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Nitric oxide (NO), synthesized by the enzyme nitric oxide
synthase (NOS), acts as an intercellular messenger
associated with various physiological and pathological
events. In this study, we investigated whether there exits a
difference in the vulnerability to NO-induced cytotoxicity
between undifferentiated and differentiated NG108-15
cells, and if so, the mechanisms responsible for the
difference. Following a 7- to 8-day exposure to dibutyryl
cAMP (dbcAMP), NG108-15 cells exhibited a neuron-like
morphology associated with the expression of the neuronal
protein, synaptophysin, and with increased NADPH-d
activity. Neuron-like differentiated NG108-15 cells
acquired resistance to exogenously applied NO. This
increased resistance to NO toxicity in differentiated cells
was almost completely cancelled out by inhibiting the
activity of superoxide dismutase (SOD), but not by
inhibiting the activity of NOS. The present study suggested
that the activity of SOD increased in parallel with the
activity of NOS associated with differentiation and was
crucial for the acquired resistance to NO toxicity in
differentiated cells.

Keywords: NG108-15 cells; Differentiation; Nitric oxide; Cytotox-
icity; Superoxide dismutase

INTRODUCTION

Nitric oxide (NO) is generated in various mammalian
tissues, and acts as an intracellular messenger
associated with various physiological and pathological

events.[1] In neuronal cells, NO is synthesized by
neuronal Ca2þ/calmodulin-dependent nitric oxide
synthase (NOS), and is released in response to the
activation of N-methyl-D-aspartate (NMDA)-type
glutamate receptors.[2] Inhibiting neuronal NOS
either pharmacologically or genetically renders
cultured neurons resistant to NMDA-induced
death,[3,4] also reduced infarct volume in rodent
models of transient focal ischemia.[5] Therefore, NO
has been supposed to be involved in the glutamate-
induced neurotoxicity. However, recent studies have
revealed that NO inhibits the activation of caspase-3,
an enzyme crucial for apoptosis, via S-nitrosylation
of the active-site cysteine of the enzyme,[6,7] and
prevents neurons from undergoing apoptosis.[8] In
addition, increased NOS activity is required in the
ischemic preconditioning of neurons.[9,10] Thus,
the pathological as well as functional roles of NO
in the brain are not fully understood.

Although NO is possibly involved in the neuro-
toxicity, NO-synthesizing neurons have been
reported to be resistant to NO- and glutamate-
induced neurotoxicity.[3] In addition, NO-synthesiz-
ing neurons are selectively spared in patients with
Alzheimer’s disease, even in severely affected
regions of the brain such as the hippocampal
formation.[11] NO-synthesizing neurons in the brain
of patients with Huntington’s disease are also spared
despite a massive loss of neurons in the corpus
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striatum.[12] But why NO-synthesizing neurons are
selectively resistant to various kinds of neurotoxicity
remains largely unknown.

In this study, we have tried to elucidate whether
there exist differences in the vulnerability to
cytotoxicity induced by exogenously applied NO
between undifferentiated and differentiated
NG180-15 cells following treatment with dibutyryl
cAMP (dbcAMP).[13 – 15] We then tried to clarify the
mechanisms responsible for any changes in the
resistivity to NO toxicity. NG108-15 cells were
selected, because they have been widely used in
the study of changes in neuronal functions depen-
dent on differentiation,[16] and thus their morpho-
logic and physiologic features are well
described.[17,18]

MATERIALS AND METHODS

Cell Cultures

NG108-15 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing HAT (10 mM
hypoxantine, 0.1 mM aminoproterin and 1.6 mM
thymidine), and 5% fetal bovine serum (FBS) at
378C in a humidified atmosphere of 90% air, 10% CO2.
To induce neuron-like differentiation in NG108-15
cells, the cells were treated with 1 mM dibutyryl
cAMP (dbcAMP; Wako, Tokyo, Japan)[13 – 15] for 7–8
days. For immunocytochemical staining, the cells
were cultured on collagen-coated glass slides under
identical conditions.

