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Abstract 

In the present study, we demonstrate that the NO-donors sodium 
nitroprusside (SNP), S-nitroso-N-a~etylpeni~illamine (SNAP) and 3- 
morp holino sydnonimine (SIN- 1) dose-dependently caused rat 
pheochromocytoma (PC-12) and human neuroblastoma (NB-1) cells death, 
determined by tryphan blue dye exclusion. That death was apoptosis, as 
determined by terminal-deoxynucleotide transferase-mediated dUTP- 
digoxigenin nick end-labeling (TUNEL) method and propidium iodide (PI) 
staining using fluorescence-activated cells sorting (FACS). Epinephrine 
exhibited pronounced inhibitory effect on this NO donors-induced cell 
death. Similar protecting effect was also found when cells were pretreated 
with p-adrenergic receptor agonist isoproterenol, adenylate cyclase 
activator forskolin, nerve growth factor (NGF) or antioxidant N-acetyl-L- 
cysteine (NAC). However, cycloheximide the inhibitor of protein synthesis, 
the transcription inhibitor actinomycin D (act D) or anti-NGF abolished 
the rescuing effect of epinephrine. Furthermore, SNP and SIN-l, which 
form peroxynitrite in the culture media were more effective to retract 
neurites of NB-1 cells compared to SNAP. These results suggest that NGF 
plays pivotal role in epinephrine-supported cytoprotection, and probably 
peroxynitrite is involved in the retraction of neurites of the neuronal cells. 
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Introduction 

Nitric oxide (NO) is a free radical gas, which was first identified as 

endothel 

a family 

ium-derived relaxing factor [I]. NO is produced from L-arginine by 

of nitric oxide synthases (NOS) in brain and on endothelium [2]. 

In recent years, considerable research has been accumulated on the 

physiological, biochemical and molecular actions of NO in physiological as 

well as pathophysiological conditions. NO, at a nanomolar concentration 

increases vascular permeability [3], reduces atherosclerosis [4] and 

vascular thrombosis [5], and acts as a neurotransmitter [6]. 

On the other hand, micromolar concentrations of NO injure cells and 

exert cytotoxic effects. During infections and immune reactions, 

macrophages and neutrophils produce NO that mediates their bactericidal 

and tumoricidal effects [7]. On the other hand, in the nervous system 

astroglial and microglial cells also produce a lot of NO following immune 

reaction to kill the pathogens [8]. Under these conditions, nitrogen oxides 

contribute to cytotoxic actions on different cell types, including neuronal 

cells owing to non specific defense against pathogens [9]. In addition to this 

cytotoxicity, cell faces NO-induced cytotoxicity in ischemia, which is 

associated with the perturbation of electrolyte balance, resulting in release 

of intracellular components, including excitatory amino acid glutamate. 

Glutamate induces NO production through its N-methyl-D-aspartate 

(NMDA) receptor and ultimately causes neurodegeneration [lo]. 

Cells possess several cellular defense systems and antioxidants . 

against oxidative stress, such as glutathione, vitamin C, vitamin E and B- 

carotene, which can protect cells from different cytotoxic effects. On the 

other hand, cell viability can be promoted during environmental insults by 

the addition of growth factors, including NGF. It has been shown that 

epinephrine supports the survivability of mouse fibroblast (L-M) and 

astroglial cells in serum free conditions [II, 121. The present study was 
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undertaken to investigate whether epinephrine could prevent the NO- 

induced neuronal cells death. 

Materials and Methods 

Ma teriafs. Sodium nitroprusside, epinephrine, fors kolin, 
isoproterenol, nerve growth factor (NGF), anti nerve growth factor (a-NGF) 
were purchased from Sigma Chemicals Co.(St Louis, USA). Dulbecco’s 
Modified Eagle’s Medium (DMEM), streptomycin, penicillin and fetal 
bovine serum (FBS) were purchased from GIBCO BRL (USA). SNAP and 
SIN-1 were purchased from Dojindo (Kumamoto, Japan). 

