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Trophic factor deprivation induces neuronal nitric oxide syn-
thase (NOS) and apoptosis of rat embryonic motor neurons in
culture. We report here that motor neurons constitutively ex-
press endothelial NOS that helps support the survival of motor
neurons cultured with brain-derived neurotrophic factor (BDNF)
by activating the nitric oxide-dependent soluble guanylate cy-
clase. Exposure of BDNF-treated motor neurons to nitro-L-
arginine methyl ester (L-NAME) decreased cell survival 40–50%
24 hr after plating. Both low steady-state concentrations of
exogenous nitric oxide (,0.1 mM) and cGMP analogs protected
BDNF-treated motor neurons from death induced by L-NAME.
Equivalent concentrations of cAMP analogs did not affect cell

survival. Inhibition of nitric oxide-sensitive guanylate cyclase
with 2 mM 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ)
reduced the survival of BDNF-treated motor neurons by 35%.
cGMP analogs also protected from ODQ-induced motor neuron
death, whereas exogenous nitric oxide did not. In all cases, cell
death was prevented with caspase inhibitors. Our results sug-
gest that nitric oxide-stimulated cGMP synthesis helps to pre-
vent apoptosis in BDNF-treated motor neurons.
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Nitric oxide (NO) production has been implicated in the induc-
tion of neuron death by glutamate (Dawson et al., 1991, 1993;
Strijbos et al., 1996) and in the pathogenesis of a variety of
neurodegenerative diseases (Beckman, 1991; Varner and Beck-
man, 1994), including Alzheimer’s disease (Good et al., 1996;
Smith et al., 1997), multiple sclerosis (Sherman et al., 1993), and
amyotrophic lateral sclerosis (Beckman et al., 1993; Abe et al.,
1995, 1997; Chou et al., 1996a,b). Ventral root avulsion in the rat
results in the induction of nitric oxide synthase (NOS) and motor
neuron loss 6 weeks after treatment (Wu, 1993). Inhibition of
NOS activity or prevention of NOS expression by brain-derived
neurotrophic factor (BDNF) improves motor neuron survival
after ventral root avulsion (Wu and Li, 1993; Novikov et al., 1995,
1997).

Motor neuron survival in culture is highly dependent on tro-

phic factor supply (Henderson et al., 1993, 1994; Hughes et al.,
1993; Pennica et al., 1996). Trophic factor deprivation of cultured
motor neurons stimulates de novo synthesis of neuronal NOS,
increases nitrotyrosine immunoreactivity (Estévez et al., 1998),
and induces apoptosis after 18–24 hr (Milligan et al., 1995;
Pennica et al., 1996; Estévez et al., 1998). Inhibition of nitric oxide
synthesis supports the survival of trophic factor-deprived motor
neurons for up to 3 d. Production of nitric oxide by (Z)-1-[2-(2-
aminoethyl)-N-(2-ammonio-ethyl)amino] diazen-1-ium-1,2-diolate
(DETA-NONOate) reverses protective effects of NOS inhibitors
against apoptosis induced by trophic factor deprivation. In con-
trast, extracellular NO production does not affect the number of
motor neurons surviving either in the presence or absence of
trophic factors (Estévez et al., 1998), showing that nitric oxide
itself is not sufficient to initiate apoptosis.

Nitric oxide also plays an important role in cell signaling in the
nervous system and is implicated in synaptic plasticity (Garth-
waite, 1991; Dinerman et al., 1994; O’Dell et al., 1994; Zhuo et al.,
1994; Boulton et al., 1995; Garthwaite and Boulton, 1995; Kantor
et al., 1996). Nitric oxide is known to contribute to spinal motor
neuron maturation stimulated by supraspinal inputs (Kalb and
Agostini, 1993).

