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Cellular/Molecular

Adult Motor Neuron Apoptosis Is Mediated by Nitric Oxide
and Fas Death Receptor Linked by DNA Damage
and p53 Activation

Lee J. Martin,"? Kevin Chen,' and Zhiping Liu'
'Department of Pathology, Division of Neuropathology, and 2Department of Neuroscience, Johns Hopkins University School of Medicine, Baltimore,
Maryland 21205-2196

The mechanisms of injury- and disease-related degeneration of motor neurons (MNs) need clarification. Unilateral avulsion of the sciatic
nerve in the mouse induces apoptosis of spinal MNs that is p53 and Bax dependent. We tested the hypothesis that MN apoptosis is Fas
death receptor dependent and triggered by nitric oxide (NO)- and superoxide-mediated damage to DNA. MNs in mice lacking functional
Fas receptor and Fas ligand were protected from apoptosis. Fas protein levels and cleaved caspase-8 increased in MNs after injury. Fas
upregulation was p53 dependent. MNs in mice deficient in neuronal NO synthase (nNOS) and inducible NOS (iNOS) resisted apoptosis.
After injury, MNs increased nNOS protein but decreased iNOS protein; however, iNOS contributed more than nNOS to basal and injury-
induced levels of NADPH diaphorase activity in MNs. NO and peroxynitrite (ONOO ) fluorescence increased in injured MNs, as did
nitrotyrosine staining of MNs. DNA damage, assessed as 8-hydroxy-2-deoxyguanosine and single-stranded DNA, accumulated within
injured MNs and was attenuated by nNOS and iNOS deficiency. nNOS deficiency increased DNA repair protein oxoguanine DNA-
glycosylase, whereas iNOS deficiency blocked diaphorase activity. MN apoptosis was blocked by the antioxidant Trolox and by overex-
pression of wild-type human superoxide dismutase-1 (SOD1). In contrast, injured MNs in mice harboring mutant human SOD1 had
upregulated Fas and iNOS, escalated DNA damage, and accelerated and increased MN degeneration and underwent necrosis instead of
apoptosis. Thus, adult spinal MN apoptosis is mediated by upstream NO and ONOO ~ genotoxicity and downstream p53 and Fas

activation and is shifted to necrosis by mutant SODI.
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Introduction

Some form of apoptosis may contribute to the pathogenesis of
disease in motor neurons (MNs) in people with amyotrophic
lateral sclerosis (ALS) (Martin, 1999; Mattson et al., 1999; Satha-
sivam et al., 2001; Waldmeier, 2003). Apoptosis is an organized
form of cell death that eliminates superfluous cells normally dur-
ing development (Gliicksmann, 1951; Oppenheim, 1991), or
damaged cells after injury or aberrant replication/repair (Rich et
al., 2000), and is mediated by active, intrinsic mechanisms (Da-
nial and Korsmeyer, 2004). MNs in individuals with ALS sustain
DNA damage (Ferrante et al., 1997; McClendon and Martin,
2003), and the tumor suppressor protein p53 may participate in
the mechanisms of MN apoptosis in ALS (Martin, 2000). Muta-
tions in superoxide dismutase-1 (SOD1) can cause MN disease in
some forms of familial ALS (Deng et al., 1993; Rosen et al., 1993);
however, ~98% of ALS patients do not have SOD1 mutations.

Received Nov. 17, 2004; revised May 17, 2005; accepted May 25, 2005.

This work was supported by grants from the United States Public Health Service, the National Institutes of Health,
the National Institute of Neurological Disorders and Stroke (NS34100 and NS52098), and the National Institute on
Aging (AG16282). The fine technical work of Ann Price and Yan Pan is greatly appreciated.

Correspondence should be addressed to Dr. Lee J. Martin, Department of Pathology, Johns Hopkins University
School of Medicine, 558 Ross Building, 720 Rutland Avenue, Baltimore, MD 21205-2196. E-mail: martinl@jhmi.edu.

DOI:10.1523/JNEUR0SCI.0911-05.2005
Copyright © 2005 Society for Neuroscience  0270-6474/05/256449-11$15.00/0

SOD1 has antiapoptotic functions in cultured neurons (Green-
lund et al., 1995), and MNs deficient in SOD1 have enhanced
vulnerability to axotomy (Reaume et al., 1996). Knowledge of the
mechanisms of apoptosis in adult MNs is limited compared with
developing MNs. Neurotrophin deprivation has an important
role in adult MN death (Wu et al., 2003). A role for nitric oxide
(NO) in adult MN death was recognized by Wu and colleagues
(Wu, 1993; Wu and Li, 1993), but the specific contributions of
the different isoforms were not examined and still have not been
investigated in vivo. Since then, neuronal NO synthase (nNOS)
and superoxide anion (Estévez et al., 1998; Estévez and Jordan,
2002) as well as Fas receptor (Raoul et al., 1999) have been impli-
cated in the death of embryonic MNs induced by trophic factor
deprivation and zinc-deficient SOD1 (Estévez et al., 1999) in
vitro. The formation of peroxynitrite (ONOO ~) in MNs seems to
play a critical role in this MN death in vitro. Fas can mediate
axotomy-induced MN death in the neonatal brainstem but is not
required for developmental programmed cell death of MNs
(Ugolini et al., 2003).

We have used an animal injury model of neurodegeneration
to further understand the in vivo mechanisms of adult MN apo-
ptosis. Avulsion of the sciatic nerve induces retrograde degener-
ation lumbar MNs. The MNs die by a process with morphological
characteristics of apoptosis (Martin et al., 1999; Martin and Liu,



6450 - J. Neurosci., July 6, 2005 - 25(27):6449 — 6459

2002a). This cell death requires the presence of the Bax and p53
genes, further supporting a role for apoptosis in this neurodegen-
eration and the possible role of genome instability as a trigger
(Martin and Liu, 2002a). Despite this and other (Wu et al., 2003)
information, the upstream mechanisms of adult MN apoptosis
are not yet clear. In this study, we examined the roles played by
the Fas death receptor pathway and the different isoforms of NOS
in mediating MN apoptosis in an adult in vivo model. A more
complete understanding of the molecular mechanisms that trig-
ger and regulate MN apoptosis could be relevant therapeutically
to ALS and other disorders of MNs, leading to more selectively
targeted drug treatments.

Materials and Methods

Animals and lesion paradigm of MN apoptosis in vivo. A unilateral sciatic
nerve avulsion (SNA) served as the model for producing axotomy and
target deprivation of spinal MNs in the rat and mouse. SNA lesions were
done on adult (weight, ~150-300 g) male Sprague Dawley rats (n = 100;
Charles River, Wilmington, MA) and on adult (6—8 weeks of age) male
mice deficient in nNOS (B6;12954-Nos '™!P1/1) ‘inducible NOS (iNOS)
(B6;129P-Nos2 '™aw) - endothelial  NOS  (eNOS)  (B6;129P2-
Nos3 tmiUnc/p); p75 (B6.129S4-Ngfr tmjae/y congenic), and p53
(B.6129S2-Trp53 ™™, congenic). Lesions were also done on adult mice
with spontaneous mutations in Fas (B6.MRL-Tnfrsf6 lpr/y. congenic) and
Fas ligand (FasL) (B6Smn.C3-Tnfsf6 gldyy) congenic), as well as on trans-
genic (tg) mice expressing the normal allele of the human SODI gene
(B6SJL-TgN-SOD12%%") and on tg mice expressing human mutant
SODI1 (mSOD1) containing the Gly93— Ala substitution (B6SJL-TgN-
SOD1-G93A '), Six-week-old tg mSOD1 mice are presymptomatic
and do not become symptomatic until ~13 weeks of age (Gurney et al.,
1994). B6129SF2/J mice were controls for nNOS =/~ mice. B6129PF2/]
mice were controls for INOS ~/~ mice. C57BL/6] mice were controls for
eNOS /7, Fas'?", FasL#, p75 /", and p53 ~/~ mice. Mice (1620 per
genotype) were purchased from The Jackson Laboratory (Bar Harbor,
ME). The Institutional Animal Care and Use Committee approved the
animal protocols. The validation and reproducibility of this MN degen-
eration model in the rat and mouse has been described previously (Mar-
tin et al., 1999; Martin and Liu, 2002a).

