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ABSTRACT To investigate the role of neurofilaments in
motor neuron disease caused by superoxide dismutase
(SOD1) mutations, transgenic mice expressing a amyotrophic
lateral sclerosis-linked SOD1 mutant (SOD1G37R) were mated
with transgenic mice expressing human neurofilament heavy
(NF-H) subunits. Unexpectedly, expression of human NF-H
transgenes increased by up to 65%, the mean lifespan of
SOD1G37R mice. Microscopic examination corroborated the
protective effect of NF-H protein against SOD1 toxicity.
Although massive neurodegeneration occurred in 1-yr-old
mice expressing SOD1G37R alone, spinal root axons and motor
neurons were remarkably spared in doubly SOD1G37R;NF-H-
transgenic littermates.

Mutations in the gene coding for the Cu,Zn superoxide
dismutase (SOD1) are responsible for '20% of familial
amyotrophic lateral sclerosis (ALS) cases (1, 2). This ubiqui-
tous cytosolic enzyme is involved in the conversion of super-
oxide anion to hydrogen peroxide (3). Many lines of evidence
suggest that SOD1 mutations cause ALS through mechanisms
involving gain of deleterious activities (4–6). Several hypoth-
eses have been proposed concerning the nature of the adverse
activities of SOD1 mutants. One hypothesis suggests that
mutations would render the copper in the SOD1 active site
more accessible to peroxynitrite, allowing the formation of
reactive nitronium-like intermediates having the capacity to
nitrate proteins on tyrosine residues (7). Another hypothetical
mechanism suggests that the mutations increase the peroxi-
dase activity of SOD1, leading to the formation of more
hydroxyl radicals from hydrogen peroxide (8, 9). Both of these
hypothetical aberrant activities of mutant SOD1 could con-
tribute to the damage of proteins as well as mitochondria and
other organelles, leading to dysfunction and death of motor
neurons.

Abnormal accumulations of neurofilaments (10) have been
reported in sporadic and in familial ALS caused by SOD1
mutations (11) and in transgenic mice expressing various
SOD1 mutants suggesting a possible link between SOD1 and
neurofilaments (12–15). Previous studies with transgenic mice
overexpressing normal or mutant neurofilament proteins (16–
19) and the discovery of very rare neurofilament heavy (NF-H)
gene mutations in some ALS cases (6, 20) have provided
support for the idea that disorganization of neurofilaments can
play a role in motor neuron disease. Of relevance to the present
study was the report that overexpression of human NF-H in
mice leads to a motor neuronopathy characterized by the
formation of perikaryal neurofilamentous accumulations re-

sembling those found in ALS and by the atrophy and slow
degeneration of motor axons in old transgenic mice (16).

To clarify the role of neurofilaments in SOD1-mediated
disease, we mated transgenic mice expressing a ALS-linked
SOD1 mutant (SOD1G37R) with transgenic mice expressing
either of the two alleles of human NF-H subunits. We report
here that overexpression of NF-H conferred remarkable pro-
tection against SOD1-mediated toxicity.

MATERIALS AND METHODS

Generation of Transgenic Mice. The parental mice expressing
the SOD1G37R (line 29) or the human NF-H alleles were pre-
dominantly C57BLy6 even though they are not fully inbred.
Nonetheless, to circumvent potential difficulties caused by the
genetic background of mice, our study was carried out with
transgenic littermates. Transgenic mice heterozygous for
SOD1G37R were bred with mice heterozygous for each human
NF-H transgene to produce offspring constituted of SOD1G37R-
transgenic, NF-H-transgenic, doubly SOD1G37R;NF-H, and nor-
mal mice.

