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Amyotrophic lateral sclerosis (ALS) is an adult-
onset neurological disorder of multiple etiologies
that affects primarily motor neurons in the brain and
spinal cord. Abnormal accumulations of neurofila-
ments (NFs) in motor neurons and a down-regula-
tion of mRNA for the NF light subunit (NF-L) are
associated with ALS, but it remains unclear to what
extent these NF perturbations contribute to human
disease. Transgenic mouse studies demonstrated
that overexpression of normal and mutant NF pro-
teins can sometimes provoke a motor neuronopathy
characterized by the presence of abnormal NF accu-
mulations resembling those found in ALS.
Remarkably, the motor neuronopathy in transgenic
mice overexpressing human NF heavy (NF-H) sub-
units was rescued by the co- expression of a human
NF-L transgene at levels that restored a correct sto-
ichiometry of NF-L to NF-H subunits. Transgenic
approaches have also been used to investigate the
role of NFs in disease caused by Cu/Zn superoxide
dismutase (SOD1) mutations, which is responsible
for ~2% cases of ALS. Studies with transgenic mice
expressing low levels of a fusion NF-H/lacZ protein,
in which NFs are withheld from the axonal compart-
ment, suggested that axonal NFs are not toxic inter-
mediates required for SOD1-mediated disease. On
the contrary, overexpression of human NF-H pro-
teins was found to confer an effective protection
against mutant SOD1 toxicity in transgenic mice, a
phenomenon that may be due to the ability of NF

proteins to chelate calcium. In conclusion, trans-
genic studies showed that disorganized NFs can
sometimes have noxious effects resulting in neu-
ronopathy. However, in the context of motor neuron
disease caused by mutant SOD1, there is emerging
evidence that NF proteins rather play a protective
role.

Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is an adult-onset

and heterogeneous neurological disorder that affects pri-
marily large motor neurons in the brain and spinal cord.
The degeneration of motor neurons leads to denervation
atrophy of skeletal muscles and, ultimately, to paralysis
and death. Current evidence suggests that multiple
genetic and environmental factors may be implicated in
ALS pathogenesis, including excitatory amino acid neu-
rotoxicity (49, 65), increased protein kinase C activity
(41, 43), impaired calcium homeostasis (40), neurofila-
ment (NF) abnormalities (9, 31, 68, 24), oxidative injury
(19, 66, 77) and autoimmune mediated injury (73).
Approximately 10% of the ALS cases are familial with
the disease inherited in an autosomal dominant manner
with varying degree of penetrance. Mutations in the
gene coding for the Cu/Zn superoxide dismutase
(SOD1) located on chromosome 21 have been found in
~20% of familial cases (64, 6) but for the vast majority
of sporadic ALS and familial cases the etiology remains
unknown. 

Mutations in the SOD1 gene
SOD1 is a ubiquitous cytosolic enzyme involved in

the conversion of superoxide anion to hydrogen perox-
ide. To date, more than 50 different SOD1 mutations
have been identified in familial ALS cases (64, 6, 77).
These mutations are mostly inherited in an autosomal
dominant fashion. The exception is the substitution of
aspartic acid to alanine at position 90 of SOD1
(SOD1D90A) that is autosomal recessive (1). The majority
of SOD1 mutations are missense point mutations, and
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only two deletions have been reported (19, 58). Initially,
the SOD1 mutations were believed to result in compro-
mised enzymatic activity leading to accumulation of
superoxide anions. However, many of the SOD1
mutants still maintain significant enzymatic activity (4,
76) and transgenic studies (80, 85, 29, 61) discussed
below suggest that SOD1 mutations cause ALS through
mechanisms involving gain of deleterious activities.
Several hypotheses have been proposed concerning the
noxious effects of SOD1 mutants. One of them is that
mutations would render the copper in the SOD1 active
site more accessible to peroxynitrite, allowing the for-
mation of reactive nitronium-like intermediates result-
ing in nitration of proteins on tyrosine residues (2).
Another proposal is that the mutations increase the per-

oxidase activity of SOD1, leading to the formation of
more hydroxyl radicals from hydrogen peroxide (83).
These aberrant activities of mutant SOD1 could con-
tribute to damage proteins, mitochondria and other
organelles, leading to cellular dysfunction and death.
However, the pathogenic pathway of SOD1 toxicity
underlying the selective degeneration of motor neurons
has not been resolved.                                                   