Cell counting. Wild-type (wt), null, and tg mice were killed at 7, 14, or
21 d after SNA. Animals were anesthetized with an overdose of sodium
pentobarbital and perfused intracardially with ice-cold PBS (100 mm, pH
7.4), followed by ice-cold 4% paraformaldehyde in PBS. After perfusion
fixation, spinal cords remained in situ for 2 h before they were removed
from the vertebral column. After the spinal cords were removed, lumbar
enlargements were dissected under a surgical microscope, and L4, L5, L6,
and S1 segments were cryoprotected in 20% glycerol-PBS and frozen
under pulverized dry ice. Transverse serial symmetrical sections (40 wm)
through the spinal cord were cut using a sliding microtome and stored
individually in 96-well plates. Sections were selected with a random start
and systematically sampled (every ninth section) to generate a subsample
of sections from each mouse lumbar spinal cord that were mounted on
glass slides and stained with cresyl violet for neuronal counting. Neuro-
nal counts in the ipsilateral and contralateral ventral horns were made at
1000X magnification using the stereological optical disector method as
described previously (Calhoun et al., 1996; Martin et al., 1999). MNs
without apoptotic structural changes were counted using strict morpho-
logical criteria. These criteria included a round, open, pale nucleus (not
condensed and darkly stained), globular Nissl staining of the cytoplasm,
and a diameter of ~30—45 wm. With these criteria, astrocytes, oligoden-
drocytes, and microglia were excluded from the counts. Neuronal counts
were used to determine group means and variances, and comparisons
among groups were analyzed using a one-way ANOVA and a Newman—
Keuls post hoc test. The experiments were controlled at two levels. Neu-
ronal counts in the contralateral ventral horn always served as controls
for the ipsilateral ventral horn in lesioned null mice. In addition, neuron
counts in wt mice served as strain controls.

Immunohistochemistry for signal transduction proteins. The expression
and localization patterns of nNOS, iNOS, Fas, phospho SerlS—p53, and
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caspase-8 were examined in spinal MNs during apoptosis at the light-
microscopic level in rats and mice. Animals received a unilateral SNA and
were anesthetized and perfusion fixed at 2, 4, 5, 7, and 10 d after lesion
(n = 6 animals per time point). The spinal cords were prepared as de-
scribed above. Serially cut sections were systematically random sampled
for immunohistochemical processing and subsequent counting of im-
munopositive neuronal cell bodies. After a random start, a one-in-five
series of sections from the lumbosacral spinal cord was subsampled for
immunohistochemical analyses. Proteins were detected using a standard
immunoperoxidase method with diaminobenzidine (DAB) as chromo-
gen. nNOS was detected with four different affinity-purified rabbit poly-
clonal antibodies obtained from Transduction Laboratories (Lexington,
KY), Upstate Biotechnology (Lake Placid, NY), Chemicon (Temecula,
CA), and ImmunoStar (Hudson, WI). iNOS was detected with two
monoclonal antibodies purchased from Transduction Laboratories and
Santa Cruz Biotechnology (Santa Cruz, CA) and four different poly-
clonal antibodies obtained from Transduction Laboratories, Upstate
Biotechnology, Incstar (Stillwater, MN), and Sigma (St. Louis, MO). Fas
was detected with a monoclonal antibody (BD Biosciences, Franklin
Lake, NJ). Full-length and cleaved forms of caspase-8 were detected with
a polyclonal antibody (NeoMarker, Fremont, CA), and a monoclonal
antibody specific for the small subunit of cleaved capsase-8 (Cell Signal-
ing, Beverly, MA) was used. Phosphorylated p53 was detected with a
rabbit antibody to serine-15 phosphorylated p53 (Cell Signaling). The
specificities of these antibodies were evaluated by immunoblotting or
have been evaluated previously (Northington et al., 1996; Martin et al.,
2001; Martin and Liu, 2002a; Graham et al., 2004). Negative control
sections were incubated in comparable dilutions of IgG or with the pri-
mary or secondary antibody omitted. For iNOS and nNOS immuno-
staining, spinal cord sections from iNOS ~/~ and nNOS ~/~ mice were
used also as negative controls. Immunopositive neurons were counted as
described previously (Martin and Liu, 2002a).

Immunohistochemistry for DNA damage, oxidative stress, and DNA re-
pair enzymes. Mice with NOS gene deletions and rats received a unilateral
SNA and were killed by an overdose of sodium pentobarbital and perfu-
sion fixation (4% paraformaldehyde) at 2, 4, 5, 7, and 10 d after lesion
(n = 6 animals per time point). Six-week-old tg SOD1 mice received a
unilateral SNA and were perfusion fixed at 2, 4, and 5 d after lesion. The
spinal cords were removed from the vertebral column and cryoprotected
in phosphate-buffered 20% glycerol. An additional group of wt and
mSOD1 mice with SNA (n = 4 mice per genotype) were perfused, and
samples of the spinal cord were embedded in plastic. A peroxidase—anti-
peroxidase detection method was used for immunocytochemical stain-
ing of free-floating lumbar spinal cord sections with DAB as chromogen.
Two different forms of nucleic acid damage were assessed. Hydroxyl
radical damage to DNA and RNA was detected with monoclonal anti-
bodies to 8-hydroxy-2-deoxyguanosine (OHdG), obtained from QED
Bioscience (San Diego, CA) and OXIS International (Portland, OR).
These antibodies to OHAG have been evaluated for specificity by multi-
ple approaches (Al-Abdulla and Martin, 1998; Martin et al., 1999). In
competition experiments, sections were reacted with an antibody to
OHJG that was incubated at 4°C for 24 h with 1000-fold concentrations
of OHdG, 8-hydroxyguanosine, or guanosine (Martin et al., 1999). As
additional controls for staining specificity, it has been shown that OHdG
immunoreactivity (IR) is attenuated by digestion with DNase (5-10 mg/
ml) or RNase (11-50 mg/ml) before incubation with OHdG antibody
(Martin et al., 1999). A monoclonal antibody (Alexis Biochemicals, San
Diego, CA) to single-stranded DNA (ssDNA) was used. The ssDNA im-
munodetection protocol requires pretreatment of sections with 0.2
mg/ml saponin and 20 ug/ml proteinase K (20 min at room temperature)
and then with 50% formamide (20 min at 56°C) for DNA denaturation.
Staining for ssDNA has been reported to be a specific and sensitive
method for the detection of apoptotic cells (Frankfurt et al., 1996). Ty-
rosine nitration was used as a footprint indicator of ONOO ~ formation
(Reiter et al., 2000). Spinal cord sections were incubated with a mouse
monoclonal antibody to nitrotyrosine (Upstate Biotechnology). To de-
termine whether NOS gene deletions altered the level of basal constitu-
tive DNA repair proteins, we evaluated 8-oxoguanine (8-0xoG) DNA-
glycosylase (Oggl), which catalyzes the release of 8-hydroxyguanine
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opposite the pyrimidine from DNA (Boiteux and Radicella, 2000), and
apurinic/apyrimidinic endonuclease (APE), which is a multifunctional
enzyme responsible for repairing abasic sites in DNA (Christmann et al.,
2003). Oggl was detected with a polyclonal antibody (Novus Biologicals,
Littleton, CO). APE was detected with a monoclonal antibody (Affinity
Bioreagents, Golden, CO).