Protein Analysis. Cytoskeletal-enriched fractions were pre-
pared from the spinal cord and ventral roots by homogeniza-
tion of tissue in Triton X-100 buffer (10 mM TriszHCl, pH
7.5y150 mM NaCly1 mM EDTAy1% Triton X-100) followed
by centrifugation at 12,000 3 g. Protein extracts were obtained
by homogenization of spinal cord in SUB (0.5% SDSy8 M
ureay2% 2-mercaptoethanol). Samples were electrophoresed
on 7.5% polyacrylamide gels (SDSyPAGE) for the detection
of neurofilament proteins, or 15% for detection of SOD1
protein, and transferred on nitrocellulose filter. The NF-H
transgene expression product was detected with a human
NF-H-specific primary antibody (provided by V. M.-Y. Lee,
Univ. of Pennsylvania) and ECL (Amersham) chemolumines-
cence kit for Western blotting. For the detection of SOD1
protein, a primary antibody from BioDesign (New York) was
used.

Histological Methods. Mice were killed by overdose of
chloral hydrate, perfused with PBS, pH 7.4, and then with
fixative (2.5% glutaraldehyde in 0.1 M sodium phosphate
buffer, pH 7.4). Tissue samples were immersed in fixative for
at least 2 hr, rinsed in phosphate buffer, and postfixed in 1%
phosphate buffered osmium tetroxide. Each sample was de-
hydrated in a graded series of ethanol and embedded in Epon
from Marivue, Nova Scotia, Canada. The thin sections were
stained with toluidine blue from JBS, Canada.
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RESULTS

To investigate the effect of increasing the levels of neurofila-
ment proteins in motor neuron disease induced by mutant
SOD1, mice heterozygous for a ALS-linked mutant SOD1
transgene (SOD1G37R; line 29) (14) were bred with mice
heterozygous for a human NF-H transgene (21). This mating
procedure allowed us to produce and analyze transgenic
littermates. The NF-H-transgenic lines are referred as the
NF-H43 (line 200) (16), coding for 43 Lys-Ser-Pro (KSP)
phosphorylation sites, and the NF-H44 (line 398) coding for 44
KSP repeats. These NF-H-transgenic lines were obtained by
the microinjection of genomic fragments containing the hu-
man NF-H gene, f lanked by 59-promoter region and 39 se-
quences. The heterozygous NF-H-transgenic mice from these
two lines develop neurofilament accumulations in lower motor
neurons and exhibit neurological abnormalities such as fine
tremors and limb contraction reflexes during aging. The
NF-H-induced pathology progresses with atrophy and slow
degeneration of motor axons in old transgenic mice. In het-
erozygous transgenic mice from these two lines, the NF-H
overexpression does not result into significant loss of spinal
motor neurons and does not affect lifespan. The total amount
of NF-H protein detected in cytoskeletal-enriched prepara-
tions of the spinal cord is similar in heterozygous mice from
both transgenic lines and corresponds to 'twofold the level of
NF-H detected in normal mice as determined by Coomassie
blue after SDSyPAGE (Fig. 1). In both mouse lines, NF-H
overexpression resulted in a slight reduction in levels of NF-M
protein in the spinal cord. However, the mice from line 200
expressing NF-H43 showed more prominent neurofilamentous
swellings in spinal motor neurons and more severe atrophy of
ventral and dorsal root axons than mice from line 398 express-
ing NF-H44 (Fig. 2). As expected, the dramatic reduction in

axonal calibers of NF-H43-transgenic mice is accompanied
with a marked decrease in the levels of all three neurofilament
proteins detected in ventral roots when compared with NF-
H44-transgenic or normal mice (Fig. 1). It is unclear whether
the distinct phenotypes of transgenic lines 200 and 398 reflect
slightly different properties of the two human NF-H alleles or
results from variability of NF-H transgene expression in par-
ticular neuronal subsets, motor neurons for instance.

Expression of mutant SOD1 in the doubly SOD1G37R;NF-
H-transgenic mice (4 mo old) had no detectable effects on the
levels of neurofilament proteins in the spinal cord, including
human NF-H protein (Fig. 1 A and Fig. 3). Likewise no changes
in the levels of SOD1G37R in the spinal cord occurred as a result
of NF-H overexpression in doubly SOD1G37R;NF-H-
transgenic mice (Fig. 3).