It has been proposed that nitric oxide toxicity involves its
reaction with superoxide to form the strong oxidant peroxynitrite
(Beckman, 1991; Beckman et al., 1993: Dawson et al., 1993;
Lipton et al., 1993; Troy et al., 1996; Estévez et al., 1998),
although its protective and regulatory effects may be attributable
to either stimulation of cGMP synthesis by the soluble guanylate
cyclase (Garthwaite and Boulton, 1995; Farinelli et al., 1996) or
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S-nitrosylation of the NMDA receptor and probably other cellu-
lar targets (Lipton et al., 1993; Stamler et al., 1997). Activation of
the soluble guanylate cyclase is a major signaling pathway acti-
vated by nitric oxide (Ignarro, 1989; Garthwaite and Boulton,
1995). Early studies showed that cultured spinal cord neurons
produce cGMP (Weill, 1982). Furthermore, cGMP analogs pre-
vented spinal cord motor neuron apoptosis during the period of
programmed cell death (Weill and Greene, 1984), suggesting a
role for cGMP in motor neuron survival and differentiation. We
report that nitric oxide-stimulated cGMP synthesis helps prevent
apoptosis of motor neuron cultures in the presence of BDNF,
suggesting that low levels of nitric oxide can have a role in the
survival of motor neurons.

MATERIALS AND METHODS
Materials. Monoclonal antibodies to p75 low-affinity neurotrophin recep-
tor and to Islet-1/2 were obtained from the culture medium of the MC192
(Chandler et al., 1984) and 4D5 (Ericson et al., 1992; Tsuchida et al.,
1994) hybridoma cells obtained from C. E. Henderson (Institut National
de la Santé et de la Recherche Médicale Unité 382, Developmental
Biology Institute of Marseille, Marseille, France) and the Developmental
Studies Hybridoma Bank (Iowa City, IA), respectively. Polyclonal anti-
bodies to neuronal and endothelial NOS were from Transduction Labo-
ratories (Lexington, KY) and a generous gift from B. Mayer (Karl-
Franzes-Universität Graz, Graz, Austria). Monoclonal antibodies to
endothelial NOS were kindly provided by T. Michel (Harvard Medical
School, Boston, MA). Affinity-purified anti-mouse IgG was from Cappel
(Durham, NC). Cy3- and FITC-conjugated goat anti-mouse and anti-
rabbit secondary antibodies were obtained from Jackson ImmunoRe-
search (West Grove, PA). Recombinant mouse BDNF was a gift of R. W.
Scott and J. D. Hirsch (Cephalon, Inc., West Chester, PA). Culture
media, serum, insulin, and antibiotics were from Life Technologies
(Grand Island, NY). The NO donor DETA-NONOate, the guanylate
cyclase inhibitor 1 H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ),
and 8-bromo and 8-(4-chlorophenylthio) analogs of cGMP and cAMP
were from Alexis Biochemicals (San Diego, CA). The caspase inhibitor
Ac-YVAD-CHO was from Calbiochem (San Diego, CA), and caspase
inhibitors z-VAD-fmk and Ac-DEVD-CHO were from Alexis Biochemi-
cals (San Diego, CA). Other reagents used were from Sigma (St. Louis,
MO).

Motor neuron purification and culture. Purified motor neurons were
prepared from rat embryonic day 15 spinal cord by combination of
metrizamide gradient centrifugation and immunopanning with the
monoclonal antibody IgG192 against the p75 low-affinity neurotrophin
receptor, as described previously (Henderson et al., 1995; Estévez et al.,
1998). Motor neurons were cultured in L15 media supplemented with
0.63 mg/ml sodium bicarbonate, 5 mg/ml insulin, 0.1 mM putrescine, 0.1
mg/ml conalbumin, 30 nM sodium selenite, 20 nM progesterone, 20 mM
glucose, 100 IU/ml penicillin, 100 mg/ml streptomycin, and 2% horse
serum. Before plating, culture dishes and slides were precoated with
polyornithine–laminin. Cultures maintained for 24 hr in the presence of
BDNF were mainly composed of large neurons with long-branched
neurites. More than 94% of the cells showed immunofluorescence for the
motor neuron markers p75 neurotrophin receptor (Yan and Johnson,
1988; Henderson et al., 1993; Estévez et al., 1998) and Islet-1/2 (Hender-
son et al., 1993; Tsuchida et al., 1994; Estévez et al., 1998).