Neurons showing immunopositivity in the ipsilateral and contralat-
eral spinal ventral horns were counted at 1000X magnification in sub-
sampled sections from each mouse or rat by an observer unaware of
experimental history. For OHdG and ssDNA, only MNs with nuclear
staining were counted. For nitrotyrosine staining, MNs with nuclear and
cytoplasmic IR were counted. Careful focusing through the z-axis was
used to distinguish nuclear labeling from cytoplasmic labeling. Group
means and variances were evaluated statistically by one-way ANOVA and
a Newman—Keuls post hoc test.

NADPH diaphorase histochemistry. NADPH diaphorase histochemis-
try is a method to specifically detect cells that can produce NO (Hope et
al,, 1991). All animals were perfusion fixed identically with 4% parafor-
maldehyde for this assay. Free-floating rat and mouse spinal cord sec-
tions were rinsed in 0.1 M phosphate buffer (PB) and incubated in an
enzyme reaction solution containing 0.1 M PB, pH 7.8, 1 mm NADPH, 0.8
mM nitroblue tetrazolium, 8 mm monosodium malate, 10% DMSO, and
0.8% Triton X-100. The sections were reacted at room temperature for 30
min, transferred to PB, rinsed for 30 min, and mounted on glass slides.
Negative controls were done by replacing the NADPH B-isomer with
a-isomer, using spinal cord sections from nNOS ~/~andiNOS /™ mice,
and preincubating sections in iNOS inhibitor S-methylisothiourea sul-
fate (Santa Cruz Biotechnology).

NO and ONOO™ imaging. NO and ONOO ~ productions in MNs in
vivo were tracked using 1,2-diaminoanthraquinone (DAA; Molecular
Probes, Eugene, OR) and 6-carboxy-2',7'-dichlorohydrofluorescein di-
acetate di(acetoxymethyl ester) (H,DCFDA; Molecular Probes), respec-
tively. As an aromatic vicinal diamine, DAA is nonfluorescent, but it
reacts selectively with NO to yield a fluorescent product (Heiduschka and
Thanos, 1998; Chen et al., 2001; von Bohlen und Halbach et al., 2002).
H,DCFDA has been used to track ONOO ~ in embryonic MNs in vitro
(Estévezetal., 1999), although it is not specific for only ONOO ~ because
it can detect other oxidants. Tracers were prepared in Influx (Molecular
Probes) pinocytic cell-loading reagent. MNs were loaded in vivo by bilat-
eral injection of DAA or H,DCFDA into the gastrocnemius. The tracers
are endocytosed at the neuromuscular junction and transported retro-
gradely. One day later, the animals received a unilateral SNA. The con-
tralateral nonlesioned side served as a control. As a negative control,
N -nitro-L-arginine methyl ester (L-NAME) was injected (50 mg/kg,
1.p.) to inhibit all forms of NOS.

Single-cell densitometry. The NADPH diaphorase, NO, and ONOO ~
histochemical preparations of the spinal cord were analyzed quantita-
tively with single-cell densitometry (Shaikh and Martin, 2002). Images of
nonlesioned and lesioned lumbar MNs were captured photographically
on black-and-white film at 1000 X magnification by an observer unaware
of the case history. For each case, ~50 neurons, cut through the approx-
imate cell center as judged by the nucleus, were acquired from lesioned
and nonlesioned sides from each animal. The films of individual MNs
were scanned and saved as TiFF files. For each neuron, measurements
were obtained by delineating the cell of interest using densitometry soft-
ware (Inquiry; Loats Associates, Westminster, MD). Relative enzyme
activity and DAA or H,DCFDA fluorescence intensity were reflected by
the average-integrated intensity of film emulsion grain density. Group
means and variances were evaluated statistically by one-way ANOVA and
a Newman—Keuls post hoc test.

Immunoblotting. Fas, INOS, nNOS, and cleaved caspase-8 protein lev-
els were detected by immunoblotting during the progression of MN
apoptosis. Oggl levels were examined in nonlesioned NOS null mice.
The antibodies used were the same as those used for immunohistochem-
istry. Samples of lumbar spinal cord ventral horn columns (ipsilateral
and contralateral) were collected at 2-5 d after SNA for tissue homoge-
nization and immunoblotting. Animals were deeply anesthetized with
sodium pentobarbital and decapitated, and the spinal cord was removed
quickly and placed in ice-cold dissection medium. Under a microsurgical
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stereomicroscope, the lumbar spinal cord was dissected segment by seg-
ment. Spinal cord segments L3-L6 and S1-S3 were isolated as transverse
slabs. Using iridectomy scissors and a number 11 scalpel blade, the ven-
tral horn gray matter on the ipsilateral (lesioned) and contralateral (con-
trol) sides was microdissected from the dorsal horn and the surrounding
white matter funiculi and frozen quickly on dry ice. Spinal cord samples
from ipsilateral and control sides were pooled from six rats for each time
point. Microdissected spinal cord ventral horn samples were homoge-
nized with a Brinkmann (Raleigh, NC) Polytron in ice-cold 20 mm Tris
HCI, pH 7.4, containing 10% (wt/vol) sucrose, 200 mM mannitol, com-
plete protease inhibitor cocktail (Roche, Welwyn Garden City, UK), 0.1
mum phenylmethylsulfonyl fluoride, 10 mm benzamidine, 1 mm EDTA,
and 5 mm EGTA. Crude homogenates were sonicated for 15 s and sup-
plemented with 20% (wt/vol) glycerol. Protein concentrations were mea-
sured by a Bio-Rad (Hercules, CA) protein assay with bovine serum
albumin as a standard. Proteins from ipsilateral and contralateral spinal
cord samples were subjected to 15% SDS-PAGE and transferred to ni-
trocellulose membrane by electroelution as described previously (Mar-
tin, 1999). The reliability of sample loading and electroblotting in each
experiment was evaluated by staining nitrocellulose membranes with
Ponceau S before immunoblotting. If transfer was not uniform, the blots
were discarded and gels were run again. The blots were blocked with
2.5% nonfat dry milk with 0.1% Tween 20 in 50 mm Tris-buffered saline,
pH 7.4, and incubated overnight at 4°C with an antibody. The antibodies
were used at concentrations for visualizing protein IR within the linear
range (Lok and Martin, 2002). After the primary antibody incubation,
the blots were washed and incubated with a horseradish peroxidase-
conjugated secondary antibody (0.2 pg/ml), developed with enhanced
chemiluminescence (Pierce, Rockford, IL), and exposed to x-ray film.
The blots were then reprobed with a monoclonal antibody to synapto-
physin (Boehringer Mannheim, Indianapolis, IN) or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Research Diagnostics, Flanders,
NJ) as a control for protein loading.

DNA repair activity. Oggl enzyme activity was determined in
nNOS ~/~, iNOS ~/~> and wt mice using an in vitro DNA repair assay
(Hollenbach etal., 1999). Cellular fractions from the forebrain and spinal
cord were incubated with a 24-mer, duplex oligonucleotide containing
8-0x0G at the 10th position (R & D Systems, Minneapolis, MN) that was
end-labeled with digoxigenin-11-dideoxyuridine-5-triphosphase using
terminal deoxynucleotidyl transferase. This synthetic oligonucleotide is
suitable as a substrate for Oggl when hybridized to its complementary
oligonucleotide (Hollenbach et al., 1999). Oggl catalyzes the removal of
the 8-0x0G through cleavage of the DNA phosphodiester bond following
Schiff base chemistry (Boiteux and Radicella, 2000). An identical oligo-
nucleotide without the 8-0xoG adduct was used as a negative control.
Activity assays were done in a 20 ul reaction volume containing buffer
(20 mm Tris, pH 8.0, 1 mm EDTA, 1 mm DTT, and 0.1 mg/ml BSA), 1
pmol of oligonucleotide, and 40 ug of nuclear fraction protein and incu-
bated for 1 h at 37°C. The reaction was terminated by the addition of
alkaline gel loading buffer and heated to 95°C for 10 min. The products
were separated by 20% denaturing PAGE in the presence of 8 M urea in
Tris-borate EDTA. The gels were transferred to nylon membrane and
probed with antibody to digoxigenin (Roche) as described previously
(Martin et al., 2001) to visualized intact and cleaved oligonucleotide.