Immunocytochemical Staining

Rabbit anti-synaptophysin polyclonal antibody and
mouse anti-nitrotyrosine monoclonal antibody was
purchased from Progen Biotechnik (Heidelberg,
Germany) and Upstate Biotechnology (Lake Placid,
NY), respectively. For synaptophysin and nitrotyr-
osine labeling, the cells were fixed with 4%
paraformaldehyde for 5 min at 48C followed by
95% methanol in PBS for 10 min at 2208C. The cells
were then incubated with a primary antibody for
45 min using 1:100 dilutions for synaptophysin, and
for 24 h using 1:200 dilutions for nitrotyrosine. After
being washed with PBS, the cells were incubated
with a secondary antibody containing 1.5% goat
serum for 30 min. For labeling, a 1:500 dilution of
biotinylated goat antibody against rabbit IgG (Vector
Laboratories, Burlingame, CA) was used. Bound
antibodies were detected by the ABC method,[19]

following incubation with avidin–biotin-peroxidase
complex (Vector Laboratories) for 30 min. Peroxidase
activity was visualized by incubation with 0.1% 3,30-
diaminobenzidine (DAB) in 50 mM Tris–HCl buffer
(pH 7.4) supplemented with 0.02% H2O2. The cells

were dehydrated in 70–100% ethanol, cleared in
xylene, and mounted on glass cover slips in
Permount (Fischer Scientific, Fair Lawn, NJ) for
light microscopic observation.

Diaphorase Staining

NG108-15 cells were fixed for 30 min at 48C in a 4%
paraformaldehyde (PF); 0.1 M phosphate buffer (PB).
The PF solution was washed away with Tris-buffered
saline (TBS); 50 mM Tris–HCl, 1.5% NaCl, pH 7.4.
The reaction solution containing 1 mM NADPH,
0.2 mM nitroblue tetrazolium, 0.2% Triton X-100 (TX-
100), 1.2 mM sodium azide, and 0.1 mM Tris–HCl,
pH 7.2, was applied to the fixed cell culture for 1 h at
378C.

Cell Death Estimation

Cell death was analyzed following visualization of
nuclear morphology with the fluorescent DNA-
binding dyes, bis-benzimide (Hoechst 33342) (Sigma,
St. Louis, MO) and propidium iodide (PI) (Wako).
Cells were incubated with these dyes for 15 min at
378C. Individual nuclei were visualized using
fluorescent microscopy (IX70; Olympus, Tokyo,
Japan) and analyzed; PI was used to identify
nonviable cells. An average of 45–500 cells from
random fields were analyzed for one experiment.
The cell death rate was calculated as (dead cells/total
cells). At least four independent experiments were
performed and analyzed.

Other Chemicals

Nitric oxide donors, S-nitroso-N-acetyl-DL-penicilla-
mine (SNAP), 1-hydroxy-2-ox-3-(N-methyl-3-amino-
propyl)-3-methyl-1-triazene (NOC 7), and
peroxynitrite (ONOO2) were obtained from Dojindo
Chemical (Kumamoto, Japan). Decomposed SNAP
(deSNAP) was prepared by incubating SNAP at
room temperature for 48 h to completely liberate NO.
An antioxidant, reduced glutathione (GSH), was
obtained from Calbiochem (San Diego, CA). A
nonspecific inhibitor of NOS, NG-monomethyl-
L-arginine (L-NMMA), an inhibitor of superoxide
dismutase (SOD), diethyldithiocarbamic acid (DDC),
a scavenger of nitric oxide, hemoglobin (Hb), and
a superoxide anion scavenger, 4,5-dihydroxy-
1,3-benzenedisulfonic acid (Tiron) were obtained
from Sigma.

Statistics

The data are expressed as the mean ^ SD. Each
experimental group consists of at least 4 indepen-
dent experiments. Inter-group comparisons were
performed using the one-way analysis of variance

K. KAWAHARA et al.546

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



(ANOVA) followed by a paired t-test. A P value of
less than 0.05 was considered statistically significant.