Cell Culture. PC-12 cells were cultured as described [13] in RPM1 
1640 medium supplemented with 10% horse serum, 5% heat-inactivated 
fetal bovine serum (FBS), and NB-1 cells were grown as described [14] in 
45% RPMI-~640 and 45% Eagle’s minimum essential medium containing 
10% FBS. 

Cefl viability. Cell viability (cytotoxicity) was assayed by tryphan 
blue dye exclusion as described [15] with a slight modification. Briefly, 
cells were harvested, centrifuged (200xg for 5 minutes) and resuspended in 
culture medium. Then equal volume of tryphan blue (0.4% tryphan blue, 
0.8% NaCl, and 0.06% KzHP04) was added, and left at room temperature 
for 5 minutes. Tryphan blue positive cells were considered as dead cells 
and negative cells were regarded as alive cells. Cell viability was counted 
as follows, 

Alive cells X 100 
Cell viability (%)= 

Total cells (alive and dead cells) 

In situ apoptosis. 1zz situ determination of DNA cleavage was done 
by TUNEL method as described [16]. 

Analysis of cellular DNA content. For analysis of cellular DNA 
content, propidium iodide (PI) staining method was used as previously 
described [16]. Briefly, PC-12 cells were plated at a density of 2.5~105 per 
35 mm dish. After treatment for the indicated periods, cells were 
extensively washed with PBS, and centrifuged (200xg for 5 minutes). The 
pellet was resuspended in 70% ethanol (2 ml), and the suspension 
incubated at -20°C for 20 minutes. Then cells were incubated for 15 
minutes in the dark with PI (5 pg/ml) in PBS in the presence of RNase (5 
~g/ml). Afterthat DNA content was determined (2x104 cells each time) by 
fluorescence-activated cells sorting (FACS)-analyzer (EPICS, Coulter, 
USA) with the excitation set at 488 nm and the emission set at 610 nm 
(red). 

Quantification of neurites retraction. Cells were plated onto 6-well 
dishes at a density of 1xlOVwell. After a 48-h of plating, cells were treated 
with SNP, SNAP and SIN-l. Neurite length greater than one cell 
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diameter was considered a neurite. About 250 cells were counted at each 
analysis. 

Statistical analysis. Statistical analysis was done by using Stat 
view (Multi-comparison significance level for one factor ANOVA) soft ware. 
Value at each point is given *SD of six experiments. *p<O.O5 was 
considered statistically significant by Scheffe F-test. 

Results and Discussion 

In the present study, we demonstrate that SNP, SNAP and SIN-l 

dose-dependently induced neuronal cell death. Figure 1A shows that 

survivability of the PC-12 cells in serum free condition was promoted by 

SNP (250 PM) and SNAP (250 PM) as the cell viability increased to 144.7 

-1-31.3% and 177 *25.3%, respectively. However, a massive cell death was 

occurred by a high concentration of SNP (500 PM) and SNAP (500 PM) 

when cell viability decreased to 43 217.7% and 35.2 +12.7%, respectively. 

In contrast, SIN-l at the same concentration (500 PM) promoted cell 

survivability (176.5 227) instead of killing, but 2 mM SIN-l exerted 

cytotoxicity, resulted in decrease in cell viability to 42 +19.6%. Like PC-12 

cells, NB-1 cells were died by the higher concentration of NO-donors (Fig. 

IB). These results are consistent with the findings that SNAP (100 PM) 

protected cells from death due to serum or trophic factor withdrawal [17], 

and NO donors SNP (1 mM), SNAP (1 mM) or SIN-l (2 mM) caused death 

of RAW 264.7 macrophages [18]. That cell death was in a time-dependent 

manner, and the loss of cell viability became evident within 6 h, which 

notably increased at 24 h after the addition of these agents (data not 

shown). 

Cells die either following necrosis or apoptosis. Necrotic cell death 

is regarded as accidental cell death, in which first membrane is raptured, 

followed by the release of cytosolic organelles, resulting in inflammation. 