Fig. 4 shows the survival curves of SOD1G37R-transgenic
mice. Transgenic mice expressing SOD1G37R alone in a normal
neurofilament background had a mean life expectancy of 9.5 6
2.8 mo (n 5 20) and most of them (75%) died before 1 year
old. In contrast, 100% of SOD1G37R;NF-H43-transgenic mice
were still alive after 1 year for an average lifespan of 15.8 6 1.5
mo (n 5 9). Thus, expression of the human NF-H43 transgene
extended the mean longevity of SOD1G37R-expressing mice by
'6 mo. The protective effect of human NF-H protein also was
important in SOD1G37R;NF-H44-transgenic mice, derived from
the other NF-H-transgenic line. In this case, the median of life
probability of doubly transgenic mice was extended by '2 mo
(n 5 23) (Fig. 4). The onset of paralysis in the doubly
SOD1G37R;NF-H-transgenic mice occurred shortly before
death with a period of SOD1 disease duration ('2 wk)
comparable with the one observed in singly SOD1G37R-
transgenic mice. It should be noted that although the onset of
paralysis and death caused by SOD1G37R toxicity were dra-
matically delayed in SOD1G37R;NF-H-transgenic mice, these
doubly transgenics exhibited the mild neurological phenotypes
characteristic of the respective parental NF-H-transgenic lines.

Light microscopy examination of spinal cord and lumbar
(L5) spinal root axons from 1-yr-old transgenic mice, carrying
the SOD1G37R transgene alone or together with a NF-H

FIG. 1. Levels of neurofilament proteins in spinal cord and ventral
roots. Coomassie stained SDSyPAGE gel of cytoskeletal-enriched
preparations from the spinal cord (A) and lumbar ventral roots (B) of
4-mo-old mice. (A) The level of NF-H protein is increased by 'twofold
in the spinal cord of transgenic mice heterozygous for the NF-H44

(lane 4) or NF-H43 (lane 5) transgenes as compared with normal mice
(lane 2). The NF-H overexpression caused a reduction in the levels of
NF-M. Expression of SOD1G37R did not affect the levels of neuro-
filament proteins in the doubly SOD1G37R;NF-H44-transgenic mice
(lane 3). (B) The levels of neurofilament proteins were reduced
markedly in ventral root axons of NF-H43 mice (lane 5) in contrast to
NF-H44 mice (lane 4) or normal mice (lane 2).

FIG. 2. Light micrographs of ventral roots, dorsal roots and spinal
cord from NF-H-transgenic mice. Transverse sections of L5 ventral
roots, dorsal roots, and spinal cord from normal mice (A, B, and C),
NF-H44 mice (D, E, and F), and NF-H43 mice (G, H, and I) (12-mo-
old). Mice overexpressing human NF-H43 showed more prominent
neurofilamentous accumulations in spinal motor neurons (I) than
mice overexpressing NF-H44 (F). The axonal atrophy in ventral and
dorsal roots is also more severe in mice expressing NF-H43 (G and H)
than in those expressing NF-H44 (D and E). The arrows point to
neurofilament accumulations. (I, Bar 5 10 mm.)
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transgene further corroborated the protective effect of NF-H
against SOD1G37R toxicity (Fig. 5). Although massive axonal
loss and cell death had occurred in one-year old SOD1G37R

mice (Fig. 5 D–F), the motor and sensory axons were generally
spared in SOD1G37R;NF-H43-transgenic mice (Fig. 5 J and K).
Note that, like mice expressing the human NF-H43 alone (Fig.
2 G–I), the doubly SOD1G37R;NF-H43-transgenic mice exhib-
ited axonal atrophy (Fig. 5 J and K) and prominent perikaryal
neurofilamentous accumulations (Fig. 5L). To a lesser degree,
the rescue of motor and sensory axons also was evident in
doubly transgenic mice expressing the NF-H44 (Fig. 5 G–I).

Remarkably, the different degrees of protection conferred by
the two human NF-H transgenes in the SOD1-induced disease
correlated with the extent of neurofilament accumulations in
motor neuron cell bodies of each NF-H-transgenic line.