Neurofilament abnormalities in ALS  
NFs are the major intermediate filaments of mature

neurons and are particularly abundant in large myelinat-
ed axons. NFs are assembled by the copolymerization of
three proteins, NF-L (61 kDa), NF-M (90 kDa) and NF-
H (110 kDa) (35). The three NFs subunits share with
other members of the intermediate filament family a
central domain of approximately 310-amino acids,
which is involved in the formation of coiled-coil dimers.
Two coiled-coil dimers then line up in a staggered fash-
ion to form an antiparallel tetramer (74, 33, 13). The
subsequent chronology of linear and lateral associations
between tetramers is difficult to discern although
protofilaments consisting of tetramers linked end to end,
and protofibrils consisting of two laterally associated
protofilaments have been proposed. NFs are obligate
heteropolymers requiring NF-L together with either NF-
M or NF-H for polymer formation (10, 45). Following
their synthesis in the perikaryon, the three NF proteins
are transported down the axon with the slow axonal
transport component. There is growing evidence that
NFs are very dynamic structures (55, 56, 32) and for the
view that NF proteins can move down the axon in an
unpolymerized form along axonal microtubules (75). 

In addition to conferring a mechanical support to the
cell, NFs play a role in mediating the caliber of large
myelinated axons. This is an important function because
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Disease Neurofilament Abnormalities References

ALS Neurofilament accumulations in motor neurons (9)
(70% of cases)    Decline of 60% in NF-L mRNA (3)

Parkinson’s disease Lewy bodies in substantia nigra (70)
(100% of cases)    and locus coreuleus

Declines of 30% NF-L mRNA (30)
and 70% NF-H mRNA

Alzheimer’s disease Cortical Lewy bodies (72)
(20% of cases) Decline of 70% in NF-L mRNA (16)

Lewy body Cortical Lewy bodies         (69)
Dementia

Guam-Parkinsonism Neurofilament deposits in motor neurons   (62)
(100% of cases) 

Peripheral         Neurofilament accumulations in peripheral   (5) 
Neuropathies axons that can be induced by various toxic agents, 

such as IDPN, hexanedione and acrylamide.

Giant Axonal Neurofilament accumulations in peripheral axons       (39) 
Neuropathy

Table 1. Human diseases with abnormal neurofilament
deposits.

Transgene Neuronal populations Motor Neuron  References 
affected Disease 

Human NF-L Thalamic neurons No        (50, 41)           
and cortical neurons

Human NF-M Cortical neurons No (82, 42)
and forebrain neurons

Human NF-H Spinal motor neurons Yes    (14, 15)
and DRG neurons

MSV/mouse NF-L Spinal motor neurons Yes       (86) 
and DRG neurons

MSV/mouse NF-M Spinal motor neurons No (84)
and DRG neurons

Mouse NF-H Spinal motor neurons No (51)
and DRG neurons

Mouse NF-H/lacZ Perikaryal swellings and No (22, 78)
Purkinje cell degeneration

MSV/mutant NF-L Spinal motor neurons Yes      (44)
and DRG neurons

Table 2. Transgenic mice with abnormal neurofilament accu-
mulations.