NEUROSCIENCE RESEARCH COMMUNICATIONS, VOL. 26, NO. 1 

In contrast, apoptotic cell death is termed programmed cell death 

(apoptosis). This cell death rather occurs in a controlled manner where 

Figure 1. Effects of SNP, SNAP or SIN-l on neuronal 
cells (A) PC-12 cells were plated onto 6-welldishes (1.5~10~ /well), and were 
differentiated with 100 nglml NGF in RPM1 medium for 10 days. (B) NB-1 cells 
were seeded onto 6-well dishes (- 3x105 /well), and differentiated with RPM1 
medium containing 2% FBS plus db-cAMP(1 mM) for 5 days. After differentia- 
tion, both PC-12 and NB-1 cells were washed with RPM1 medium, and 
incubated with SNP (250500 $kI), SNAP (250-500 $U) or SIN-l (500-2000 $!+I). 
Values are mean lr: SD of six independent experiments.*p s 0.05 was significant 
compared to control in each panel. 

mo~hological and biochemical changes are obvious. The mo~hological 

changes of apoptosis occur in three phases [19]. In the first, there is 

condensation of chromatin into crescentic caps at the nuclear periphery, 

nucleolar disintegration, and reduction of nuclear size. Shrinkage of total 

cell volume, increase in cell density, compaction of cytoplasmic organelles, 

and dilation of endoplasmic reticulum but the mitochondria remain 

morphologically normal. In phase 2 (which may overlap phase l), there is 
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budding and separation of nucleus and cytoplasm into multiple, small, 

membrane-bound apoptotic bodies, which may be shed from epithelial 

surfaces or phagocytosed by neighboring cells or macrophages [20]. In 

phase 3 there is progressive degeneration of residual nuclear and 

cytoplasmic structures. The biochemical features include appearance of 

DNA Content 

Figure 2. Effects of SNAP on morphological changes of the 
dying PC- 12 cells. Cells were seededonto 2-wellLab-Tek chamber (Nunc) at a 
density of 1.5~10~ /well. Following a 18-h treatment with SNAP (500 @M), cells 
were washed with Ca2+-Mg2+-free PBS, and then cells were processed with 
in situ apoptosis detection kit (Takara, Japan), according to the 
Manufacturer’s instructions. Fluorescence was detected by confocal laser 
scanning microscopy (Leica, Germany). (A) Control and (B) SNAP-treated 
cells. Duplicate experiments were also done. Representative photographs were 
taken at the same magnification ( x400). For DNA content analysis, cells were 
plated onto 60 mm dishes (lxl06/dish) and treated with SNP for 24 h. Cells 
were harvested and DNA was analyzed as described in Material and 
Methods. (C) Control (without SNAP) and (D) SNAP-treated cells. 

sub-diploid DNA (accumulation of cells at sub-GO/Gl) and externalization 

of membrane phosphatidylserine [21-241. Farinelli et al have shown that 

SNAP (100 PM) protects the PC-12 cells from growth factor withdrawal 
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induced apoptosis [17]. SNAP blocks the a-CD95 induced apoptosis of 

Jurkat cells. It has also been shown that SNAP, at a millimolar 

concentration causes necrotic death of Jurkat cells [25]. In contrast, 

micromolar concentration of SNAP triggers apoptosis of human 

neuroblastoma cells [Z6]. We have shown that SNAP causes 

externalization of phosphatidylserine, a phospholipid normally restricted 

to the inner leaflet of the plasma membrane is one of the earliest events to 

occur during apoptosis [submitted]. Thus, SNAP-induced cell death has 

been controversial in recent times. Figure 2B shows that SNAP treatment 

led to condensation of DNA, appearance of condensed chromatin or 

apoptotic bodies into nuclear periphery, the hallmark features of apoptotic 

cell death at 18 hours later. To confirm further that NO-induced PC-12 cell 

death was apoptotic cell death, we analyzed DNA content by PI staining 

using flow cytometry. Figure 2D shows that cells containing fragmented 

DNA appeared signi~cantly at sub-GO/G1 at 24 h in SNAP-treated cells. 