RESULTS

Growth Rates of Undifferentiated and
Differentiated NG108-15 Cells

At first, we analyzed the growth rates of undiffer-
entiated and differentiated NG108-15 cells as an
index of cellular differentiation induced by 1 mM
dbcAMP treatment (Fig. 1). Cells were seeded in
culture flasks at an initial density of 5.0 £ 104 cells/
ml and counted every 24 h. The growth rate of
differentiated cells was markedly lower than that of
differentiated cells. Proliferation of differentiated
cells gradually increased but reached a plateau at
about 8–9 days after treatment with dbcAMP.

Neuron-like Differentiation of NG108-15 Cells

We then analyzed the morphological characteristics
of undifferentiated and differentiated cells. Figure
2(A1) and (A2)show photomicrographs of undiffer-
entiated and differentiated cells, respectively. Undif-
ferentiated cells were flat and lacked neurites (Figure
2(A1)). Following 7–8 days treatment with dbcAMP,
most cells had long extending neurites showing
neuron-like morphology (Figure 2(A2)). To confirm
that the differentiated cells had neuronal character-
istics, we examined whether the neuronal protein
synaptophysin, a synaptic vesicle membrane pro-
tein, was expressed in the differentiated cells
(Fig. 2(B)). Differentiated cells were positively
stained for synaptophysin (Fig. 2(B2)), but undiffer-
entiated cells were negatively or weakly stained
(Fig. 2(B1)). Immunoreactivity was prominent at the
varicosities in differentiated cells, supporting the

idea that synaptophysin is involved in the exocytosis
of transmitters.

NG108-15 cells showed the cytostatic activity at
about 8–9 days after dbcAMP treatment (Fig. 1).
Previous studies have demonstrated that NO plays a
crucial role in triggering a switch for growth arrest
and differentiation in PC12 cells[20] and in other
neuronal cells, such as neural precursor cells and a
human neuroblastoma cell line.[21] Therefore, we
examined whether the activity of NOS varied
depending on the differentiation in NG108-15 cells
(Fig. 2(C)).

After 8-day treatment with dbcAMP, NADPH-d-
negative undifferentiated cells (Fig. 2(C1)) showed
intensive NADPH-d staining (Fig. 2(C2)), suggesting
that the activity of NOS increased in NG108-15 cells
associated with neuron-like differentiation.

Differentiation and Resistance to NO Toxicity

NO-producing cells, in general, are resistant to
NO-induced cytotoxicity, if not, they would die.
Therefore, we then tried to elucidate whether there
exists a difference in the resistance to exogenously
applied NO between undifferentiated and differ-
entiated cells.

The exposure of undifferentiated NG108-15 cells to
1 mM SNAP, a NO donor, for 24 h resulted in massive
cell death (Fig. 3(A) and (C)). In contrast, 1 mM
SNAP-treatment of differentiated cells for 24 h did
not produce significant cell death (Fig. 3(B) and (C)).
Differentiated NG108-15 cells became markedly
resistant to exogenously applied NO. SNAP (1 mM)
preincubated in solution to exhaust all the NO
(deSNAP) did not produce significant death of
undifferentiated NG108-15 cells (Fig. 3(C)). In
addition, a different kind of NO donor, NOC 7
(1 mM) also induced massive death of undifferen-
tiated cells (Fig. 4(A) and (C)), but did not produce

FIGURE 1 Growth rates of undifferentiated and differentiated NG108-15 cells. Open squares and open triangles indicate undifferentiated
and differentiated cells, respectively. Cells not treated with dbcAMP became almost confluent at about 5 days. In contrast, cell proliferation
reached a plateau at around 8–9 days after differentiation induced by dbcAMP treatment. Data are expressed as the mean ^ SD (n ¼ 4 for
each cell type).
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significant death of differentiated cells (Fig. 4(B) and
(C)). These results suggested that NO liberated from
NO donors was responsible for the cytotoxicity of
undifferentiated cells, and that NG108-15 cells
acquired resistance to NO toxicity on differentiation.

