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The expression of three different neuronal nitric oxide synthase
(nNOS) spliced variants, named nNOSa, nNOSb, and nNOSg,
was investigated in the spinal cord of control and both familiar
and sporadic amyotrophic lateral sclerosis (FALS and SALS)
patients. Western blot analysis showed a consistent increase in
nNOS expression in six SALS patients compared with controls
when antibodies recognizing both nNOSa and nNOSb, or
nNOSa, nNOSb, and nNOSg were used, whereas no change
was observed when a selective anti-nNOSa antibody was
used. Immunoreactivity signal for nNOSa-b-g and nNOSa-b
was equally present in ventral horn neurons of control and ALS

spinal cord but was dramatically increased in reactive astro-
cytes of the ventral horn and white matter in both FALS and
SALS. nNOSa signal was equally expressed in motor neurons
of normal and ALS spinal cord but was not evident in astro-
cytes. This finding indicates that nNOSb and nNOSg spliced
variants are upregulated in reactive astrocytes in ALS. This may
contribute to the peroxynitrite-mediated oxidative damage in-
volved in the pathogenesis of both FALS and SALS.

Key words: amyotrophic lateral sclerosis; spinal cord; reac-
tive astrocytes; nNOS; spliced variants; glia

Amyotrophic lateral sclerosis (ALS) is a neurological disease,
whose cause is primarily unknown, that is characterized by loss of
motor neurons and extensive astrogliosis in motor cortex and
spinal cord (Eisen, 1995). Approximately 10–15% of ALS cases
are familiar. Mutations in the enzyme copper–zinc superoxide
dismutase (SOD-1) have been identified, but they account only
for one-fourth of all familiar ALS (FALS) cases.

Clinically and pathologically, FALS and sporadic ALS (SALS)
are virtually identical, suggesting that there are common mecha-
nisms of neurodegeneration. Glutamate-induced excitotoxicity
and enhanced free radical and peroxynitrite production are con-
sidered the most relevant mechanisms leading to motor neuron
degeneration (Brown, 1995). An increased protein nitration has
been found in both SALS and FALS (Beal et al., 1997). An
overproduction of nitric oxide (NO) with ensuing formation of
peroxynitrite might induce the SOD-catalyzed tyrosine nitration
of several proteins, including neurofilaments in motor neurons
and glutamate transporters in glial cells (Beckman et al., 1993;
Trotti et al., 1996).

An increased expression of neuronal NO synthase (nNOS) has
been found recently in reactive astrocytes of transgenic mice
overexpressing a human SOD-1 mutation (Gly-Ala at position 93)
(Cha et al., 1998). Accordingly, AR-R 17,477, a novel highly
selective nNOS inhibitor, significantly prolonged survival in the
same G93A transgenic mouse model of FALS (Facchinetti et al.,

1999). However, transgenic mice overexpressing the G93A mu-
tated SOD-1 on nNOS null background do not live significantly
longer than G93A mice (Facchinetti et al., 1999).

Recent work suggests that developmental- and tissue-specific
nNOS expression is tightly regulated by a complex pattern of
alternative splicing (Lee et al., 1997). Alternative splicing of
nNOS gene gives rise to at least three different nNOS spliced
transcripts, named nNOSa, nNOSb, and nNOSg. nNOSa is the
principal form, contains the exon 2, which carries a PDZ
(postsynaptic density-95//Discs large/zona occludens-1) domain,
and accounts for the great majority of NOS catalytic activity in
the brain (Brenman et al., 1996). nNOS knock-out mice have a
targeted deletion of nNOS exon 2, which disrupts nNOSa only. In
these mice, nNOSb is upregulated by twofold to threefold, indi-
cating that spliced forms other than nNOSa may be important
sources of NO (Eliasson et al., 1997). In the present study, we
have investigated the expression of nNOSa, nNOSb, and nNOSg
spliced forms in the spinal cord of control and both FALS and
SALS patients, by using antibodies recognizing different epitopes
located on the NH2 or COOH terminal regions of nNOS.
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MATERIALS AND METHODS
Subjects. Sections obtained at autopsy of the spinal cord of 26 patients
were studied. Material was obtained from files of the Netherlands ALS
tissue bank. Eighteen cases had clinical and postmortem neuropatholog-
ical diagnoses of ALS (six female and six male SALS cases, and two
female and four male FALS cases). The average age at onset was 54 years
(range of 35–77), and the survival time from the onset of the disease
varied between 7 and 326 months, with a mean of 48 months. Control
spinal cord tissue was obtained from eight patients (five males and three
females) who had died from a non-neurological disease (myocardial
infarct, cancer, or pneumonia) with a mean age of 64 years (range of
41–87). All autopsies were performed within 12 hr after death, and
spinal cord tissues from the cervical (C7), thoracic (T4 and T8), and
lumbar (L1) levels were collected. There were no significant differences
between the different groups (SALS, FALS, and control) with respect to
postmortem interval or duration of time storage.