Antioxidant gene therapy and pharmacotherapy. We studied whether
oxidative stress participates in the mechanisms of avulsion-induced MN
apoptosis in the adult spinal cord by determining whether antioxidant
therapies are neuroprotective. Transgenic and pharmacological thera-
pies were used. A unilateral SNA was done on tg mice expressing normal
human SOD1 (n = 6) and human G93A mSOD1 (n = 12) and on wt
non-tg B6SJLF1/] mice (n = 6). For pharmacotherapies, Trolox (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) and ascorbic
acid (vitamin C) were used as antioxidants. Trolox, a water and lipid-
soluble vitamin E derivative is a cell-permeable free radical scavenger that
can prevent radiation-induced and ONOO ™ -induced apoptosis in vitro
(Salgo and Pryor, 1996) and methylmercury-induced neuronal apoptosis
in vivo (Usuki et al., 2001). Trolox (Calbiochem, La Jolla, CA and Al-
drich, Milwaukee, WI) was dissolved in ethanol/saline at a stock concen-
tration of 50 mg/ml. Studies showing the antioxidant actions of ascorbate
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are numerous (Carr and Frei, 1999). Ascorbate was dissolved in saline.
Rats (n = 40) were treated daily starting 3 d before lesion through day 21
after lesion with Trolox (50 mg/kg, i.p.), ascorbic acid (50 mg/kg, i.p.), or
the corresponding vehicle. Each treatment group included 10 animals.
Mice and rats with test therapies were killed by perfusion fixation (4%
paraformaldehyde) at 21 d after lesion. In follow-up experiments with
mSOD1 mice, additional postlesion time points were 2, 4, 5, 7, and 14 d.
After perfusion fixation, spinal cords were allowed to remain in situ for
2 h before they were removed from the vertebral column. The spinal
cords were cryoprotected in 20% glycerol-PBS, uniformly blocked, and
frozen under pulverized dry ice. Transverse serial symmetrical sections
(40 um) through the lumbosacral cords were cut using a sliding mic-
rotome. Serial sections from each mouse and rat spinal cord were
mounted on glass slides and stained with cresyl violet for neuronal count-
ing. MN counts in the ipsilateral and contralateral sides were determined
by an operator unaware of sample experimental history at 1000X mag-
nification using the stereological optical disector method (Calhoun et al.,
1996; Martin et al., 1999). Neuronal counts were used to determine
group means and variances, and comparisons among groups were per-
formed using a one-way ANOVA and a post hoc Newman—Keuls test.

Results

Adult MNs lacking functional Fas death receptors are
resistant to apoptosis

Lack of a functional Fas receptor conferred MN protection after
SNA. At 21 d after SNA, wt C57BL/6] mice had a 56% loss of
ipsilateral lumbar MNs; in contrast, mice expressing nonfunc-
tional Fas showed a 17% loss of ipsilateral lumbar MNs (Fig.
1A, B). This effect was specific for Fas death receptor compared
with another death receptor, because deletion of the low-affinity
nerve growth factor (NGF) receptor p75 did not influence the
amount of MN loss after SNA (Fig. 1A). Deletion of Fas ligand
protected partially against the MN apoptosis (Fig. 1A, C). Immu-
nohistochemistry revealed an upregulation in Fas protein in le-
sioned rat MNs by 5 d after SNA (Fig. 1 D, E). Immunoblotting of
discretely microdissected ventral horn samples showed an in-
crease in Fas protein in the ipsilateral lumbar spinal cord at 5-10
d after SNA (Fig. 11). Increased levels of Fas death receptor pro-
tein in the ipsilateral ventral horn at 5 d after SNA were accom-
panied by increased levels of the active cleavage product of
caspase-8 (the p10 subunit) and other processed caspase-8 prod-
ucts (the p 43/41 subunit) as shown by immunoblotting (Fig.
1 H) and immunohistochemistry (Fig. 11).

The Fas gene promoter has a p53-response element (Miiller et
al,, 1998), and p53 gene deletion protects strongly against MN
apoptosis induced by SNA (Martin and Liu, 2002a). Therefore,
potential links between Fas and p53 were examined in apoptotic
MNs. Upregulation of Fas in MNs after SNA was attenuated in
p53 /" mice (Fig. 1 F), indicating that Fas is downstream to p53.
In contrast, p53 activation, as indicated by the detection of
phosphoSer '*-p53, was present in lesioned MNs in mice with
mutant Fas (Fig. 1G).

Adult MNs deficient in nNOS and iNOS escape
injury-induced apoptosis
Normal adult MNs expressed constitutively nNOS and iNOS but
not eNOS (Fig. 2). The presence of nNOS IR in MNs (Fig. 2 F) was
confirmed with four different antibodies, and, similarly, the pres-
ence of INOS IR in MNs (Fig. 2G) was confirmed with six differ-
ent antibodies. Lumbar MNs in nNOS ~/~ mice did not show IR
for nNOS, and MNs in iNOS ~/~ did not show IR for iNOS, but
nNOS /" mice had iNOS-positive MNs and iNOS /™ mice had
nNOS-positive MNs (data not shown).

Mice deficient in nNOS and iNOS were protected from the
apoptosis of MNs induced by SNA. At 21 d after SNA,
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Figure 1.  Fas mediates apoptosis of adult spinal MNs. A, Bar graph showing MN survival in