Transgene Pathology References

SOD1 wild-type No motor neuron disease but
NF-rich spheroids and vacuoles in
motor neurons (18, 80, 85, 61)

SOD1 mutant hG93A Prominent vacuoles in motor 
neurons and spheroids 
in proximal motor axons (28, 79)

SOD1 mutant hG37R Vacuoles and few 
neurofilament inclusions (85)

SOD1 mutant mG86R Argyrophilic perikarya and
swollen processes in ventral horn
gray matter (61)

SOD1 mutant hG85R glial inclusions that stain intensely 
for SOD1 and ubiquitin (8)

Knock-out SOD1 No motor neuron disease (59)

Table 3. Mutant and wild-type SOD1 transgenic mice.



the axonal caliber is a major determinant of conduction
velocity. The unequivocal proof of NF involvement in
the control of axonal caliber was recently provided from
the analysis of animals lacking axonal NF structures
including a quivering quail mutant deficient in NF-L
protein (87), a transgenic mouse expressing a NF-
H/lacZ fusion construct (22) and a NF-L knock-out
mice (88). Although a modest decline of ~10% in the
number of ventral root axons was observed in NF-L -/-
as compared to wild type (88), the absence of pathology
in NF-L -/- mice demonstrates that the lack of intact NF
structures is not by itself sufficient to grossly alter ner-
vous system development or function in mice. 

Perturbations in the normal metabolism of NFs are
often associated with neurodegenerative diseases. Table
1 shows a lists pathologies where abnormal NF accu-
mulations, often called spheroids or Lewy bodies, are
frequently observed. Paradoxically, the NF deposits
observed in neurodegenerative diseases are often associ-
ated with decreases in the levels of NF mRNAs.
Bergeron et al. (3) reported a 60% reduction in the lev-
els of NF-L mRNAs in motor neurons of ALS patients.
In Alzheimer’s disease, a decline of up to 70% in NF-L

mRNA was reported as compared to age-matched con-
trols (16) whereas in Parkinson’s disease, the levels of
both NF-L and NF-H mRNAs were found to be reduced
in substantia nigra neurons as compared to age-matched
controls (30). It has been hypothesized that the reduced
NF protein synthesis occurring in affected neurons
might lead to a reduction of axon caliber and synaptic
dysfunction, possibly causing a loss of nigrostriatal pro-
jections (30). In fact, aging itself is a factor that may
contribute to axonal atrophy. There is a normal decline
in NF mRNA expression of 50-60% during aging (57,
42). The extent to which disorganized NFs or reduction
of NF mRNA levels contribute to neurodegeneration in
human diseases remains unknown.

Further evidence for NF involvement in motor neu-
ron disease was provided by the finding of codon dele-
tions in the Lys-Ser-Pro (KSP) phosphorylation domain
of NF-H from some sporadic cases of ALS (24, 36). The
combined results from various laboratories (24, 36, 63,
81) suggest that deletion mutations in the phosphoryla-
tion domain of the NF-H gene may be responsible for
only a small percentage of ALS cases (~1.3%).
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Figure 1. Reduction of perikaryal swellings by restoration of NF-L to NF-H stoichiometry. Light microscopy of spinal cord sections
from mice homozygous (C) and heterozygous (E) for a human NF-H transgene showed large accumulations of NFs in the perikarya
of motor neurons. The hNF-H transgenic mice were mated to transgenic mice overexpressing human NF-L (B) to derive doubly trans-
genic mice homozygous hNF-H+/+;hNF-L +/+ (D) and heterozygous hNF-H+/-;hNF-L +/- (F) for the two transgenes. Note the dra-
matic reduction of perikaryal swellings in doubly transgenic mice. In (A) is shown the spinal cord from a normal mouse. Tissues were
embedded in Epon and 1 mm sections were stained with toluidine blue. Magnification 500X.



Transgenic mice with abnormal NF accumulations

Mice expressing NF transgenes.As shown in Table
2, abnormal NF accumulations can be formed by over-
expressing any one of the three NF genes. Several trans-
genic mouse lines expressing human NF-H proteins
were generated by the microinjection of large genomic
clones including human NF-H alleles (15). Two normal
NF-H alleles exist in the human population, one bearing
43 KSP phosphorylation site repeats, and the other 44
KSP repeats (25). Both alleles were found to be capable
of inducing motor neuron disease when overexpressed
in transgenic mice, but an earlier onset of disease
occurred with the allele having 43 KSP repeats (our
unpublished observation). A modest two-to-three fold
overexpression of this allele in mice provokes a late-
onset motor neuron disease, characterized by the pres-
ence of aberrant NF accumulations in spinal motor neu-
rons (15). These NF-H transgenic mice exhibit neuro-
logical abnormalities such as fine tremors and abnormal
limb contraction reflexes during aging. The NF-H-
induced pathology progresses with atrophy and slow
degeneration of motor axons in old transgenic mice,
resulting in secondary muscle degeneration. However,
overexpression of human NF-H did not result into sig-