Tissue preparation. Frozen tissue from five control and six SALS
cervical spinal cords, stored at 280°C, was used for Western blot anal-
ysis. The six SALS cases used for Western blot were chosen among those
having a strong astrogliosis as demonstrated by immunoreactivity (IR)
against vimentin and glial fibrillary acid protein (GFAP). All specimens
used for immunocytochemistry were fixed in formalin and embedded
into paraffin. Immunocytochemistry was performed on sections from
cervical, thoracic, and lumbar spinal cord from eight control, 12 SALS,
and six FALS. Sections 5-mm-thick were cut on a sliding microtome and
mounted on organosilane (3-aminopropylethoxysilane; Sigma, St. Louis,
MO) coated slides. Representative sections of all specimens were pro-
cessed for hematoxylin eosin and Nissl stains, as well as for immunocy-
tochemical reactions using a number of neuronal and glial markers
described below.

Antibodies. The following primary antibodies were used: polyclonal
rabbit anti-neuron-specific enolase (1:10000; Sera-Lab, Sussex, UK),
monoclonal mouse anti-GFAP (1:1000; Boehringer Mannheim, Mann-
heim, Germany), mouse monoclonal anti-vimentin (mouse clone V9;
1:400; Dako), mouse monoclonal anti-Tal1B5 neurofilament protein
(HLA-DR; 1:100; Dako), mouse monoclonal anti b-actin (1:1000; Sig-
ma), three polyclonal rabbit anti-nNOS [1:1000 (Transduction Labora-
tories, Lexington, KY), 1:500 (Chemicon, Temecula, CA), and 1:1000
(Santa Cruz Biotechnology, Santa Cruz, CA)], and one mouse monoclo-
nal anti-nNOS (1:2000; Sigma). Two anti-nNOS antibodies, which were
raised against a peptide corresponding to the amino acids sequence
(1095–1289) of the human nNOS (brain-NOS, N31030; polyclonal rabbit;
Transduction Laboratories) and against a peptide corresponding to the
amino acids sequence (1414–1429) of the rat nNOS (brain-NOS,
Ab1552; polyclonal rabbit; Chemicon), recognize epitopes located on the
COOH terminal of nNOS sequence and are common to nNOSa, nNOSb,
and nNOSg. The peptide of the human nNOS was purchased from
Transduction Laboratories (N53129). A third rabbit polyclonal antibody
raised against a recombinant protein corresponding to amino acids 2–300
mapping at the N terminus of human nNOS recognizes both nNOSa and
nNOSb isoforms (NOS1 H-299; Santa Cruz Biotechnology). A fourth
mouse monoclonal antibody raised against a recombinant neuronal NOS
fragment (1–181) from rat brain recognizes nNOSa only (Sigma).

Western blot. For immunoblot analysis, tissue from human normal and
ALS spinal cord were homogenized in lysis buffer containing 10 mM Tris,
pH 8.0, 150 mM NaCl, 10% glycerol, 1% NP-40, 5 mM EDTA, and a
cocktail of protease inhibitor (Boehringer Mannheim, Mannheim, Ger-
many). Protein content was determined using the bicinchoninic acid
method (Smith et al., 1985). Homogenate was diluted to a concentration
of 3 mg protein/ml in SDS–bromophenol blue loading buffer and boiled
for 5 min. Equal amounts of proteins (50 mg/ lane) were subjected to
SDS-PAGE analysis in 7.5% gels. Separated proteins were transferred to
nitrocellulose paper for 1 hr, using a semidry electroblotting system
(Transblot SD; Bio-Rad, Hercules, CA), and incubated in TTBS (50 mM