mice with different genotypes at 21 d after unilateral SNA. Spontaneously mutant mice, Fas "™
and FasL 9, were protected against the MN apoptosis, but MNs in mice deficient in p75 were
not protected. The values are mean == SD. The asterisk denotes a significant difference ( p <
0.05) from wt control (n = 6 —10 mice per genotype). B, Transverse section of the lumbar spinal
cord ofa wt mouse showing the loss of MNs in the side of spinal cord ipsilateral to the SNAat 21d
(cresyl violet staining). The contralateral side is the nonlesioned control side. C, Transverse
section of the lumbar spinal cord in a Fas ™ mouse showing MN preservation in the side of the
spinal cord ipsilateral to the SNA at 21 d (cresyl violet staining). The contralateral side is the
control side. D, Immunolocalization of Fas (dark staining) shows elevated IR in ipsilateral MNs
compared with control contralateral MNs in the rat lumbar spinal cord at 5 d after SNA. E,
Quantitative analysis of Fas IR in MNs after SNA using single-cell densitometry. The values are
mean == SD.*p < 0.05, **p < 0.01, significant difference from contralateral control MNs (n =
6 rats per time point). F, Bar graph of Fas IR measurements in MNs of p53 */* and p53 ~/~
mice at 7 d after SNA (n = 6 mice per genotype). The values are mean = SD. p53 gene deletion
significantly attenuated ( p << 0.01) the Fas upregulation in MNs. G, Immunolocalization of
phosphor-Ser "*-p53 in Fas-Ipr mice with SNA. The Fas-Ipr mutation did not prevent the activa-
tion of p53 inipsilateral lesioned MNs (arrows), because phosphor-Ser '*-p53 is enriched in the
nuclei of MNs. No labeling is present in contralateral MNs. H, Inmunolocalization of cleaved
caspase-8 (using an antibody specifically for the active form of caspase-8) in ipsilateral MNs
compared with contralateral MNs at 7 d after SNA in the rat. Numerous MNs have cleaved
caspase-8 IR on the ipsilateral side compared with very rarely immunopositive MNs on the
contralateral side. /, Western blots for Fas, caspase-8, and synaptophysin (Synapto) in lumbar
spinal cord ventral horn microdissections of the rat (n = 4 pooled rat samples per lane) at 5 d
after SNA. Ipsilateral samples show increased Fas and formation of the active cleaved subunit of
caspase-8 (the p10 subunit). Synaptophysin served as a protein loading control. The identity of
the lower-molecular weight-immunoreactive band in the Fas blot (5d ipsi) is unknown but has
been seen before in other neurons undergoing Fas-requlated apoptosis (Graham et al., 2004).
Scale bars: B, (, 450 wm; D, 54 um; G, 77 m; H, 77 wm. ipsi, Ipsilateral; contra, contralateral.
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Figure2. NOSmediates apoptosis of adult spinal MNs. A, Bar graph showing MN survival in mice with different NOS genotypes
at 21 d after unilateral SNA. Knock-out of nNOS and iNOS protected MNs against apoptosis, but mice deficient in eNOS were not
protected. The values are mean = SD. The asterisk denotes a significant difference ( p << 0.05) from wt control (n = 6 —10 mice
per genotype). B, Transverse section of the lumbar spinal cord of a genetic background wt mouse with nNOS showing the loss of
MNs in the side ipsilateral to the SNA at 21 d (cresyl violet staining). The contralateral side is the control side. , Transverse section
ofthe lumbar spinal cord in annNOS ~/~ mouse showing preservation of psilateral MNs at 21 d after SNA (cresyl violet staining).
The contralateral side is the control side. D, Transverse section of the lumbar spinal cord of a genetic background wt mouse with
iNOS showing the loss of ipsilateral MNs at 21 d after SNA (cresyl violet staining). The contralateral side is the control side. E,
Transverse section of the lumbar spinal cord in aniNOS ~/~ mouse showing MN preservation in the side of spinal cord ipsilateral
tothe SNA at 21 d (cresyl violet staining). The contralateral side is the control side. F, Immunolocalization of nNOS shows elevated
nNOS IR in ipsilateral MNs compared with control contralateral MNs in the rat lumbar spinal cord at 7 d after SNA. G, Inmunolo-
calization of iNOS (dark staining) shows reduced iNOS IR in ipsilateral MNs compared with control contralateral MNs in the rat
lumbar spinal cord at 5 d after SNA. H, Quantitative analysis of nNOS and iNOS IR in MNs after SNA using single-cell densitometry.
The values are mean == SD. *p << 0.05, **p << 0.01, significant difference from contralateral control MNs (n = 6 rats per time
point). I, Western blots fornNOS, iNOS, and synaptophysin (synapto) in lumbar spinal cord ventral horn microdissections of the rat
(n=4pooled rat samples perlane) at 3 d after SNA. Ipsilateral samples show increased nNOS and decreased iNOS. Synaptophysin
served as a protein loading control. Scale bars: B—E, 360 um; F, G, 405 wm. ipsi, Ipsilateral; contra, contralateral.
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butions of iNOS and nNOS to the NADPH
diaphorase staining in MNs. The NOS iso-
forms contributed differentially to the
constitutive NADPH diaphorase activity
in MNs (Fig. 3C). MNs in iNOS /"~ mice
had very low basal NADPH diaphorase ac-
tivity, but enzyme activity was enriched in
smaller neurons and neuropil in the dorsal
horn (substantia gelatinosa) and around
the central canal; in contrast, MNs in
nNOS /" mice retained wt-like levels of
NADPH diaphorase activity, but smaller
interneuron-like neurons throughout the
spinal cord and the neuropil of the sub-
stantia gelatinosa did not possess activity
(Fig. 3C). Incubation of sections from wt
and nNOS /"~ mice with 100 um iNOS in-
hibitor attenuated the NADPH diaphorase
staining in MNs (data not shown). Be-
cause the basal level of iNOS and the in-
duced level of nNOS could contribute to
the MN apoptosis, we measured NADPH
diaphorase activity in nNOS /" and
iNOS™'~ mice after SNA. The SNA-
induced NADPH diaphorase activity in
MNss was significantly attenuated in both
nNOS /= and iNOS '~ mice, but the
block in the induction of NADPH diaph-
orase staining was vastly greater in
iNOS /" mice compared with nNOS ~/~
mice (Fig. 3D, E).

NO synthesis in MNs was assessed us-
ing the DAA assay (Fig. 3F, G). An NO sig-
nal was barely detectable in nonlesioned
MNs. NO production was elevated signif-
icantly in lesioned MNs. NO levels pro-
gressively increased in ipsilateral MNs
during the first postlesion week, peaking at
5 d after lesion (Fig. 3E). L-NAME blocked
the DAA fluorescence (data not shown).

B6129SF2/] mice (controls for ntNOS ~/~ mice) and B6129PF2/J
mice (controls for INOS ™/~ mice) had a 62 and 57% elimination
of lumbar MNs, respectively (Fig. 2 A—E). In contrast, MN loss in
nNOS '~ and iNOS '~ mice was 26 and 15%, respectively.
There was no statistically significant difference between the
amount of neuroprotection in iNOS and nNOS mice (Fig. 2A).
Mice deficient in eNOS were not protected against the loss of
MN:ss (Fig. 2 A). Immunohistochemistry and immunoblotting re-
vealed an increase in nNOS protein levels in MNs in the ipsilateral
lumbar spinal cord compared with contralateral IR (Fig. 2F, H,I).
In contrast, INOS levels in injured MNs decreased compared with
control MNs (Fig. 2G-I).

The presence of NOS was assessed also by NADPH diaphorase
staining. NADPH diaphorase staining was observed in nonle-
sioned MNs, and enzyme activity increased in injured MNs (Fig.
3 A, B), consistent with other studies (Wu, 1993). Enzyme activity
was quantified in individual MNs using single-cell densitometry
(Skaikh and Martin, 2002). NADPH diaphorase activity progres-
sively increased in ipsilateral MNs during the first postlesion
week (Fig. 3B). NOS ~/~ mice were used to determine the contri-

Injured MNs generate

ONOO ~ preapoptotically
ONOO ™ generation in MNs was assessed using the H,DCFDA
assay (Fig. 3H,I). The ONOO ~ signal was not detectable in non-
lesioned MNs (Fig. 3H). ONOO ~ production was elevated in
lesioned MNss at 5 d after lesion (Fig. 3I). Immunostaining for
nitrotyrosine was used as a footprint for the presence of ONOO ~
in MNs. A low level of nitrotyrosine staining was present in sub-
sets of nonlesioned MNs (Fig. 4). In lesioned MNss, nitrotyrosine
staining was increased (Fig. 4A, bottom). The number of MNs
immunoreactive for nitrotyrosine was increased by 4 d after SNA,
peaking at 5 d after lesion, and declining thereafter. Nitrotyrosine
IR was present in the cell bodies, axons, and nucleus of lesioned
MNs. Staining with nitrotyrosine antibodies was blocked by
preadsorption of antibody with 3-nitrotyrosine but was unaf-
fected by tyrosine (data not shown).