Differentiated cells showed strong reactivity to
NADPH-d (Fig. 2(C2)). Therefore, the question arises
as to whether the increased NOS activity itself was
involved in the increased resistance to NO toxicity in
differentiated cells. Exposure of differentiated
NG108-15 cells to 1 mM SNAP while inhibiting the
activity of NOS caused by co-treatment with 1 mM
L-NMMA, a nonspecific NOS inhibitor, did not
produce significant cell death (Fig. 4(D), NM and
SNAP). When differentiated cells were pretreated

with 1 mM L-NMMA for 24 h, SNAP exposure also
did not result in significant cell death (Fig. 4(D),
NM24 and SNAP). These results suggested that
the activity of NOS itself had nothing to do with the
resistance to NO-induced cytotoxicity in differen-
tiated NG108-15 cells.

Superoxide and NO Toxicity

NO reacts with superoxide in vivo by the near-
diffusion-limited process,[22] and then peroxynitrite
is generated. Peroxynitrite is a strong biological
oxidant that directly and rapidly attacks targets such
as thiols[23] and iron–sulfur centers,[24] and induces
tissue injuries.[25,26] Therefore, in order to make NO a

FIGURE 2 Neuron-like differentiation of NG108-15 cells. Figures A1 and A2 indicate phase-contrast photomicrographs of
undifferentiated and differentiated cells, respectively. Differentiated cells exhibited a neuron-like morphology and developed extended
neurites (A2). Immunocytochemical analysis revealed that differentiated NG108-15 cells were positively stained for neuronal protein,
synaptophysin (B2), but undifferentiated cells were negatively or weakly stained (B1). NADPH-d staining of undifferentiated (C1) and
differentiated (C2) cells, respectively. Differentiated cells showed strong NADPH-d activity, but undifferentiated cells showed weak
activity. Scale bars in (A)–(C) show 100, 50, and 50mm, respectively.

K. KAWAHARA et al.548

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



functional signaling molecule in differentiated
NG108-15 cells, NO-producing differentiated cells
must acquire the capability to scavenge superoxide.
This idea led to the suggestion that the activity of
SOD might increase in parallel with the increase in
NOS activity in differentiated NG108-15 cells. We
then tested this possibility.

Exposure of differentiated cells to 1 mM SNAP for
24 h resulted in massive cell death when the cells
were co-treated with 150mM DDC, an inhibitor of

cytosolic (Cu, Zn-SOD) and extracellular SOD[27]

(Fig. 5). DDC loading itself at the concentration used
here did not produce significant cell death. The most
likely explanation of this result was that superoxide
was overproduced on inhibition of SOD by DDC and
reacted with NO to produce peroxynitrite, a strong
biological oxidant. If this was the case, SNAP-
induced cytotoxicity in differentiated cells, observed
when the activity of SOD was inhibited with DDC,
might be prevented by scavenging either one of the

FIGURE 3 Increased resistance to NO-induced toxicity in differentiated NG108-15 cells. Figures A1 and B1 show phase-contrast
photomicrographs of undifferentiated and differentiated cells treated with 1 mM SNAP for 24 h, respectively. Figures A2 and B2 indicate
photomicrographs of undifferentiated and differentiated cells stained with Hoechst 33342 (bisbenzimide) at 24 h after SNAP treatment,
respectively. Figures A3 and B3 show photomicrographs of undifferentiated and differentiated cells stained with propidium iodide (PI) at
24 h after SNAP treatment, respectively. The treatment of undifferentiated cells with 1 mM SNAP for 24 h resulted in massive cell death
(A1–A3, C). In contrast, the same dose did not result in significant cell death in differentiated cells (B1–B3, C). Decomposed SNAP
(deSNAP) did not produce significant death of undifferentiated cells (C). SNAP was dissolved in DMSO and the final concentration of
DMSO (1%) was added to the sham control. DMSO (1%) itself had no effect on cell viability in either undifferentiated or differentiated cells
(C; sham). The scale bar (100mm) is the same in (A) and (B). Data are expressed as the mean ^ SD ðn ¼ 4–8Þ: An asterisk indicates
statistical significance ðP , 0:05Þ:
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following molecules; NO, superoxide, or peroxyni-
trite. Expectedly, massive death of differentiated
NG108-15 cells caused by co-treatment with SNAP
and DDC was almost completely suppressed by
treatment with an NO scavenger, Hb, Tiron (a
nonenzymatic superoxide scavenger[28]), or reduced
glutathione (GSH; a scavenger of peroxynitrite[29]).