Tris-HCl, 0.1% Tween 20, and 154 mM NaCl, pH 7.5) containing 5%
nonfat dry milk and 1% bovine serum albumin (BSA) for 1 hr. Samples
were then incubated over night in TTBS–3% BSA–0.1% sodium azide,
containing the primary antibodies. After several washes in TTBS, the
membrane were incubated in TTBS–5% nonfat dry milk–1% BSA con-
taining the goat anti-rabbit or anti-mouse coupled to horse radish per-
oxidase (1:1500; Dako) for 2 hr. After several additional washes in TTBS,
immunoreactive bands were visualized using an enhanced chemilumi-
nescence kit (ECL; Amersham Pharmacia Biotech, Buckinghamshire,
UK). In some cases (see Fig. 1 B), 150 mg of protein was loaded on a 8%

polyacrylamide gel and probed with an anti-nNOS antibody (1:1000;
Transduction Laboratories).

Immunocytochemistry. The sections were deparaffinated in xylene and,
after rinses in ethanol (100 and 95%), were incubated with 1% H2O2
diluted in methanol for 20 min. Slides were then washed with sodium PBS
(10 mM sodium phosphate and 0.9% NaCl, pH 7.4). For vimentin,
Tal1B5, and nNOS immunocytochemistry, the slides were placed into
sodium citrate buffer (0.01 M, pH 6.0) and heated in a microwave oven at
650 W for 10 min. The slides were allowed to cool for 20 min in the same
solution at room temperature (RT) and then washed in PBS. Afterward,
they were incubated with a mixture of 10% normal goat serum, 0.1%
gelatin, and 5% BSA for 1 hr before being incubated with primary
antibodies for 30 min at RT and then 16 hr at 4°C. The sections were then
washed thoroughly with PBS and incubated at RT for 1 hr with the
appropriate biotinylated secondary antibody diluted in PBS (1:400 goat-
anti rabbit Ig or 1:200 goat-anti mouse Ig; Dako). After washing in PBS,
single-labeling immunocytochemistry was performed using the avidin–
biotin peroxidase method (Vector Elite; Vector Laboratories, Burlin-
game, CA) and 3,3-diaminobenzidine as a chromogen. Sections were
counterstained with hematoxylin, dehydrated in alcohol and xylene, and
coverslipped. Sections incubated without the primary antibody or replac-
ing it with preimmune sera were essentially blank.

Double-labeling immunocytochemistry was performed by incubating
sections with anti-nNOS (Transduction Laboratories) and anti-vimentin
(or anti-GFAP or anti-Tal1 B5) at the same time. After three washes in
PBS, sections were then incubated for 1 hr at RT with goat anti-rabbit Ig
conjugate to peroxidase-labeled dextran polymer (Peroxidase; EnVi-
sion 1 rabbit, ready to use; Dako) and 1:200 biotinylated goat anti-mouse
(gam-BIO; Dako). After washes in PBS, sections were incubated for 45
min with a streptavidin-alkaline phosphatase complex (1:100 in PBS;
Dako). Sections were then washed first with PBS and after with Tris-HCl
buffer (0.1 M, pH 8.5). The first chromogen used was Fast Blue B salt (2
mg in 0.1 M Tris-HCl buffer, pH 8.5, containing 3 mg of naphthol-AS-
MX-phosphoric acid and 1 mM levamidazole; Sigma). After washing,
slides were stained with 3-amino-9-ethyl carbazole (Sigma). Sections
were then washed with PBS, rinsed in distilled water, and mounted with
glycerin-gelatin (Dako).

Evaluation of immunostaining. Both single- and double-labeled tissue
sections from each type of immunocytochemical marker were examined
by two observers with respect to the presence of specific immunoreac-
tivity in glial cells and neurons. The immunostaining was rated, and a
consensus score was obtained. We rated the degree of staining for nNOS
on a semiquantitative four-point scale, in which immunoreactivity in glial
cells was defined: (2), not detectable; (1), weakly positive; 1, positive;
11, intense; and 111, very intense. Moreover, the frequency of nNOS
immunopositive glial cells was assigned semiquantitatively to four cate-
gories: 1, rare; 2, sparse; 3, high; and 4, very high.