DISCUSSION

It is surprising that human NF-H overexpression was able to
confer protection against SOD1-mediated toxicity instead of
exacerbating disease. Different mechanisms could account for
the apparent paradoxical effects of human NF-H overexpres-
sion. One mechanism is that the extra neurofilament proteins
would act as a sink for toxic oxygen radical species thereby
reducing damage to other essential cellular components. To
test this possibility, we examined in extracts from the spinal
cord and spinal roots of mice the levels of protein-bound
nitrotyrosine, using a mAb (Upstate Biotechnology, Lake
Placid, NY) and of protein-bound carbonyls as described by
Levine et al. (22). Experiments carried out with mice at
different ages revealed no detectable changes in the pattern or
amount of protein-bound nitrotyrosine or carbonyl modifica-
tions in the doubly SOD1G37R; NF-H-transgenic mice when
compared with normal, SOD1G37R, and NF-H-transgenic mice
(data not shown). These results are in agreement with three
recent studies (23–25). After infection of differentiated PC12
cells with adenovirus coding for mutant SOD1 genes (23), the
resulting cell death occurred without changes in the content of
protein-bound nitrotyrosines, nor was the cell death NO-
dependent. The level of protein-bound nitrotyrosine also was
reported to remain unchanged in two additional transgenic
mouse lines expressing the SOD1G37R mutant (24). In another
study, the level of carbonyls was reported not to be significantly
increased in brain samples of familial ALS patients bearing
SOD1 mutations (25). Therefore, we conclude that targeted

FIG. 3. Expression of human NF-H and SOD1G37R proteins in
transgenic mice. (A) Immunodetection of human NF-H protein in
spinal cord extracts from normal mice (lane 1), transgenic mice
bearing the SOD1G37R (lane 2), doubly SOD1G37R;NF-H44-transgenic
mice (lane 3), and transgenic mice expressing the human NF-H44

protein (lane 4). (B) Immunodetection of human mutant and mouse
SOD1 proteins in spinal cord extracts from normal mice (lane 1),
transgenic mice for SOD1G37R(lane 2), SOD1G37R;NF-H44-transgenic
mice (lane 3), and transgenic mice expressing the human NF-H44

protein (lane 4).

FIG. 4. Increased lifespan of SOD1G37R-transgenic mice by NF-H
overexpression. Survival curves of transgenic mice expressing
SOD1G37R alone or together with NF-H transgenes coding for the
NF-H43 or NF-H44 proteins. The survival probability of transgenic
mice is plotted as a function of their age in months. It is remarkable
that expression of the human NF-H44 transgene increased the mean
longevity of SOD1G37R by '6 mo.

FIG. 5. Lessen neurodegeneration in SOD1G37R-transgenic mice
coexpressing human NF-H proteins. Light micrographs show the
lumbar (L5) ventral root axons, dorsal root axons, and motor neurons
from a normal mouse (A, B, and C), a singly SOD1G37R-transgenic
mouse (D, E, and F), a doubly SOD1G37R;NF-H44-transgenic mouse
(G, H, and I), and a doubly SOD1G37R;NF-H43-transgenic mouse (J,
K, and L). Neurofilamentous swellings are indicated by arrows in L.
Tissues were embedded in Epon and 1 mm sections were stained with
toluidine blue. (Bar 5 50 mm.)
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oxidative modifications of NF-H protein is unlikely to be
responsible for the protection against SOD-1 induced damage.

It is striking that increased synthesis of NF-H43 had more
beneficial effects than NF-H44. Although in both cases NF-H
levels are increased comparably, the NF-H43 also results in the
trapping of many neurofilaments in the cell bodies (Fig. 2I)
and a partial depletion of axonal neurofilaments (Fig. 1B). The
NF-H44 mice have a more normal axonal neurofilament con-
tent than NF-H43 mice (Fig. 1B) and less perikaryal accumu-
lations of neurofilaments (Fig. 2F). Thus, the enhanced ben-
eficial effect of the NF-H43 product and more modest benefits
of NF-H44 may derive from (i) protection in proportion to the
increased level of perikaryal neurofilament proteins, (ii) pro-
tection in proportion to a decreased axonal neurofilament
content, (iii) a selective property of the shorter KSP repeat
domain of NF-H43, or (iv) a combination of these effects.