nificant loss of spinal motor neurons and did not affect
life-span. Our interpretation of this effect is that exces-
sive levels of human NF-H protein alter the NF proper-
ties, resulting in retardation of axonal transport and
aberrant aggregation of NFs in the cell body and proxi-
mal axon. Surprisingly, transgenic mice with a four-to-
five fold increase in the level of wild type mouse NF-H
protein did not develop a motor neuron disease despite
the retardation of NF axonal transport, the presence of
NF accumulations in motor neurons and the atrophy of
myelinated axons (51). These results indicate that
human NF-H is markedly more potent than murine NF-
H in causing neuronopathy. The reason for this discrep-
ancy could well be due to important differences in the
phosphorylation consensus sequences of the KSP repeat
domain (37, 46), a region that can affect filament inter-
actions and perhaps axonal transport (52). 

High-level overexpression of the wild-type mouse
NF-L protein in transgenic mice achieved by use of the
strong viral promoter from murine sarcoma virus
(MSV), provoked an early-onset motor neuron disease
accompanied by massive NF accumulations in spinal
motor neurons and by muscle atrophy (86). A more
robust phenotype was produced by expressing an assem-
bly-disrupting NF-L mutant having a leucine to proline
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Figure 2. Rescue of axonal atrophy by hNF-L overexpression in hNF-H transgenic mice. Light micrographs of ventral root axons from
normal mice (A), from mice homozygous for human NF-L transgene (B), from mice homozygous (C) and heterozygous (E) for human
NF-H transgene, and from doubly transgenic mice hNF-L+/+; hNF-H +/+ (D) and hNF-L +/-; hNF-H +/- (F). Tissues were embedded
in Epon and 1 mm sections were stained with toluidine blue. Magnification 550X.



substitution near the carboxy-terminal end of the rod
domain (44). Although no such NF-L mutations have
been reported in human ALS, similar mutations in ker-
atins are the cause of severe forms of genetic skin dis-
eases (26). Expression of this mutant NF-L protein at
only 50% of the endogenous NF-L level was sufficient
to induce within four weeks massive NF accumulations
in spinal motor neurons and was accompanied by death
of motor neurons, neuronophagia and severe denerva-
tion atrophy of the skeletal muscle.

These transgenic studies with the mouse NF-L and
human NF-H genes provided the first demonstration that
disorganized neurofilaments can provoke motor neu-
ronopathy. The cellular selectivity of this disease was
remarkable in that degeneration was restricted to spinal
motor neurons even though the NF-L or NF-H trans-
genes were expressed throughout the nervous system. It
is likely that neurons of small size and therefore having
lower NF content were less vulnerable to develop nox-
ious disorganized NFs. Nonetheless, additional
unknown cellular factors may also contribute to the
deleterious effects of NF inclusions since large NF accu-
mulations were well tolerated within neurons of dorsal
root ganglia (DRG) (15, 86, 44). 

As shown in Table 2, some types of NF accumula-
tions appear to be less toxic than others as not all trans-
genic mouse lines with NF abnormalities developed
motor neuronopathy. For instance, no overt phenotypes
occurred in transgenic mice expressing a mouse NF-
H/lacZ fusion gene even though massive NF aggregates
were detected in neuronal perikarya throughout the ner-
vous system (22). Also, large NF swellings were found
in DRG and motor neurons of transgenic mice overex-
pressing a NF-M transgene, but no axonal degeneration
was observed (84). Moreover, transgenic mice with
moderate overexpression of the human NF-L (38, 50) or
NF-M genes (82) appeared normal, although a detailed
analysis of the mice revealed the presence of abnormal
perikaryal immunoreactivity in some populations of
brain neurons.