Determination of mRNA expression. Total RNA from 50,000 motor
neurons plated on 60 mm dishes was isolated using Trizol (Life Tech-
nologies) according to manufacturer’s instructions, reverse-transcribed
with a reverse transcription-PCR (RT-PCR) kit (Stratagene, La Jolla,
CA), and amplified with the GeneAmp PCR reagent kit (Perkin-Elmer,
Norwalk, CT) (1 cycle at 91°C for 5 min, 54°C for 5 min, followed by 30
cycles at 91°C for 1 min; 1 cycle at 54°C for 1 min; 1 cycle at 72°C for 2
min; and a final cycle of 72°C for 10 min). Sense and antisense primers
were for endothelial NOS 59-TACGGAGCAGCAAATCCAC and 59-
CAGGCTGCAGTCCTTTGATC-39 as described by Shaul et al. (1995).
These endothelial NOS primers did not yield a detectable product using
the neuronal NOS cDNA as a template. Furthermore, the results of a
search for the primer sequences in the National Institutes of Health
BLAST indicate that the only homologous sequence contained in the
library corresponds to the rat endothelial NOS. The products of the PCR
were separated by electrophoresis in a 2% agarose gel and visualized in

a UV transilluminator after staining with ethidium bromide.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used
to normalize the levels of RNA (Estévez et al., 1998).

Immunofluorescence. Cultures were fixed for 15 min with a combina-
tion of 4% paraformaldehyde and 0.1% glutaraldehyde in PBS on ice.
Then the cells were rinsed three times with PBS, permeabilized with
0.1% Triton X-100 for 15 min, blocked for 1 hr with 10% goat serum and
2% bovine serum albumin in PBS, incubated with the primary antibody
overnight at 4°C, rinsed three times with PBS, incubated with FITC- or
Cy3-conjugated secondary antibody for 30 min at room temperature,
rinsed again three times with PBS, fixed with 4% paraformaldehyde, and
rinsed with PBS. After a brief rinse in double-distilled water, the cells
were mounted in a SlowFade-Light antifade kit (Molecular Probes,
Eugene, OR). Primary antibodies were used at a dilution of 1:100 for
supernatant from 4D5 hybridoma against Islet-1/2 and 5 mg/ml for the
IgG 192 to p75 neurotrophin receptor. Rabbit polyclonal antibody
against neuronal NOS from Transduction Laboratories was used at a
1:100 dilution. Antibodies to endothelial NOS included a monoclonal
provided by T. Michel used at a 1:200 dilution and two different poly-
clonal antibodies obtained from B. Mayer and Transduction Laboratories
used at 1:400 and 1:100 dilutions, respectively. Similar results were
obtained with all three antibodies to endothelial NOS, but the best results
were obtained using the polyclonal antibody obtained from B. Mayer.
Controls used included omission of the primary antibody or nonperme-
abilizing cells when using antibodies directed against the intracellular
antigens endothelial NOS and Islet-1/2.

Determination of motor neuron survival. Motor neuron survival was
quantified 24 hr and 3 d after plating by counting all healthy neurons with
neurites longer than four soma diameters under phase contrast in a 1 cm 2

field in the center of the dish, as described previously (Henderson et al.,
1993; Pennica et al., 1996; Estévez et al., 1998). Motor neurons consid-
ered viable by this method also stained with the vital dye fluorescein
diacetate. Most of the degenerating neurons considered nonviable by this
method showed morphological characteristics of apoptosis, including
disintegration of the neurites and soma shrinkage (see Fig. 2). Nuclear
condensation and fragmentation were visualized by terminal deoxynu-
cleotidyl transferase-mediated biotinylated UTP nick end labeling as
described previously (Estévez et al., 1998). To compare the results of
different experiments, the number of cells attached with neurites 4–5 hr
after plating in the presence of BDNF was taken as 100% survival and
was ;50–60% of the cells initially plated (Henderson et al., 1993;
Estévez et al., 1998).