RESULTS
nNOS spliced variants b and g, but not a, are
upregulated in ALS spinal cord
Western blot analysis with an anti-nNOS antibody (Transduc-
tion Laboratories) on total homogenates from human control
cortex (data not shown) and spinal cord (Fig. 1 A) showed a
single band with a molecular weight of ;155 kDa, which was
not detectable in the presence of a specific blocking peptide
(Fig. 1 A). The nNOS-specific band (155 kDa) of ALS spinal
cord appeared significantly denser than that of control (Figs.
1 A, 2). This result was obtained in all six SALS patients
examined and was completely reproduced with a different
antibody (Chemicon). These two antibodies initially used were
both raised against epitopes located on the COOH terminal of
the nNOS and recognize three different nNOS spliced variants
named nNOSa, nNOSb, and nNOSg. When 150 mg protein /
lane rather than 50 mg was loaded on a 8% polyacrylamide gel,
Western blot analysis revealed three bands of slightly different
molecular weight, likely corresponding to the human nNOSa,
nNOSb, and nNOSg. The upper band (NOSa) showed a sim-
ilar density in control and ALS, whereas the lower bands were
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definitively denser in ALS than control (Fig. 1 B). This result
suggested that nNOSa, the prominent nNOS splice variant in
control spinal cord, was unchanged in ALS, whereas NOSb
and NOSg were upregulated in ALS spinal cord. This was
confirmed in a different set of Western blot experiments show-
ing that nNOS resulted as equally expressed in control and
ALS patients when a specific anti-nNOSa (Sigma) was used,
whereas it was upregulated when an anti-nNOSa-b or an
anti-nNOSa-b-g antibody was used (Fig. 2).

nNOSb and nNOSg are upregulated in reactive
astrocytes in ALS spinal cord
Immunocytochemistry was performed to study the cellular dis-
tribution of different nNOS isoforms in normal and ALS spinal
cord by using two anti-nNOSa-b-g, an anti-nNOSa-b and an
anti-nNOSa. In agreement with previous studies (Chou et al.,
1996; Wong and Strong, 1998), immunolabeling for nNOS was
observed in both control and ALS (FALS and SALS) motor
neurons (Fig. 3A,C) with all antibodies. No detectable difference
was observed in the labeling pattern and intensity of nNOS in
either ventral and medial populations of ALS motor neurons
when compared with control neuronal populations from cervical,
thoracic, and lumbar levels. In the majority of control spinal cord
specimens, no nNOS-IR was detectable in astrocytes of the ven-
tral horn, whereas in the white matter only weakly positive rare
glial cells were observed (Fig.3A,B; Table 1).

In the spinal cord of both SALS and FALS, immunocytochem-
istry showed in all specimens an abundant population of inten-
sively stained nNOS-IR glial cells with the anti-nNOSa-b-g and
anti-nNOSa-b, but not with the anti-nNOSa, antibodies. In the
cervical segments, nNOS-IR glial cells were observed in ventral
horns, as well as in the white matter, in which they were partic-
ularly represented in the anterolateral tracts (Fig.3C–E; Table 1).
The distribution of nNOS-IR glial cells was similar in the thoracic
and lumbar segments and reflected the presence of reactive
astrocytes, as suggested by their morphological features (Fig.
3C–E). Accordingly, all cases included in the study showed prom-

Figure 1. Expression of nNOS in total homogenates from control and
SALS spinal cord. A, Western blot with an anti-NOS antibody (Trans-
duction Laboratories) reveals a single band of 155 kDa, which has a higher
density in SALS compared with control and is not evident in the presence
of the immunogenic peptide (a). A Western blot on proteins from the
same patients revealed no change in the amount of b-actin in SALS
compared with control. Proteins (50 mg/ lane) from three control and
three patients were loaded. B, A Western blot with the same antibody
under different experimental conditions (150 mg/ lane protein; 8% poly-
acrylamide gel) reveals the presence of three bands likely corresponding
to the human nNOS spliced variants nNOSa, nNOSb, and nNOSg. The
band with the highest molecular weight had similar density in control and
ALS, whereas the bands with a lighter molecular weight had a higher
density in ALS than control.