Rescue of motor neuronopathy by restoration of
subunit stoichiometry.It has been proposed that the pil-
ing-up of NFs can have a noxious effect by reducing the
delivery of components required for axonal maintenance
(14, 12). However, it remains unclear whether the trans-
port defect results from a physical block by NF deposits
or from the indirect effect of disorganized NFs on other
cellular components required for axonal transport.
Interestingly, we discovered that the motor neuronopa-
thy in transgenic mice overexpressing human NF-H pro-

teins can be rescued by overexpressing human NF-L.
Doubly hNF-H;hNF-L transgenic mice were derived by
mating mice bearing a human NF-H transgene from line
200 (15) with mice bearing a human NF-L transgene
from line 29 (38). Overexpression of human NF-L
together with human NF-H in doubly transgenic mice
virtually eliminated the massive perikaryal swellings
(Fig. 1) and the axonopathy (Fig. 2) observed in mice
expressing the human NF-H transgene alone. Moreover,
the doubly NF-H;NF-L transgenic mice did not develop
overt neurological defects even after one year of age.
The levels of human NF-H proteins were slightly more
elevated in the doubly transgenic mice (Meier J.,
Couillard-Després S., Gravel C. and Julien J.-P., paper
in preparation). Therefore, the noxious effect of human
NF-H overexpression is not due to a toxic property of
human NF-H in itself as suggested before (51) but rather
related to a cytoskeletal disorganization resulting from
an aberrant subunit stoichiometry.        

Transgenic mice expressing SOD1 mutants  
Several lines of transgenic mice expressing various

SOD1 mutants found in human ALS have been generat-
ed in different laboratories. Table 3 summarizes the neu-
ropathological changes occurring in SOD1 transgenic
mice that have been reported to date. Transgenic mice
expressing three different SOD1 mutants developed
motor neuron disease even though the SOD activities in
mice were not reduced (28, 85, 80, 61). Mice expressing
wild-type human SOD1 to high levels (28, 85, 80) or
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Figure 3. Vacuolar degeneration of motor spinal neurons in
SOD1G37R transgenic mice at end-stage of disease. Arrows show
vacuoles in degenerating neurons. Tissues were embedded in
Epon and 1 mm sections were stained with toluidine blue.
Calibration bar equals 25 mm.



mice homozygous for the targeted disruption of the
SOD1 gene (59) did not develop motor neuron disease.
This demonstrated that SOD1 mutations cause ALS
through a mechanism involving a gain of adverse func-
tion rather than a loss of superoxide dismutase activity.

The transgenic mice expressing SOD1 mutants
exhibit many aspects of the pathology observed in
human ALS. The neuropathology in the SOD1G93A and
SOD1G37R mice appeared mainly in the motor neurons in
spinal cord and brain stem (28, 85, 80). The pathology
in these transgenic mice is characterized by the presence
of prominent vacuoles representing dilated mitochon-
dria and endoplasmic reticulum in motor neurons (Fig.

3). Fragmentation of Golgi apparatus was also identified
in the SOD1G93A mice, which is similar of human ALS
(54). NF-rich inclusions were also detected in the prox-
imal axons and perikarya in the SOD1G93A (80) and
mSOD1G86R mice (61), but to a lower extent in the
SOD1G37R mice (85, 85). It is unclear why the SOD1G37R

mice developed less NF-rich inclusions. This could
reflect differences in the expression levels of SOD1
transgenes or differences in the targets of oxidative dam-
age due to the site of mutation. The pathological char-
acteristics of the SOD1G85R mice are even more intrigu-
ing. These mice exhibit glial inclusions immunoreactive
for SOD1 and ubiquitin (8) that are similar to those
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Figure 4. Less neurodegeneration in SOD1G37R transgenic mice co-expressing human NF-H proteins. Light micrographs show the
lumbar (L5) ventral root from a normal mouse (A), from a singly SOD1G37R transgenic mouse (B), from a transgenic mouse overex-
pressing human NF-H (C), and from doubly SOD1G37R;NF-H transgenic mouse (D). All mice were one-year old. Tissues were embed-
ded in Epon and 1 mm sections were stained with toluidine blue. The bar equals 10 mm.