RESULTS
Motor neurons in culture express endothelial NOS
BDNF-treated motor neurons expressed endothelial NOS
mRNA (Fig. 1) and were immunoreactive for endothelial NOS
protein 24 hr after plating (Fig. 2). Both mRNA (Fig. 1) and
immunoreactivity (Fig. 2) for endothelial NOS were also present
after trophic factor deprivation, which causes motor neurons to
undergo apoptosis (Milligan et al., 1995; Estévez et al., 1998). In

Figure 1. Rat embryonic motor neurons in culture express endothelial
NOS mRNA. Total RNA from 50,000 motor neurons was extracted 24 hr
after plating. Half of the RNA was incubated with reverse transcriptase
(1RT ) before PCR amplification, whereas the other half was amplified
without RT (2RT ). The amplification product for the GAPDH was used
to standardize the quantities of sample used in the gels. A cDNA (100 pg)
from an endothelial NOS vector was used as the standard, and the
specificity of the primers was assessed using a similar quantity of neuronal
NOS cDNA (data not shown).
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contrast, mRNA and protein immunoreactivity for neuronal NOS
were found only after trophic factor deprivation and were not
detectable in BDNF-treated neurons, as reported previously (Es-
tévez et al., 1998). Endothelial NOS immunoreactivity was local-
ized predominately in cytoplasmic regions of the soma of BDNF-
treated motor neurons. Less immunoreactivity was found in the
neurites. In contrast, endothelial NOS immunoreactivity in tro-
phic factor-deprived cells was disordered because of the loss of
nuclear and cellular structure during apoptosis. These results
showed that motor neurons constitutively express both the mes-
senger and the protein for endothelial NOS.

Inhibition of nitric oxide synthesis initiates BDNF-
treated motor neuron death
Inhibition of nitric oxide production by L-NAME supported tro-
phic factor-deprived motor neuron survival (Fig. 3A) but stimu-
lated the death of .40% of the BDNF-treated neurons 24 hr
after plating (Fig. 3B). Low steady-state concentrations of NO
(,100 nM) produced by 20 mM DETA-NONOate were measured
in the culture medium, as described previously (Beckman and
Conger, 1995; Estevez et al., 1998). Production of low steady-state
concentrations of exogenous nitric oxide by 20 mM DETA-
NONOate prevented BDNF-treated motor neuron death induced

by L-NAME for 24 hr (Fig. 3) and for up to 3 d (data not shown)
but did not affect motor neuron survival in either the presence or
absence of BDNF (Fig. 3). The inactive stereoisomer nitro-D-
arginine methyl ester (D-NAME) did not modify neurotrophin-
treated motor neuron survival (Fig. 3B). These results suggested
that L-NAME induced motor neuron death by inhibiting nitric
oxide production.

Most of the cells considered nonviable showed apoptotic mor-
phology (Fig. 2B). To further determine whether L-NAME in-
hibited neurite growth or induced apoptosis, L-NAME toxicity on
BDNF-treated motor neuron cultures was challenged using the
following: Ac-YVAD-CHO, a selective caspase I inhibitor that
prevents cultured motor neuron apoptosis (Milligan et al., 1995;
Estévez et al., 1998); zVAD, a general caspase inhibitor; and
Ac-DEVD-CHO, a selective caspase III inhibitor (for review, see
Nicholson and Thornberry, 1997). Motor neuron death induced
by NOS inhibition was prevented by all three caspase inhibitors
for 24 hr (Fig. 4), suggesting that L-NAME induced apoptosis in
BDNF-treated motor neurons rather than inhibited differentia-
tion. Similar results were obtained after 3 d, but the fresh caspase
inhibitors had to be added every 24 hr (data not shown). The
protection by caspase inhibitors suggests that the change in mor-
phology was attributable to motor neuron death by apoptosis
rather than inhibition of differentiation.

cGMP supports motor neuron survival
The cGMP analogs 8-Br-cGMP and 8-CPT-cGMP abolished the
toxic effects of L-NAME on BDNF-treated motor neurons (Table
1). The protective effect of 8-Br-cGMP was dependent on the
concentration, with an apparent EC50 of 30 mM, and was maximal
at ;100 mM (Fig. 5). No protection was provided by 100 mM

8-CPT-cAMP (Table 1) or 10–1000 mM 8-Br-cAMP (Fig. 5),
showing that cGMP analogs were not protective by cross-
activation of a cAMP-dependent pathway (Jiang et al., 1992;
Cornwell et al., 1994).