To confirm further the possible involvement of
peroxynitrite in the SNAP-induced cytotoxicity in
differentiated NG108-15 cells, we then investigated
whether the exposure of differentiated cells to SNAP
resulted in the extensive tyrosine nitration when
SOD activity was inhibited. Tyrosine nitration is a
widely used marker of peroxynitrite produced from
the reaction of nitric oxide with superoxide.[30,31]

Immunocytochemical analysis demonstrated that
SNAP treatment markedly increased nitrated tyro-
sine when the activity of SOD was inhibited with
DDC (Fig. 6(C)) in differentiated cells. However,
immunoreactivity for nitrated tyrosine was not
clearly observed in differentiated cells with SNAP
treatment only (Fig. 6(B)) and in cells with sham-
treatment (Fig. 6(D)). These results further supported
our proposition that peroxynitrite formation was
involved in the SNAP-induced cytotoxicity in
differentiated NG108-15 cells observed when the
activity of SOD was inhibited.

DISCUSSION

This study revealed that differentiated, neuron-like
NG108-15 cells acquired resistance to exogenously
applied NO. The SOD activity in the differentiated
cells was crucial to this increased resistance to NO
toxicity, because such resistance was almost perfectly
cancelled out by inhibiting the activity of SOD.

Since the first report by Peunova and Enikolo-
pov,[20] many studies supporting their idea that NO
is involved in the regulation of cell growth and
differentiation in neuronal[21,32 – 34] and non-neuronal
cells[35,36] have been published. In the present study,
the activity of NOS increased in association with the
neuron-like differentiation of NG108-15 cells on
treatment with dbcAMP (Fig. 2(C)). This raised the
question of whether cAMP and cAMP-dependent
protein kinase (PKA) directly contributed to the
increase in NOS activity in differentiated cells.
Previous studies have demonstrated that the
increased NOS activity associated with differen-
tiation is independent of the methods for inducing
differentiation; that is, treatment of cells with a nerve
growth factor (NGF),[20,32] all-trans retinoic acid
(ATRA),[21] or with other molecules[35] results in the
increased NOS activity. Therefore, cAMP itself seems
not to be directly involved in the increased NOS

FIGURE 5 Increased resistance to NO toxicity and SOD activity in differentiated NG108-15 cells. The treatment of differentiated cells with
1 mM SNAP resulted in massive cell death when the SOD activity was inhibited by DDC (150mM) treatment. The cell death was markedly
reduced by co-treatment either with oxy-hemoglobin (2 mg/ml), tiron (5 mM), or glutathione (5 mM). Treatment of cells with DDC itself at
the concentration used did not induce significant cell death. Data are expressed as the mean ^ SD ðn ¼ 4–6Þ: Asterisks indicate statistical
significance ðP , 0:05Þ: Abbreviations: SN and DC and HB; co-treatment with SNAP, DDC, and oxy-hemoglobin, SN and DC and ti; co-
treatment with SNAP, DDC, and tiron, SN and DC and gl; co-treatment with SNAP, DDC, and glutathione.