reported in some human ALS cases (71). However, such
inclusions were not observed in mice expressing the
SOD1G37R, SOD1G93A and even mSOD1G86R, which is the
mouse SOD1 mutation equivalent to the human
SOD1G85R.                                                   

The role of NFs in SOD1-mediated disease
The mechanism underlying the selective degenera-

tion of motor neurons by expression of SOD1 mutants is
not fully understood. The presence of abnormal NF
accumulations in motor neurons of some familial ALS
cases caused by mutations in SOD1 (67) and the finding
of similar NF inclusions in transgenic mice expressing
SOD1 mutants (80, 61, 85) suggested the possibility that
NF proteins could be primary targets in SOD1-induced
disease. In support of this view was a report of
immunoreactivity to nitrotyrosine residues in NF-L
found in spheroids of motor neurons from familial ALS
cases (11). It has been speculated that tyrosine nitration
of NF-L may impede its assembly and lead to formation
of disorganized filaments (17). However, recent lines of
evidence do not support the view that NFs are a toxic
intermediate in SOD1-mediated disease. First, nitrotyro-
sine modification of NF proteins was not detectable in
SOD1G85R transgenic mice (7). Second, Eyer et al. (21)
observed no changes of disease progression due to
SOD1G37R in a context where NFs are withheld from the
axonal compartment by expression of a NF-H/lacZ
fusion construct. Although the authors concluded that
axonal NFs are not required for SOD1- mediated dis-
ease, their results must be interpreted with caution
because neurons in the NF- H/lacZ mice are not devoid
of NFs. In fact, there are enormous NF swellings in neu-
ronal perikarya of NF-H/lacZ mice that can be viewed
as a relocalization of endogenous NFs. Thirdly, we
recently discovered that NF proteins may have a protec-
tive rather than noxious effect in the context of SOD1-
mediated disease. 

To investigate the role of NFs in SOD1-mediated dis-
ease, we mated transgenic mice expressing SOD1G37R

(85) with transgenic mice overexpressing human NF-H
by 1.5 fold. Transgenic mice expressing SOD1G37R alone
in a wild-type NF background had a mean life expectan-
cy of 9.5 months and most of them (75%) died of paral-
ysis before 1 year of age. In contrast, 100% of
SOD1G37R;NF-H transgenic mice were still alive after 1
year for an average life span of almost 16 months. Thus,
overexpression of the human NF-H transgene extended
the mean longevity of SOD1G37R mice by ~6 months
which represent an increase of 65% of their life-span. It
should be noted that while the onset of paralysis and

death due to SOD1G37R toxicity were dramatically
delayed in SOD1G37R;NF-H transgenic mice, these dou-
bly transgenics exhibited the neurological phenotypes
characteristic of the parental NF-H transgenic line.
Microscopic examination corroborated the protective
effect of NF-H protein against SOD1 toxicity (Fig. 4).
Whereas massive neurodegeneration occurred in 1-year
old mice expressing SOD1G37R alone (Fig. 4 B), spinal
root axons and motor neurons were remarkably spared
in doubly SOD1G37R;NF-H transgenic littermates (Fig. 4
D).