To further test the role of cGMP production on motor neuron
survival, BDNF-treated cultures were exposed to the selective
soluble guanylate cyclase inhibitor ODQ (Garthwaite et al.,
1996). ODQ (2 mM) did not affect the survival of motor neurons
deprived of trophic factors but stimulated ;40% of BDNF-
treated motor neurons to die after 24 hr (Fig. 6). After 72 hr,
ODQ stimulated the death of 55 6 7% of the motor neurons
cultured with BDNF. Analogs of cGMP abolished the toxic
effects of ODQ after 24 hr (Fig. 6) and for up to 3 d (data not
shown), whereas extracellular generation of nitric oxide from
DETA-NONOate was not protective (data not shown). These
results suggest that ODQ increased apoptosis was attributable to
selective inhibition of cGMP synthesis by guanylate cyclase.

DISCUSSION
In the present study, we found that nitric oxide produced by the
endothelial isozyme of nitric oxide synthase contributed to the
survival of motor neurons cultured with BDNF by a cGMP-
dependent mechanism. Inhibition of nitric oxide synthesis with
L-NAME or cGMP formation with the guanylate cyclase inhibi-
tor ODQ reduced motor neuron survival by 40%. The cell death
appeared to result from apoptosis based on morphological crite-
ria and protection with caspase inhibitors. Cell death attributable
to NOS inhibition was prevented either by generating low steady-
state concentrations of exogenous nitric oxide or by the addition
of cGMP analogs. In contrast, cell death induced by the guanylate
cyclase inhibitor ODQ was prevented by cGMP analogs but not

Figure 2. Endothelial NOS immunoreactivity in cultured motor neurons.
Fluorescence micrographs of motor neurons cultured for 24 hr with 100
pg/ml BDNF (A) or without trophic factors ( B) and stained using
antibodies to endothelial NOS. Staining was performed as described in
Materials and Methods. Similar results were obtained using two other
antibodies. Omission of the primary antibody and nonpermeabilized cells
revealed no detectable stain. Scale bar, 25 mm.
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by exogenous nitric oxide. These results suggest that nitric oxide-
dependent activation of soluble guanylate cyclase was necessary
for BDNF to support the survival of motor neurons in culture.

Treatment of chick embryos with cGMP analogs prevents pro-
grammed cell death of motor neurons (Weill and Greene, 1984),
suggesting that cGMP production may be involved in embryonic
development. Induction of neuronal NOS is frequently associated
with critical developmental periods in the brain. However, Kalb
and Agostini (1993) report that differentiation of motor neurons
in vivo appears to be influenced by nitric oxide production during
a period in which motor neurons are not immunoreactive for
neuronal NOS, suggesting that either nitric oxide is produced by
neighboring cells or by a different NOS isoform. Our results
indicate that embryonic motor neurons in culture constitutively
express endothelial NOS. We have reported previously that
BDNF-treated motor neurons do not express detectable amounts
of neuronal NOS, but it is rapidly induced in BDNF-deprived
cultures (Estévez et al., 1998). No detectable immunoreactivity

for the inducible macrophage-like nitric oxide synthase could be
found in either BDNF-treated or -deprived motor neuron cul-
tures (A. G. Estevez and J. S. Beckman, unpublished observa-
tions). Consequently, endothelial NOS was the most likely can-
didate for stimulating cGMP formation that contributes to
BDNF-stimulated survival of motor neurons in culture.