DNA and RNA damage accumulates rapidly in injured MNs
before apoptosis

Adult MN apoptosis induced by SNA is p53 dependent (Martin
and Liu, 2002a). Activated p53 is found in MNs preapoptotically
(Fig. 1G) (Martin and Liu, 2002a), indicative of DNA damage
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(Jayaraman and Prives, 1995). Therefore,
MNs were evaluated for DNA damage at
early, preapoptotic, postlesion time points
(Fig. 5). DNA damage was assessed with
two different immunomarkers. OHdG IR
was seen in the nucleus and cytoplasm of
MNs (Fig. 5A). This IR is specific because
the intensity of cytoplasmic and nuclear
immunolabeling can be altered, respec-
tively, by RNase and DNase pretreatment
and by preadsorption of antibody with
8-hydroxyguanosine and OHdG, indicat-
ing hydroxyl adduct modified RNA and
DNA (Al-Abdulla and Martin, 1998; Mar-
tin et al., 1999). Both the overall intensity
of staining in labeled MNs and the number
OHdAG-immunopositive MNs changed in
the spinal cord after SNA (Fig. 5A). The
number of MNs with nuclear OHdG IR
was increased ipsilaterally during and after
the first postlesion week (Fig. 54). The in-
crease was progressive between 2 and 5 d,
peaking at 5 d, and then the number of
immunopositive MNs declined. Immuno-
staining for ssDNA was localized as parti-
cles within the cytoplasm, possibly corre-
sponding to mitochondrial DNA labeling,
and as nuclear staining (Fig. 5B). The nu-
clear staining of ssDNA became very
prominent after SNA (Fig. 5B). The num-
ber of MNs with ssDNA was also increased
in the ipsilateral lumbar cord (Fig. 5B).
ssDNA * MNs were higher than control at
4-10 d after lesion. A maximal level was
found at 10 d after lesion. To determine
the contribution of NOS to the mecha-
nisms of DNA damage accumulation in
MNs after injury, OHdG and ssDNA stain-
ing was assessed in nNOS ’~ and
iNOS ™/~ mice with SNA. The absence of
nNOS and iNOS both attenuated the accu-
mulation of DNA damage in injured MNs
(Fig. 5C). This effect was much greater
with iNOS gene deletion (Fig. 5C). Ab-
sence of eNOS did not affect the accumu-
lation of DNA damage in injured MNs
(Fig. 5C). Because the expression of cata-
Iytically active NOS (diaphorase activity)
seems to come primarily from iNOS, yet
both iNOS and nNOS gene deletions pro-
tect MNs from apoptosis, an alternative
mechanism for neuroprotection was ex-
plored in nNOS /™ mice. nNOS gene de-
letion was associated with an upregulation
of basal Oggl protein in spinal cord MNs
compared with wt mice as shown by im-
munohistochemistry (Fig. 5D) and West-
ern blotting (Fig. 5E). Moreover, Oggl
functional activity was elevated in
nNOS /™ mice compared with wt mice as
shown by the ability to remove 8-oxoG
from oligonucleotide (Fig. 5F). The levels
of Oggl iniNOS '~ mice were not greater
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Figure3. Increased NADPH diaphorase activity and elevated productions of NO and ONOO ~ occur early and transiently during
adult MN apoptosis. A, NADPH diaphorase enzyme histochemistry shows elevated activity in ipsilateral MNs compared with
contralateral MNs at 5 d after SNA. B, Quantitative analysis of NADPH diaphorase reaction product in MNs after SNA using
single-cell densitometry. The values are mean == SD. *p << 0.05, **p << 0.0, significant difference from contralateral control MNs
(n = 6rats per time point). €, NADPH diaphorase staining in the spinal cord of nonlesioned wt, nNOS ~/~, and iNOS /™ mice.
In wt mice, diaphorase activity is localized to MNs (open arrows) and small neurons (arrows) in the dorsal horn and around the
central canal. In nNOS ~/~ mice, MNs show diaphorase staining (open arrows), but staining of small neurons is absent. In
iNOS ~~ mice, small neurons (arrows) show staining, but MN (open arrows) staining s barely detectable or absent. D, At 5 d after
SNA, MNs in nNOS /™ mice still have high diaphorase activity (see E for quantification), whereas the increase in diaphorase
activityin MNs iniNOS ~/~ mice is blocked completely. E, Quantitative analysis of NADPH diaphorase reaction product in L5 MNs
of wt, nNOS ~/~, and iNOS ~/~ MNs after SNA using single-cell densitometry. The values are mean = SD. *p << 0.05, **p <
0.01, significant difference from contralateral control MNs (n = 5 mice per time point). F, DAA fluorescence for NO is increased in
ipsilateral MNs (open arrows) after SNA compared with nonlesioned contralateral MNs. G, Quantitative analysis of DAA fluores-
cence in MNs after SNA using single-cell densitometry. The values are mean = SD.*p << 0.05, **p << 0.01, significant difference
from contralateral control MNs (n = 6 rats per time point). H, H,DCFDA fluorescence for ONOO ~ is increased in ipsilateral MNs
(open arrow) compared with same-section contralateral MNs after SNA. /, Quantitative analysis of H,DCFDA fluorescence in MNs
after SNA using single-cell densitometry. The values are mean = SD. *p << 0.05, significant difference from contralateral control
MNs (n = 6 rats per time point). Scale bars: 4, 64 wm; C, 270 wm; D, 50 pm; F, 41 wm; H, 34 wm. ipsi, Ipsilateral; contra,
contralateral.
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27 m. B, Counts of nitrotyrosine-immunopositive MNs after SNA. The values are mean == SD.
*p < 0.05, **p < 0.01, significant difference from contralateral control MNs (n = 6 rats per
time point). ipsi, Ipsilateral; contra, contralateral.

than wt mice, and APE appeared to be less affected (data not
shown).

Antioxidant therapy protects adult MNs from apoptosis
Pharmacological and transgenic antioxidant therapies were used
as interventions to study whether oxidative stress participates in
the mechanisms adult MN apoptosis. Trolox treatment had a
significant protective effect on MNs after SNA (Fig. 6A), but
ascorbate treatment failed to provide a protective effect on MN
survival (Fig. 6 A). Tg mice overexpressing normal human SOD1
showed a significant attenuation in the MN apoptosis compared
with wt non-tg mice (Fig. 6 B).

Mutant SOD1 worsens and accelerates injury-induced MN
degeneration and converts the apoptotic phenotype to a
necrotic phenotype

The tg mice harboring human mSODI1 showed a significant
worsening in the loss of MNs after SNA compared with wt non-tg
mice (Fig. 6 B). In mSOD1 mice with SNA, the rate of MN loss
was faster compared with wt non-tg mice (Fig. 6C), and the ac-
cumulation of DNA damage in injured MNs was greater com-
pared with wt non-tg mice (Fig. 6 D). Moreover, the structural
phenotype of the MN degeneration was changed in mSOD1 mice
(Fig. 6E,F). In wt mice, MN degeneration induced by SNA al-
ways resembles apoptosis (Martin and Liu, 2002a) typified by
cellular condensation with chromatin compaction into round
masses (Fig. 6G,H). In mSOD1 mice with SNA, the structure of
the MN degeneration was similar to necrosis, as indicated by the
cellular swelling, cytoplasmic vacuolation, and the absence of
nuclear pyknosis and chromatin condensation (Fig. 6E,F).
mSOD1 mice were examined for SNA-induced changes in Fas
and NOS. Presymptomatic mSOD1 mice had no immunocyto-
chemically detectable Fas staining of MN cell bodies in the con-
tralateral spinal cord, but lesioned MN's were Fas positive by 2 d
after lesion (Fig. 61). Furthermore, in contrast to wt mice, iNOS
protein was upregulated in injured MNs in mSOD1 mice (Fig.
6]), but no remarkable changes were seen with nNOS after SNA
(Fig. 6K).