What mechanism can account for the apparent para-
doxical effects of NF-H overexpression? To date, we
have found no evidence that the extra NF-H proteins
would act as a sink for toxic oxygen radical species
thereby reducing damage to other essential cellular
components. Experiments carried out with mice at dif-
ferent ages revealed no detectable changes in the pattern
or amount of protein-bound nitrotyrosine or carbonyl
modifications in the doubly SOD1G37R; NF-H transgenic
mice when compared to normal, SOD1G37R and NF-H
transgenic mice (data not shown). Other groups recent-
ly published studies supporting these observations.
Following infection of differentiated PC12 cells with
adenovirus coding for mutant SOD1 genes, the resulting
cell death occurred without increases in the content of
protein-bound nitrotyrosines, nor was the cell death
nitric oxide-dependent (27). The level of protein-bound
nitrotyrosine was also reported to remain unchanged in
a different mutant SOD1 transgenic mouse line (7). In
another study with ALS cases, the level of carbonyls
was reported not to be significantly increased in brain
samples of FALS patients bearing SOD1 mutations (23).
Therefore, we conclude that buffering of oxidative mod-
ifications by the NF-H protein is unlikely to be respon-
sible for the protection against SOD1-induced damage.

One attractive explanation for the protective effect of
NF-H in the context of SOD1-mediated pathogenesis is
based on previous reports that NF proteins have multi-
ple calcium binding sites, including high affinity sites,
suggesting NF involvement in calcium homeostasis (47,
48). From these studies, it is therefore conceivable that
increasing the NF-H protein levels might confer protec-
tion against rises in intracellular calcium resulting from
oxidative stress and particularly from mitochondrial
damage reported in SOD1G37R transgenic mice (85).
There is emerging evidence of calcium involvement in
cell death caused by SOD1 mutations. For instance, the
calcium-binding protein, calbindin D28K, was recently
found to confer protection against mutant SOD1-medi-
ated death of PC12 cells in culture (27) and in primary
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motor neuron expressing SOD1G93A in culture (personal
communication from Heather Durham, Montreal
Neurological Institute). A calcium involvement in ALS
is also strongly supported by the selective vulnerability
of motor neurons lacking typical calcium-binding pro-
teins, parvalbumin and calbindin as shown in studies on
ALS patients and monkeys (60, 20, 34), as well as in a
line of SOD1 transgenic mice (53). If NF proteins act as
calcium chelators, the dramatic declines in neurofila-
ment mRNA levels occurring during aging (57, 42) and
to a greater extent in motor neurons of ALS patients (3)
may contribute to increase the vulnerability to calcium-
mediated cell death. 

Conclusion 
Studies with mice overexpressing NF transgenes

demonstrated that disorganized NFs can sometimes
have noxious effects and provoke neuronopathies pre-
sumably by interfering with axonal transport (15, 14, 86,
44). Factors and signalling pathways that can potential-
ly induce noxious NF inclusions are still poorly under-
stood although alterations in the stoichiometry of NF-L
to NF-H subunits were sufficient to either provoke or
alleviate neuronopathy in transgenic mice. Thus, there is
a need to study the factors that can affect the metabo-
lism, transport, phosphorylation and other posttransla-
tional modifications of NF proteins. Moreover, it
remains unclear why certain types of NF accumulations
are more toxic than others in specific cell types.   

Although transgenic studies demonstrated that disor-
ganized NFs can have noxious effects on neuronal func-
tion, recent data indicated that NF proteins are not toxic
intermediates required for disease caused by mutant
SOD1 (21), which is responsible for ~2% of ALS cases.
On the contrary, NF-H overexpression was found to
confer a remarkable protection against mutant SOD1
toxicity. This rescue of SOD1-induced degeneration
may be due to the ability of NF-H protein to chelate cal-
cium (47, 48), a property of NF proteins that have been
neglected so far. Thus, it is possible that the decline in
NF mRNA levels occurring during aging (57, 42) and to
a greater extent in ALS (3) could be a factor that con-
tribute to increase the susceptibility of motor neurons to
oxidative stress and calcium-mediated death. In this
regard, the breeding of knock- out mice for NF genes
(88) with transgenic mice expressing SOD1 mutants
should provide a powerful approach to resolve this
issue.
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Transgenic mouse studies recently published by
Couillard-Després et al. (Proc Natl Acad Sci USA 95:
9626-9630) and by Williamson et al. (Proc Natl Acad
Sci USA 95: 9631-9636) provide compelling evidence
that levels of NF proteins can affect the progression of
disease caused by SOD1 mutations.
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