractionated by the
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Schmidt-Thannhauser method. Then '*C radioactivity levels in the acid-soluble fraction,
lipid fraction and insoluble fraction were measured with a liquid scintillation counter.
Data are presented as the mean + S.E. (C) Induction of Ras protein by ['*CIPBN. The
expression of Ras was determined by immunoblot analysis using the cell lysate from
PC12 cells treated with PBN or ['*C]PBN. (D) Indirect interaction between PBN and
Ras. PC12 cells were treated with ['*C]PBN for 5 min and Ras protein was
immunoprecipitated using its specific antibody. The '*C radioactivity in this
immunoprecipitate for Ras was measured compared to the supernatant as a control

non-immunoprecipitate.
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Figure 5.

Inhibition of PBN-induced neurite outgrowth by NO scavenger. After pretreatment with
50 uM carboxy-PTIO for 30 min, PC12 cells were stimulated with 10 mM PBN or 50
ng/ml NGF for 72 h. (A) Representative images were obtained by phase-contrast
microscopy. (B) Inhibition of PBN-induced neurite outgrowth by carboxy-PTIO in a
dose-dependent manner. PC12 cells were pretreated with the indicated concentrations of

carboxy-PTIO for 30 min before the exposure to PBN or NGF. Each value is the mean

+ S.E.
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Figure 6.

Dose-dependent response of neurite outgrowth induced by the NO donor NOR4 in

PC12 cells. PC12 cells were exposed to the indicated concentrations of NOR4 for 72 h.

Each value is the mean + S.E.
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Figure 7.

NOR4 induced neurite outgrowth in PC12 cells through the Ras-ERK pathway. (A)
Inhibition of NOR4-induced neurite outgrowth by transfection of DNRas. After the
transient cotransfection of pUSEamp, DNRas(S17N) or Ras(WT) with rsGFP vector,
PC12 cells were stimulated with 100 uM NOR4 or 10 mM PBN for 72 h. The
percentage of rsGFP-positive cells with neurites was determined. Each value is the
mean + S.E. of about 100 cells obtained from three independent experiments. *, p <
0.01 versus pUSEamp-transfected control. (B) Inhibitory effect of PD98059 on

NOR4-induced ERK-phosphorylation. PC12 cells were pretreated with 50 uM
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PD98059 for 30 min before NOR4 treatment. After the treatment with 100 uM NOR4
for the indicated times, PC12 cells were collected and lysed. Immunoblotting for p-ERK,
ERK and actin was performed. Quantification of bands was performed using Image J
software and the ratio of p-ERK against actin is presented. (C) The activation of Ras
induced by NOR4 was inhibited by the transfection of DNRas. PC12 cells were
transiently transfected with Ras(WT) or DNRas(C118S), followed by exposure to
NORA4. The expression of Ras-GTP was detected by pull-down assay. The total
expression of Ras was also detected by immunoblotting. The ratio of Ras-GTP to Ras is

shown at the bottom.
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