Immunoreactivity for endothelial NOS has been found in adult
human motor neurons from amyotrophic lateral sclerosis patients
(Chou et al., 1996b; Abe et al., 1997). Endothelial NOS is also
reported in rat and mouse hippocampal pyramidal neurons in
which it may play a role in the regulation of long-term potentia-
tion (Dinerman et al., 1994; O’Dell et al., 1994; Kantor et al.,
1996). Posttranslational modifications of endothelial NOS result
in a distinct intracellular localization compared with neuronal
NOS. The N terminus of endothelial NOS can be both palmitoy-
lated and myristylated, the hydrophobic tails of which anchor the
endothelial NOS to the plasma and Golgi membranes (Busconi
and Michel, 1993; Robinson et al., 1995, 1996; Sessa et al., 1995).
The activity of endothelial NOS is further modulated in endo-
thelium by binding to caveolin proteins that keep endothelial
NOS in an inactive state (Feron et al., 1996; Michel et al., 1997).
In contrast, neuronal NOS is a soluble enzyme but contains an
additional 20 kDa N-terminal protein domain known as the PDZ
domain (PSD-95/disks large/ZO-1 homology domain) that tar-

Figure 3. Effect of NOS inhibitors on BDNF-dependent motor neuron survival. Motor neuron survival was determined 24 hr after plating by counting
neurons with neurites longer than four soma diameters, as described in Materials and Methods. Motor neurons were cultured with ( A) or without ( B)
100 pg/ml BDNF plus 1 mM L-NAME (LNAME), 1 mM D-NAME (DNAME), 20 mM DETA-NONOate (NO), or the indicated combinations. The
steady-state concentration of NO produced by 20 mM DETA-NONOate under our experimental conditions was 100 nM, as described previously (Beckman
and Conger, 1995; Estévez et al., 1998). Different from BDNF, *p , 0.001. Values are the mean 6 SD of at least three experiments performed in
duplicate.

Figure 4. Inhibition of caspase activity prevents L-NAME-induction of
BDNF-treated motor neuron death. Motor neuron survival was deter-
mined 24 hr after plating, as indicated in Figure 3. Cultures were exposed
to 100 pg/ml BDNF alone or with the indicated combinations of 1 mM
L-NAME (LNAME), 10 mM Ac-YVAD-CHO (LNAME1YVAD), 50 mM
zVAD-fmk (LNAME1zVAD), and 30 mM Ac-DEVD-CHO
(LNAME1DEVD). Values are the mean 6 SD of two experiments
performed in duplicate.

Table 1. cGMP analogs prevent L-NAME-induced death of BDNF-
treated motor neurons

Treatment
% Motor neu-
ron survival n

BDNF (100 pg/ml) 100 6 6 8
None 35 6 9 8
BDNF 1 L-NAME (1 mM) 52 6 5 8
BDNF 1 L-NAME 1 Br-cGMP (1 mM) 96 6 6 6
BDNF 1 L-NAME 1 CPT-cGMP (100 mM) 94 6 10 6
BDNF 1 L-NAME 1 Br-cAMP (1 mM) 50 6 8 4
BDNF 1 L-NAME 1 CPT-cAMP (100 mM) 56 6 8 4

The percentage of motor neuron survival was determined 24 hr after plating as
indicated in Materials and Methods. The number of cells in BDNF at 24 hr was
taken as 100%. Values are the mean 6 SD of n determinations from at least two
independent experiments.
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gets neuronal NOS to membrane-associated proteins (Brenman
et al., 1997). These interactions can localize neuronal NOS to
NMDA receptor in neurons and to cluster near motor neuron
endplates in skeletal muscle in which the influx of calcium after
channel opening will rapidly activate neuronal NOS. The distinct
intracellular localization of endothelial NOS compared with neu-
ronal NOS may result in different physiological regulations and
functions in vivo. Trophic factors such as neurotrophins are
known to elevate intracellular calcium levels in neurons (Hegarty
et al., 1997; Holm et al., 1997; Jiang et al., 1997) that may be
responsible for the activation of endothelial NOS and subsequent
stimulation of cGMP production.

The apparent requirement for nitric oxide-stimulated cGMP

production for the survival of motor neurons cultured with
BDNF was surprising, because we have shown previously that the
production of nitric oxide by neuronal NOS can induce motor
neuron death in trophic factor-deprived motor neurons (Estévez
et al., 1998). The toxicity of nitric oxide in trophic factor-deprived
motor neurons appears to result from the simultaneous produc-
tion of superoxide and nitric oxide that leads to the formation of
peroxynitrite (Estévez et al., 1998). Both NOS inhibitors and
superoxide scavengers largely prevent motor neuron death attrib-
utable to trophic factor deprivation. In addition, motor neurons
become immunoreactive for nitrotyrosine, a modification in-
duced by peroxynitrite (Beckman et al., 1994; Beckman, 1996).
The protection by NOS inhibitors in BDNF-deprived motor
neurons was overcome by generating nitric oxide with 20 mM