Figure 2. nNOS upregulation is detectable with antibodies that recog-
nize nNOSa-b and nNOSa-b-g but not nNOSa. Protein (50 mg/ lane)
from two control and three SALS, different from in Figure 1, were loaded
in each lane.

Figure 3. Distribution of nNOS immunoreactivity in cervical spinal cord
from controls (A, B) or ALS patients (C–E). F, Colocalization with
vimentin in reactive astrocytes. A shows control ventral horn. Motor
neurons in lamina IX (arrows) are positive for nNOS. B shows control
corticospinal tract with unstained glial cells (arrows). In ALS ventral
horns ( C), a substantial increase in nNOS immunoreactivity appears in
astrocytes (arrows). D and E show ALS corticospinal tract of two patients
with intensively stained glial cells (arrows); both fibrillary ( D) and pro-
toplasmic astrocytes ( E) are strongly labeled with nNOS antibodies. F
shows colocalization ( purple) of nNOS (red) with vimentin (blue) in
reactive astrocytes (arrows) in ALS ventral horn. Scale bar, 105 mm.
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inent astrogliosis, which was detected using glial markers such as
GFAP or another intermediate filament protein, vimentin, which
allowed the detection of selective populations of reactive hyper-
trophic astrocytes (Khurgel et al., 1996). Blocking peptide of
human nNOS abolished nNOSa-b-g-IR in neurons and astro-
cytes of both control and ALS specimens (data not shown).
Double-labeling with vimentin confirmed the nNOSa-b-g expres-
sion in reactive astrocytes (Fig. 3F). Because vimentin could be
present in activated microglia and macrophages (Graeber et al.,
1988) and pronounced microglia activation was observed in ALS
spinal cord, we performed a double-labeling with the microglia
indicator Tal1B5. The double-labeling showed that Tal1B5-
positive microglial cells do not express detectable nNOS-IR (data
not shown).

DISCUSSION
The present study provides evidence for a consistent upregulation
of nNOS in reactive astrocytes in both SALS and FALS. The
increased nNOS expression in ALS was observed by Western
blotting with antibodies recognizing nNOSa-b-g and nNOSa-b
but not nNOSa. This result was confirmed by immunocytochem-
istry by using the same antibodies, suggesting that the b and g
nNOS isoforms are selectively upregulated in ALS. Double-
labeling experiments revealed that this upregulation occurs in
reactive astrocytes but not in microglia. Although initially
thought as a merely constitutive enzyme, nNOS induction has
been widely demonstrated in neurons both in vitro and in vivo
(Verge et al., 1992; Wu et al., 1994; Estévez et al., 1998). Our
results support the view that nNOS expression might be dynam-
ically regulated through the use of multiple alternative promoters,
as well as alternative splicing in non-neuronal cells (Lee et al.,
1997).

Our report is in line with previous results showing an increased
expression of nNOS in reactive astrocytes in G93A-SOD1 trans-
genic mice with a anti nNOSa-b-g antibody (Cha et al., 1998) but
no change with a different antibody, which recognizes only the
NOSa isoform (Almer et al., 1999). The possibility that nNOSb
and nNOSg isoforms were selectively upregulated in reactive
astrocytes of G93A mice was postulated by Almer and collabo-
rators to explain this apparent discordant result. In the present
study, we proved this speculation to be correct in ALS patients.
The selective nNOSb and/or nNOSg upregulation might explain
why disruption of nNOSa has no beneficial effect in G93A mice
(Facchinetti et al., 1999) and suggests a role for these two isoen-
zymes in the pathogenesis of ALS. Interestingly, nNOS present
in cultured astroglia is totally soluble and might be a variant such
as nNOSb and/or nNOSg lacking the PDZ domain, which anchor
nNOS to membrane-associated proteins (Arbonés et al., 1996).

The presence of an nNOS variant similar to nNOSb has been
found in many brain tumors, suggesting that this nNOS spliced
variant might be relevant in human pathology (Brenman et al.,
1997).