Discussion
We investigated whether Fas and NOS function in adult MN
apoptosis. Studies have implicated Fas in developmental apopto-
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sis of embryonic MNs in vitro (Raoul et al., 1999), axotomy-
induced apoptosis of neonatal MNs in vivo (Ugolini et al., 2003),
and in degeneration of embryonic MNs in vitro induced by
mSOD1 (Raoul et al., 2002). Previous work has implicated NO,
generated by nNOS or iNOS, and ONOO ~ in embryonic MN
apoptosis in vitro induced by trophic factor deprivation (Estévez
etal., 1998) and zinc-deficient SOD1 (Estévez et al., 1999) as well
as MN degeneration in vivo in mSOD1 mice (Almer et al., 1999)
and in human ALS (Beckman et al., 1993; Sasaki et al., 2000;
Catania et al., 2001), but in these latter two settings, the contri-
butions of apoptosis and NOS to the MN degeneration are con-
troversial (Facchinetti et al., 1999; Son et al., 2001; Barbeito et al.,
2004; Bruijn et al., 2004). The roles of Fas and NOS have not been
assessed in a system of definite apoptosis in adult MNs. In our
SNA model, the neurodegeneration is unequivocally apoptotic,
and the dependence of this cell death on Bax and its regulation by
p53 support this conclusion (Martin and Liu, 2002a). The capac-
ity of ONOO ™ to generate DNA damage in MNs (Liu and Mar-
tin, 2001; Martin and Liu, 2002b) and the formation of ssDNA
within the MN genome coincident with p53 activation (Martin
and Liu, 2002a) places ONOO "~ as a suspect killer of MNss.

Our experiments show that Fas regulates apoptosis of adult
MNs in the SNA model. Fas protein was upregulated in MNs at a
time coinciding with formation of cleaved caspase-8, indicative
of Fas engagement. However, Fas activation can have survival-
promoting actions (Desbarats et al., 2003); but, MNs in mice with
a spontaneous loss-of-function mutation at the Fas locus were
protected against apoptosis, similar to findings using a different
apoptosis model (Graham et al., 2004). Another in vivo axotomy
study has shown that Fas activation triggers MN death in the
neonatal brainstem (Ugolini et al., 2003). Our findings with adult
MNs are important because assumption that cell death mecha-
nisms in adult and developing neurons are always similar can be
inappropriate (Lesuisse and Martin, 2002), but, in this case,
mechanisms regulating death of adult and developing MNs in-
duced by injury have commonalities.

Fas is a member of a family of transmembrane cell surface
receptors that include tumor necrosis factor receptors (TNFRs)
and low-affinity p75 NGF receptor. Fas, but not p75, has a role in
adult MN apoptosis. Another study showed that TNFR1 and
TNFR2 appear to cooperate to induce MN degeneration in the
adult brainstem, but individually these receptors did not mediate
MN death (Raivich et al., 2002). Thus, there is differential selec-
tive involvement of cell surface death receptors in the mecha-
nisms of MN death in vivo. FasL seems to be partly responsible for
the activation of Fas because mice with a spontaneous loss-of-
function mutation in the FasL gene (Takahashi et al., 1994) were
protected partially against apoptosis.

Apoptosis of adult MNs occurs over a period of days, yet
apoptosis through Fas is typically rapid and independent of new
RNA or protein synthesis (Nagata, 1999). Variations of this
mechanism could be operative in injured adult MNs, because
Fas-mediated death of MNs in vitro can involve transcriptional
upregulation, notably for nNOS (Raoul et al., 2002), and might
depend on the level of FLIP (FLICE inhibitory protein), the bind-
ing of which to Fas competes with activation of caspase-8 (Walsh
etal., 2003). Moreover, p53 activation regulates the sensitivity to
apoptosis by allowing cytoplasmic Fas to redistribute to the cell
surface (Bennett et al., 1998), this finding would be consistent
with the rich cytoplasmic localization of Fas in wt MNs. Another
possibility for delay is p53 transactivation. The Fas gene pro-
moter contains a p53-responsive element, and wt p53 can bind
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and activate Fas gene transcription (Miil-
ler et al., 1998). The delayed Fas protein
upregulation seen at 5-7 d in wt MNs after
SNA is consistent with this idea. We show
that mice deficient in p53 do not upregu-
late Fas. Thus, Fas regulation of adult MN
apoptosis is downstream to p53 activation.
The role of p53 in MN apoptosis is
strengthened by work showing that Noxa,
another p53 target gene, is a mediator of
MN death in the adult mouse brainstem
(Kiryu-Seo et al., 2005).

We found that normal adult MNs ex-
press constitutively both nNOS and iNOS.
Previous studies have indicated that nNOS
and NADPH diaphorase are not expressed
in normal adult MNs (Wu, 1993), al-
though more recent reports show expres-
sion (Zhou et al., 1999; Keilhoff et al.,
2004). The presence of nNOS and iNOS in
normal MNs was confirmed using several
antibodies with confirmed specificities.
Interestingly, iINOS is the source of most of
the constitutive NOS activity (NADPH di-
aphorase) in MNs, with nNOS being
present but seemingly inactive enzymati-
cally. Endogenous protein inhibitors of
nNOS and dimerization state could be re-
sponsible for the catalytic inactivation
(Kone et al., 2003).

Our experiments show that NOS regu-
lates adult MN apoptosis. The different
NOS isoforms changed reciprocally dur-
ing MN apoptosis; nNOS protein was up-
regulated, whereas iINOS protein was
downregulated. But, the residual iNOS
contributes more than the upregulated
nNOS to the injury-induced transient in-
crease in NADPH diaphorase activity and
NO production seen at 4—7 d after SNA.
Mice deficient in either nNOS or iNOS es-
caped injury-induced apoptosis. However,
the nNOS ™/~ mice still have low levels of
two alternative nNOS isoforms (Faccch-
netti et al., 1999). Both iNOS and nNOS
gene deletion abrogated the DNA damage
in MNs. Because iNOS is the source of
most of the injury-induced NOS activity
(NADPH diaphorase) in MNs, deletion of
iNOS is likely to be protective through at-
tenuating the formation of DNA damage.
nNOS deletion could be protective
through different mechanisms, specifically
enhancement of DNA repair, as supported
by the constitutive upregulation of Oggl
protein and activity in nNOS ~/~ mice.
NO blocks DNA repair by inhibiting Oggl
(Jaiswal et al, 2001) and poly(ADP-
ribose) polymerase (Sidorkina et al,
2003); thus, nNOS upregulation after SNA
might function to inhibit DNA repair as
part of the apoptotic program. The lack of
nNOS induction in MNs in mSOD1 with
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Figure 5. Identification of DNA damage in MNs after SNA. Spinal cord sections were reacted with monoclonal antibodies to

OHdG (A) and ssDNA (B) with sites of antibody binding visualized by immunoperoxidase and DAB (dark reaction product). Sections
exposed to the same antibody were processed using identical conditions. These examples are from ratsat 4 d (OHdG) or 5 d (ssDNA)
after lesion. A, OHdG IR in ipsilateral MNs (arrows) was elevated compared with contralateral nonlesioned MNs. Subsets of
ipsilateral MNs (see bottom panel for quantification) had intense cytoplasmic and nuclear OHAG IR (asterisks), whereas contralat-
eral MNs had mostly cytoplasmic OHdG IR. The graph shows counts of the numbers of OHdG * MNs in the ipsilateral (filled bars)
and contralateral (open bars) lumbar spinal cord at 2, 4, 5,7, and 10 d after SNA (n = 6 rats per time point). Cells with only nuclear
IR were counted. The values are mean == SD. *p << 0.05, **p << 0.01, significant differences from contralateral MNs. B, ssDNA IR
in the nucleus of ipsilateral MNs (arrows) was augmented compared with the faint labeling in contralateral MNs. Subsets of
ipsilateral MNs had nuclear ssDNA IR (asterisks), whereas contralateral MNs had infrequent nuclear labeling. The graph shows
counts of the numbers of ssDNA ™ MNs in the ipsilateral (filled bars) and contralateral (open bars) lumbar spinal cord at 2, 4, 5,7,
and 10 d after SNA (n = 6 rats per time point). Cells with nuclear IR were counted. The values are mean = SD.*p << 0.05), **p <
0.01), ***p < 0.001, significant differences from contralateral MNs. C, Counts of ssDNA * MNs at 7 d after SNA in NOS-deficient
mice. *p < 0.05, **p << 0.0, significance differences from counts of ipsilateral MNs in corresponding wt control mice. Mice with
nNOS and iNOS had significantly attenuated DNA damage. D, Constitutive levels of Ogg1 were upregulated in nNOS /™ mice.
Immunohistochemistry shows that MNsin nNOS ~~ mice are robustly immunopositive for 0gg1 compared with MNs in wt mice.
E, Western blots of the lumbar spinal cord ventral horn confirmed the uprequlation of Ogg1in nNOS ~/~ mice. GAPDH was a
loading control. F, Biochemical activity assay, as determined by cleavage of a 24-mer oligonucleotide containing 8-oxoG (40 w.q
of nuclear protein was reacted in each lane) revealed increased Ogg1 activity innNOS ~/~ mouse CNS tissue. Under these reaction
conditions, enzyme activity in wt mice was undetectable. Scale bars: 4, 40 wm; B, 37 wm; D, 87 wm. ipsi, Ipsilateral; contra,
contralateral.
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Figure 6.  Modulation of MN responses after SNA with antioxidant pharmacotherapy and SOD1 transgenesis. 4, Rats were