DETA-NONOate. However, the same concentrations of NO gen-
erated under identical conditions from DETA-NONOate were
protective in the present study to motor neurons treated with
NOS inhibitors. Consequently, nitric oxide either can support the
survival of motor neurons by stimulating cGMP synthesis or can
induce apoptosis by reacting with superoxide to form peroxyni-
trite (Estévez et al., 1998).

In parallel with our observations on motor neurons, nitric oxide
has been shown to support survival of PC12 cells deprived of
trophic factors through a cGMP-dependent mechanism (Farinelli
et al., 1996). However, nitric oxide can also be toxic to PC12 cells
when superoxide scavenging is impaired with antisense superox-
ide dismutase (SOD) oligonucleotides (Troy et al., 1996). The
toxicity resulting from SOD downregulation has also been attrib-
uted to the formation of peroxynitrite in PC12 cells (Troy et al.,
1996). Nerve growth factor (NGF) prevents death, induces dif-
ferentiation of PC12 cells (Greene and Tischler, 1976), and stim-
ulates de novo synthesis of all three isoforms of NOS (Peunova
and Enikolopov, 1995). Inhibition of nitric oxide production pre-
vents differentiation of PC12 cells by NGF but does not affect cell
survival induced by NGF (Peunova and Enikolopov, 1995;
Farinelli et al., 1996). This contrasts with our results with cultured
motor neurons in which inhibition of nitric oxide synthesis in the
presence of trophic factors led to apoptosis. In both PC12 cells
and motor neurons, endogenous production of nitric oxide has
important physiological functions mediated by cGMP that im-
prove survival and differentiation. On the other hand, NO can
become toxic to motor neurons by forming peroxynitrite when
conditions increase cellular superoxide generation, as occurs dur-
ing trophic factor deprivation.
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Estévez et al. • Nitric Oxide—cGMP Pathway in Motor Neuron Survival J. Neurosci., May 15, 1998, 18(10):3708–3714 3713



channels, glutamate release, and NMDA receptor mediates delayed
neurodegeneration through nitric oxide formation. J Neurosci
16:5004–5013.

Troy CM, Derossi D, Prochiantz A, Greene LA, Shelanski ML (1996)
Downregulation of Cu/Zn superoxide dismutase leads to cell death via
the nitric oxide-peroxynitrite pathway. J Neurosci 16:253–261.

Tsuchida T, Ensini M, Morton SB, Baldassare M, Edlund T, Jessell TM,
Pfaff SL (1994) Topographic organization of embryonic motor neu-
rons defined by expression of LIM homeobox genes. Cell 79:957–970.

Varner PD, Beckman JS (1994) Nitric oxide toxicity in neuronal injury
and degeneration. In: Nitric oxide in the nervous system. (Vincent SR,
ed), pp 191–206. London: Academic.

Weill CL (1982) cGMP accumulation by spinal cord neurons during the
period of neuromuscular junction formation. Neurosci Lett 30:263–268.

Weill CL, Greene DP (1984) Prevention of natural motoneurone cell
death by dibutyryl cyclic GMP. Nature 308:452–454.

Wu W (1993) Expression of nitric-oxide synthase (NOS) in injured CNS
neurons as shown by NADPH diaphorase histochemistry. Exp Neurol
120:153–159.

Wu W, Li L (1993) Inhibition of nitric oxide synthase reduces motoneu-
ron death due to spinal root avulsion. Neurosci Lett 153:121–124.

Yan Q, Johnson Jr EM (1988) An immunohistochemical study of the
nerve growth factor receptor in developing rats. J Neurosci
8:3481–3498.

Zhuo M, Kandel ER, Hawkins RD (1994) Nitric oxide and cGMP can
produce either synaptic depression or potentiation depending on the
frequency of presynaptic stimulation in the hippocampus. NeuroReport
5:1033–1036.
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