We observed that nNOS is constitutively expressed in motor
neurons and noted no apparent difference in the level of protein
expression between ALS and controls in motor neurons. This
result was obtained with all the antibodies used in our study.
Others have reported previously that nNOS is constitutively ex-
pressed in human motor neurons by radioactive in situ hybridiza-
tion, but they have not noticed any increased signal in neurons or
astrocytes of ALS patients (Wong and Strong, 1998). The in situ
probe used by these authors recognized exons 14 to 20 of the
human gene, which are common to nNOSa, nNOSb, and nNOSg.
It is possible that the radioactive in situ hybridization method
used by these authors did not allow to detect any increased grain
density in astrocytes, but it is also conceivable that nNOS is
post-transcriptionally regulated in astrocytes. Other authors have
described an increased expression of nNOS in motor neurons of
ALS patients (Chou et al., 1996; Abe et al., 1997), which was not
evident in our study. Although we did not observe any apparent
difference in the expression level of nNOS in surviving motor
neurons of controls and ALS, we did not systematically focus on
motor neurons. Thus, we cannot exclude that a slight modification
in nNOS expression in degenerating soma and axons of motor
neurons might occur in ALS.

An increased protein nitration has been found in both SALS
and FALS (Beal et al., 1997), and our findings suggest that a glial
production of NO is a pathogenic factor common to both forms of
ALS. An aberrant nitration of glial glutamate transporters might
contribute to the increased glutamate levels, which would ulti-
mately lead to motor neuron death via an excitotoxic mechanism
(Trotti et al., 1996). In addition, the highly diffusible NO pro-
duced in astrocytes can directly cause damage to mitochondrial
respiratory chain of neighboring neurons (Heales et al., 1999) and
might participate in nitration and ensuing inactivation of neuro-
nal proteins. Accordingly, an increased expression of nNOS-IR
(with an antibody raised against the C-terminal region of rat
nNOS) in reactive astrocytes has been found to correlate with the
amount of cell death in Alzheimer’s disease, suggesting that NO
released by glial cells might contribute to neuronal degeneration
in different pathological conditions (Šimić et al., 2000)

nNOS is a Ca21/calmodulin-dependent enzyme (Nathan and
Xie, 1994). Its increased expression in ALS spinal cord raises the
question of how the enzyme is activated in reactive astrocytes.
Ca 21-permeable AMPA receptors and metabotropic glutamate
receptors (mGluRs) coupled to inositol phospholipid hydrolysis

Table 1. nNOS immunoreactivity in glial cells in the spinal cord from control, SALS, or FALS patients (percentage of cases with immunoreactive
cells)

nNOS immuno-
reactivity in glial
cells

Control (8) SALS (12) FALS (6)

Intensity Frequency Intensity Frequency Intensity Frequency

(1) 1 11 111 1–4 (1) 1 11 111 1–4 (1) 1 11 111 1–4

Ventral horns 25% — — — (1) — 8% 42% 50% (2–3) 17% 33% 50% — (1–2)
White matter 63% 25% — — (1–2) — 9% 33% 58% (3–4) — — 17% 83% (3–4)

Intensity refers to nNOS signal immunoreactivity in glial cells: (1), weakly positive; 1, positive; 11, intense; and 111, very intense. Frequency refers to the presence of
nNOS immunopositive glial cells: 1, rare; 2, sparse; 3, high; and 4, very high. Analysis of data was done on sections from eight control, 12 SALS, and six FALS cases that were
probed with an anti-nNOSa-b-g (Transduction Laboratories). Similar results were obtained with a different anti-nNOSa-b-g (Chemicon) and an anti-nNOSa-b (Santa Cruz
Biotechnology).
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(mGlu1 and mGlu5) are present in glial cells (Burnashev et al.,
1992; Miller et al., 1995). Activation of these receptors by the
elevated extracellular glutamate may contribute to the activation
of glial nNOS in ALS. Accordingly, we have found recently an
increased expression of mGlu1 and mGlu5 receptor subtypes in
reactive astrocytes of ALS spinal cord (Aronica et al., 2001). The
amount of NO released from astrocytes might further enhance
extracellular glutamate through the nitration of the glutamate
transporters, thus generating a vicious cycle that ultimately results
into motor neuron degeneration.
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