FIGURE 4 Increased resistance to NO-induced toxicity in differentiated NG108-15 cells and NOS activity. Figures A1 and B1 show phase-
contrast photomicrographs of undifferentiated and differentiated cells treated with 1 mM NOC 7 for 24 h, respectively. Figures A2 and B2
indicate photomicrographs of undifferentiated and differentiated cells stained with Hoechst 33342 (bisbenzimide) at 24 h after NOC 7
treatment, respectively. Figures A3 and B3 show photomicrographs of undifferentiated and differentiated cells stained with propidium
iodide (PI) at 24 h after NOC 7 treatment, respectively. The treatment of undifferentiated cells with 1 mM NOC 7 for 24 h resulted in
significant cell death (A1–A3, C). In contrast, the same dose did not result in significant cell death in differentiated cells (B1–B3, C). This
increased resistance to NO toxicity in differentiated cells was unchanged after the inhibition of NOS by 1 mM L-NMMA (D). Since NOC 7
immediately starts degradation and release NO, cells were treated with NOC 7 immediately after the dilution of a stock solution (100 mM
in 0.01N NaOH). The scale bar (100mm) is the same in (A) and (B). Data are expressed as the mean ^ SD ðn ¼ 4–6Þ: An asterisk indicates
statistical significance ðP , 0:05Þ: Abbreviations: NOC, NOC 7 treatment; NM and SNAP, co-treatment with L-NMMA and SNAP; NM24
and SNAP, pretreatment with L-NMMA for 24 h.
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activity in differentiated NG108-15 cells. Rather,
treatment with dbcAMP caused the cells to differen-
tiate, and resulted in the increased activity of NOS.

In this study, the endogenous NOS activity in
NG108-15 cells was estimated from the reduced
nicotinamide adenine dinucleotide phosphate dia-
phorase (NADPH-d) activity (Fig. 2(C)). In the
nervous system, NOS immunoreactivity has been
consistently co-localized with NADPH-d activity,
reflecting the two functions carried out by the same
molecule.[37] In spite of some limitations,[38] it is now
generally accepted that the histochemical detection
of NADPH-d activity is one of most useful ways of
identifying putative NOS-containing neuronal
cells.[39 – 41]

This study demonstrated that differentiated
NG108-15 cells became markedly resistant to NO-
induced toxicity (Fig. 3). This increased resistance
was correlated with SOD activity, but not with NOS
activity (Figs. 3 and 4). This finding seems to support
the suggestion by Lei et al.[42] that NO is necessary,
but not sufficient for neuronal injury and is toxic only
in the presence of other factors, such as the
superoxide anion. In addition, findings similar to

those of the present study have been reported; PC12
cells that differentiated on treatment with NGF for
more that 3 days acquired resistance to NO toxicity
in association with increased NOS activity.[43]

However, the mechanisms responsible for the
increased resistance to NO toxicity were not clarified
in that report. A recent study by Yabuki et al.[44] has
demonstrated that NO-resistant HL-60 variant cells
(HL-NR6) are associated with the increase in Cu,
Zn-SOD/catalase, and that NO-mediated apoptosis
in HL-60 cells is correlated with the generation of
reactive oxygen species (ROS) such as superoxide
and molecules like peroxynitrite. All these previous
findings support our notion that the activity of SOD
increased in parallel with that of NOS and is crucial
for the strengthened resistance to NO-induced
toxicity in differentiated NG108-15 cells.

Although the present study has made it clear that
the activity of SOD, not of NOS itself, is crucial to the
acquired resistance to NO toxicity in differentiated
NG108-15 cells, our preliminary immunocytochemi-
cal and western blot analyses using antibodies for
Cu, Zn-SOD and Mn-SOD failed to demonstrate a
clear difference in the expression level of these

FIGURE 6 Nitrotyrosine immunoreactivity in differentiated NG108-15 cells. Differentiated NG108-15 cells showed immunoreactivity for
nitrotyrosine when the cells were co-treated with 1 mM SNAP and 150mM DDC (C) for 7 h, but no specific immunostaining was observed
when the cells were treated with 1 mM SNAP only (B) or with 1% DMSO (D; sham) for the same duration. As a positive control,
differentiated NG108-15 cells were treated with 24 mM peroxynitrite (A). The scale bar (50mm) is the same in (A)–(D).
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enzymes between undifferentiated and differen-
tiated cells. Therefore, there is a possibility that the
activity of SOD is regulated at the level of enzymatic
activity, not at the level of expression. In fact, Lièvre
et al.[45] have recently demonstrated that in some
cases, increased SOD activity is not in parallel with
the increase of SOD mRNA and protein synthesis,
suggesting that the prominent SOD induction is not
necessarily accompanied by SOD protein accumu-
lation, and thus by increased enzymatic activity.
Further study will be needed to clarify this.
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