Similar results were obtained when the cells were treated with SNP and 

SIN-1 (data not shown). Thus, our result is inconsistent with the previous 

report that NO does not causes apoptosis of PC-12 cells [27], but 

consistent with the recent finding that NO induces apoptosis of PC-12 cells 

[28]. As PC-12 cells undergo apoptosis after trophic factor withdrawal [17, 

291, some apoptotic nuclei were also found in control cells. NB-1 cells also 

died following apoptosis by SNAP treatment, Similar apoptotic features 

were also found when PC-12 as well as NB-1 cells were treated with SNP 

and SIN-l (data not shown), results conclude that NO triggers apoptotic 

cell death of neuronal cells. Furthermore, our result is supported by the 

finding that NO induces apoptosis of macrophages [18]. Epinephrine in 

concentrations ranging from 0.05-0.2 mM has been demonstrated to 

promote the survivability of fibroblasts and astroglial cells in serum free 

conditions [II, 121. We tested whether epinephrine could prevent neuronal 

cells from nitric oxide toxicity. A nanomolar concentration of epinephrine 

33 
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strikingly rescued the NO donors-induced neuronal cells death. NO- 

induced cytotoxicity markedly attenuated when PC-12 cells were exposed 

C 

Figure 3. Comparison of the effects of epinephrine with 
different agents on the viability of PC-12 cells under NO- 
stress. Cells were plated onto 6-well dishes (4~10~ /well), and were 
differentiated with NGF (100 rig/ml) for 10 days. (A) Cells were 
pretreated 2 h with epinephrine (500nM), and then added SNP (500 
pm, SNAP (500 $w or SIN-l (2000 @) to the culture medium, and 
incubated further 24 h. (B) Following 2 h treatment with either epinep- 
hrine (500 nM), isoproterenol(500 nM) or forskolin (5 @I) cells were 
incubated in the presence or absence of SNAP (500 @) for 24 h. (C) Cells 
were pretreated with epinephrine (500 nM) in the presence or absence 
of actinomycin D (1 pg /ml), cycloheximide (10 pg/ml), NGF (50 rig/ml), 
anti-NGF (1:lOO) or NAC (1 mM) 2 h before SNAP (500 @M) addition. 
The results are mean *SD of six individual experiments.*p 5 0.05 was 
significant compared to control in panel (A), and SNAP alone in panel (B) 
and (C). 

to epinephrine (500 nM) 2 h before SNP (500 PM), SNAP (500 PM) or 

SIN-l (2 mM) addition as the cell viability increased to 70.2 +15.5%, 65.2 

+ 19% or 71.7+20%, respectively (Fig.3A). Epinephrine also protected NO- - 
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donors induced NB-1 cells death (data not shown). Although, NO-donors 

caused death of PC-12 cells regardless of its differentiation but 

epinephrine could not prevent NO-induced undifferentiated PC-12 cells 

death. The failure of epinephrine to prevent NO-induced undifferentiated 

cells death may be due to low expression of epinephrine receptors, If this is 

true, forskolin should block that cell death. Like epinephrine, forskolin 

could not prevent this cell death (data not shown). Thus, it is likely to 

involve of intracellular signal transducing molecule, which is activated 

following differentiation, is yet to be identified in epinephrine-induced 

cytoprotection. 

It has been reported that the mitogenic effect of epinephrine is 

mediated through its p-adrenergic receptor [30, 311. To examine whether 

the protective effect of epinephrine is receptor mediated, the effects of 

adrenergic agonist and antagonist were studied. p-Adrenergic receptor 

agonist isoproterenol(500 nM) markedly abolished NO-induced cell death 

as the cell viability notably increased to 70 ,e 10.8 % (as shown in Fig. 3B). 

On the other hand, beta-adrenergic receptor blocker propranolol (at any 

concentration) failed to prevent NO-induced PC-12 cell death. 

Furthermore, neither a-adrenergic receptor agonist (phenylephrine) nor 

antagonist (phentolamine) did influence epinephrine’s effect (data not 

shown). Thus, it appears that epinephrine prevented NO-induced cell 

death through p-adrenergic receptor activation. It is well established that 

ISadrenergic receptor activation by epinephrine leads to couple adenylate 

cyclase, resulting in activation of intracellular signal transducing 

molecule. Figure 3B further shows that like epinephrine, suggesting that 

the protecting effect of epinephrine might be mediated through p- 

35 

adrenergic receptor coupled to adenylate cyclase activation. 