Of relevance here are two other mating experiments that
have followed SOD1-mediated disease in mice with altered
neurofilament content: First, total loss of perikaryal and
axonal neurofilaments through disruption of the NF-L gene
(26) (with a corresponding elevation of perikaryal NF-M and
NF-H protein levels) also leads to '2-mo extension of lifespan
in SOD1G85R mutant mice (27) demonstrating that SOD1-
mediated disease can proceed in the absence of neurofila-
ments. Second, expressing an NF-H-b-galactosidase fusion
protein has been found to eliminate axonal neurofilaments by
trapping neurofilaments in perikarya that become grossly
distended with masses of neurofilaments. Although this con-
struct confers no net beneficial effect on disease mediated by
familial ALS-linked mutation SODG37R (28), it should be
emphasized that the NF-H-b-galactosidase mice lose 25% of
motor axons during the first year of life anyway (29). Because
this loss would strongly be expected to accelerate disease
arising from SOD1 mutant killing of motor neurons, the
apparent unchanged disease course most probably arises from
the altered neurofilament accumulation (an increase in
perikarya and elimination in axons) slowing SOD1-mediated
neuronal death. Considering all of these together, it seems
most likely that the marked beneficial effect in the NF-H43 and
NF-H44 mice arises from an increase in perikaryal levels of
neurofilament proteins, and a reduction, but not elimination of
axonal neurofilaments (most striking in the case of NF-H43).

One explanation for the protective effect of NF-H overex-
pression is based on previous reports indicating that neuro-
filament proteins have multiple calcium-binding sites, includ-
ing high affinity sites, suggesting neurofilament involvement in
calcium homeostasis (30, 31). It is conceivable that increasing
the NF-H protein levels might confer protection in perikarya
against rises in intracellular calcium resulting from oxidative
stress and particularly from mitochondrial damage reported in
mutant SOD1 transgenic mice (14, 32). This hypothesis also
can offer an explanation for the slowing of disease in mice
expressing SOD1G85R without neurofilaments as the result of
deletion of NF-L. Despite complete absence of neurofilaments
and markedly reduced axonal levels of NF-M and NF-H,
perikaryal levels of both subunits are elevated in NF-L knock-
out mice relative to normal mice (27) and thus would confer
enhanced protection.

Overexpression of the calcium-binding protein, calbindin
D28K, was recently reported to protect against mutant SOD1-
mediated death of PC12 cells (23) and of cultured motor
neurons expressing mutant SOD1G93A (personal communica-
tion from Heather Durham, Montreal Neurological Institute).
The hypothesis of calcium involvement in the pathogenesis
receives support by the demonstration of selective vulnerability
of motor neurons lacking typical calcium-binding proteins,
parvalbumin and calbindin, in ALS patients, monkeys (33–36),
and a line of transgenic mice expressing mutant SOD1 (15).
Indeed, if neurofilament proteins act as calcium chelators, the
dramatic declines in neurofilament mRNA levels occurring

during aging (37, 38) and to a greater extent in neurodegen-
erative diseases including ALS (39) may contribute to increase
the susceptibility of specific neuronal populations to oxidative
stress and calcium-mediated death.

We report here that overexpression of two different alleles
of human NF-H extends the lifespan of SOD1G37R-transgenic
mice by up to 65%. Other efforts to alleviate SOD1-induced
disease in transgenic mice by various therapeutics including
vitamin E, riluzole, gabapentin, and D-penicillamine have
produced only modest benefits (40, 41). Mating mutant SOD1
mice to mice overexpressing bcl-2 produced transgenic prog-
eny whose longevity was increased by 15% (42). Attempts to
increase perikaryal levels of neurofilament proteins could
provide the basis for developing new therapeutic approaches
for ALS and other neurodegenerative disorders.
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