exposed to different drug treatment regimens starting 3 d before lesion and continuing through 21 d after SNA and were killed for
stereological counting of lumbar MNs. Trolox (a vitamin E derivative) protected MNs against apoptosis. Ascorbate afforded no
protection. The values are mean == SD. *p << 0.05, significant difference from vehicle control. B, SODT is a modifier gene for MN
apoptosis. Non-tg wt mice and tg mice overexpressing wt human SOD1 (wtSOD1 tg) or mutant human SOD1 (mSOD1, G93A)
received a unilateral SNA and were killed at 21 d after lesion. MN loss was attenuated by wt SOD1 and was worsened by mSOD1.
The values are mean == SD. *p << 0.05, significant difference from wt non-tg control. ¢, mSOD1 accelerates MN loss after SNA.
Non-tg wt mice and tg mice overexpressing mutant human SOD1 (mS0D1, G93A) received a unilateral SNA and were killed at 7,
14, and 21 d after lesion. Loss of MNs occurred weeks sooner in mSOD1 mice compared with wt controls. The values are mean =
SD. *p << 0.05, significant difference from time-matched wt non-tg control. D, mSOD1 accelerates and escalates DNA damage in
MNs after SNA. Non-tg wt mice and tg mice overexpressing mutant human SOD1 (mSOD1, G93A) received a unilateral SNA and
were killed at 2, 4,and 5 d after lesion. Ipsilateral MNs with OHdG nuclear staining were counted. The values are mean == SD. *p <
0.05, significant difference from time-matched wt non-tg control. E-H, mSOD1 changes the structural phenotype of the MN
degeneration induced by SNA from apoptosis to necrosis. Niss| staining shows the MN swelling and cytoplasmic vacuolation (E,
arrows) in mSODT MNs, with confirmation of the cytoplasmic dissolution confirmed in 1 wm plastic sections (F, arrows). In
contrast, Niss| staining of lesioned MNs in wt shows the apoptosis as characterized by cell shrinkage and chromatin aggregation
(@), with confirmation of the cytoplasmic and nuclear condensation seenin 1 m plastic sections (H). I, Immunolocalization of
Fas in mSOD1 mice shows elevated IR in ipsilateral MNs (arrows) compared with nonlesioned contralateral MNs in the lumbar
spinal cord at 5 d after SNA. Immunopositive small dots are microglia or related cells. J, Inmunolocalization of iNOS shows that
constitutive levels of iNOS are low in presymptomatic mSOD1 mice and that iNOS IR is elevated in ipsilateral MNs (arrows)
compared with nonlesioned contralateral MNs in the lumbar spinal cord at 5 d after SNA. K, Inmunolocalization of nNOS shows
that constitutive levels of nNOS are low in MNs in presymptomatic mSOD1 mice (contralateral) and that nNOS levels remain low in
MNs after SNA (ipsilateral). Scale bars: E, 10 um; F, 20 um; G, 10 wm; H, 20 wm; I-K, 410 pom.
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SNA is consistent with this idea because
the MN death was not apoptotic.

Our results implicate ONOO ™ in the
mechanisms of adult MN apoptosis.
ONOO " is a strong oxidant formed by a
diffusion-limited reaction between NO
and superoxide anion (Beckman et al.,
1992). Both NO and ONOO ~ accumu-
lated transiently in MNs destined for apo-
ptosis. Superoxide anion production in
MNs was not tracked here; however, in re-
lated studies, axotomized MNs accumu-
late large numbers of active mitochondria
in their cell bodies (Martin et al., 1999)
and can generate high amounts of super-
oxide (Liu and Martin, 2001). Injured
MNs accumulated 3-nitrotyrosine IR, in-
dicating the presence of ONOO . Trolox,
an antioxidant with ONOO ~ scavenging
activity (Salgo and Pryor, 1996), protected
MNs from apoptosis. However, it is still
not definite that ONOO ™ is killing the
MNs. Another mediator of toxicity could
be the hydroxy radical (*OH). ONOO ~
can homolyze after protonation to gener-
ate ‘OH (Coddington et al., 1998), but this
reaction has been questioned (Kissner et
al., 2003). The increased OHdG staining in
injured MNss is consistent with the forma-
tion of ‘OH.

The work on SOD1 mice also supports
the roles for ONOO ™ and ‘OH in the
mechanisms of adult MN degeneration.
Overexpression of wt human SOD1 pro-
tected MNs from apoptosis. In contrast,
SNA in mSOD1 mice, at a time long before
the clinical emergence of disease, caused
MN degeneration with an accelerated rate
and greater severity compared with wt
mice. Moreover, mSOD1 amplified the
OHAG-DNA damage and shifted the cel-
lular pathology from apoptosis to a necrotic-
like death. Thus, mSOD1 exacerbates MN
responses to injury. This exacerbation seems
to be mediated by iNOS because it was up-
regulated, in contrast to the downregulation
seen in wt mice. ONOO ~ or ‘OH might me-
diate the spontaneous MN degeneration in
mSOD1 mice (Beckman et al., 2001; Liu et
al., 1999), but this issue is controversial
(Bruijin et al., 2004). Moreover, ONOO ~
has a role in the potentiation of Fas-induced
MN degeneration (Raoul et al., 2002). Our
results support a potential role for ONOO ~
as a common mechanism in injury-induced
death of adult wt MNs and MNs harboring
mSOD1.

DNA damage could be an upstream
trigger for MN apoptosis. MNs acquired
two forms of DNA damage at early pre-
apoptotic stages, observed as OHdG-DNA
lesions and ssDNA lesions. Several reactive
oxygen species, including H,O,, ‘OH, and
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ONOO 7, induce DNA damage (Aust and Eveleigh, 1999). The
precursors of ONOO ~, NO and superoxide anion (Beckman,
1990), by themselves are not aggressively genotoxic. The MN
genome is particularly sensitive to ONOO ~; it induces abasic
sites, single-strand breaks, and double-strand breaks (Martin and
Liu, 2002b). ONOO ™ can also cause OHdAG lesions through the
formation of *OH-like intermediates (Coddington et al., 1998).
OHAG-DNA and ssDNA lesions in injured MNs could be related,
because OH-DNA adducts can lead to abasic sites that are con-
verted to DNA single-strand breaks (Kohn, 1991). The formation
of ssDNA in preapoptotic MNs is consistent with a p53-
dependent, Fas-regulated cell death mechanism.
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