Previously, it has been shown that epinephrine promotes cell 

viability through NGF synthesis [ll, 121. In the presence of act D (1 pglml) 
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and cycloheximide (10 pg/ml) epinephrine failed to prevent SNAP-induced 

cell death (Fig. 3C). Similarly, epinephrine could not prevent SNP- and 

SIN-l-induced cell death when cells were pretreated with act D and 

cycloheximide (data not shown), demonstrating that epinephrine- 

supported cell viability is both transcription and translation-dependent. 

Nerve growth factor rescues cells from injury by oxidative stress by 

increasing both the cellular GSH and the activity of antioxidant enzymes 

in neuronal cells [32, 331. We noticed that prior treatment of the PC-12 

Figure 4. Effects of NO-donors in neurite retractions of 
NB-1 cells. Cell were plated onto 6-well dishes (2x105/well), and were 
differentiated with 1 mM db-CAMP plus 2% FBS containing DMEM 
medium for 5 days. Cells were washed with DMEM medium, and then treated 
with NO-donors for 24 h. (A) db-CAMP (1 mM) differentiated NB-1 cells (B) 
SNP (500 pM)-treated cells (C) SNAP (500 I.&D-treated cells (D) SIN-l (1 mM)- 
treated cells. In set, Percentage of neurite retractions of SNAP, SNP and SIN-l 
-treated cells. Duplicate experiments were also done.Representative photogra- 
phs were taken at the same magnification. Magnification x200. 

cells with 50 nglml NGF significantly prevented NO-donors-induced cell 

death (Fig. 3C). If epinephrine-promoted cell viability is mediated through 

NGF synthesis, then anti-NGF, which neutralizes NGF activity should 

block epinephrine’s effect. The prevention of cell death by epinephrine was 
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aborted when cells were coin~ubated with anti-NGF (l:lOO), as expected. 

These results suggest that epinephrine protects PC-12 cells from NO- 

toxicity through NGF synthesis. Data presented in Figure 3C illustrates 

that SNAP-induced cell death was markedly reduced when cells were 

pretreated 1 h with thiol antioxidant NAC (1 mM), which usually traps 

cellular hydrogen peroxide, and increases cellular GSH level, correlating 

with a decrease in superoxide as well as peroxynitrite formation. 

During the course of investigation of the morphological changes of 

the dying cells, we found that PC-12 cells did not respond equally in 

neurite retraction to NO donors SNP, SNAP or SIN-L Then, we sought the 

effects of NO donors regarding neurite retraction on NB-1 cells that form a 

long neurite networks. NB-1 cells died following complete neurite 

retractions (Fig. 4B & D) after treatment with SNP and SIN-l. However, 

there was a little effect observed on neurite retractions by SNAP (Fig. 4C). 

About 7% and 5% cells possessed neurites after SNP and SIN-1 treatment, 

respectively, however, 57% cells retained neurites folowing SNAP 

treatment (Figure 4D, in set). A question arises as to why SNAP could not 

retract neurites? Neurite retraction by NO donors may correlate to the 

generation of various nitric oxide species, for instances SNAP gives two 

nitrogen monoxide (2NO.), SNP donates nitrosonium ion (NO+), and SIN-1 

generates nitroxyl oxide (NO-), the later two interact with cellular super 

oxide or oxidative radical (02~), resulting in formation of peroxynitrite 

(ONOO-) in the culture media [34, 351. Although, measurement of the 

existence of peroxynitrite, which is very transient in the culture media has 

not been possible to detect, and we have no direct evidence on the 

formation of peroxynitrite, but the retraction of neurites by various NO- 

donors is likely to depend on the capability of peroxynitrite formation. 

Nevertheless, further study is needed to clarify the inability of nitric oxide 

donor SNAP to retract neurites completely. Epinephrine almost failed to 

prevent that neurites retraction (data not shown). 
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In conclusion, our data support the possibility that epinephrine 

prevented neuronal cells from NO-toxicity by synthesizing NGF through its 

beta-adrenergic receptor activation. In addition, this is the first evidence 

that NO-donors that lead to peroxynitrite formation in the culture media 

are more effective in neurites retraction. 
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