
Reduction of axonal caliber does not alleviate motor
neuron disease caused by mutant superoxide
dismutase 1
Minh Dang Nguyen, Roxanne C. Larivière, and Jean-Pierre Julien*

Centre for Research in Neurosciences, McGill University, The Montreal General Hospital Research Institute, Montréal, PQ H3G 1A4, Canada
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It is well established that motor neurons with large axon caliber are
selectively affected in amyotrophic lateral sclerosis (ALS). To in-
vestigate whether high neurofilament (NF) content and large
axonal caliber are factors that predispose motor neurons to selec-
tive degeneration in ALS, we generated mice expressing a mutant
form of superoxide dismutase 1 (SOD1G37R) linked to familial ALS
in a context of one allele for each NF gene being disrupted. A '40%
decrease of NF protein content detected in triple heterozygous
knockout mice shifted the calibers of large axons in L5 ventral root
from 5–9 mm to 1–5 mm, altering neither the normal subunit
stoichiometry and morphological distribution of NFs nor levels of
other cytoskeletal proteins. This considerable reduction in NF
burden and caliber of axons did not extend the life span of
SOD1G37R mice nor did it alleviate the loss of motor axons. More-
over, increasing the density of NFs in axons by overexpressing a
NF-L transgene did not accelerate disease in SOD1G37R mice. These
results do not support the current view that high NF content and
large caliber of axons may account for the selective vulnerability of
motor neurons in ALS caused by mutant SOD1.
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Amyotrophic lateral sclerosis (ALS) is a progressive adult-
onset neurodegenerative disorder that affects primarily

large motor neurons in the brain and spinal cord. Selective
degeneration of these motor neurons leads to atrophy of skeletal
muscles and ultimately to paralysis and death within 1 to 5 years
(1). Approximately 10% of ALS cases are inherited in an
autosomal dominant manner (1), and '20% of these familial
ALS patients have missense mutations in the gene coding for the
superoxide dismutase 1 (SOD1), a metalloenzyme catalyzing the
conversion of superoxide anions into hydrogen peroxide (1).

The selective vulnerability of motor neurons in ALS is not well
understood. Many hypotheses have been suggested to account
for such vulnerability, including decreased levels of calcium-
binding proteins calbindin-D28K and parvalbumin in motor
neurons (2, 3), the decreased amount of collagen in the posterior
half of lateral funiculus and in the anterior horn (4), expression
of atypical calcium-permeable AMPA receptors in human motor
neurons (5), differential distribution of metabotropic glutamate
receptor in somatic motor neurons (6), and poor antioxidant
defenses in motor neurons (1, 7). In addition, the most prevailing
hypothesis is that a high content in neurofilament (NF) proteins
and a large caliber of axons may contribute to the selective
vulnerability of motor neurons in ALS (1, 8–10).

NF proteins are composed of three subunits: NF-L (61 kDa),
NF-M (90 kDa), and NF-H (110 kDa). They belong to the type IV
intermediate filaments (IFs) (11, 12). NFs are obligate heteropoly-
mers requiring NF-L together with either NF-M or NF-H for
polymer formation (11–14). The three subunits share with other
members of the IF family a central domain of approximately 310
amino acids, which is involved in the formation of coiled-coil dimers
(11, 12). After their synthesis in the perikaryon, the three NF
subunits are assembled in the cytoplasm and are moved down the

axon with the slow axonal transport component (11, 12). A Japanese
quail mutant and mice knockout for the NF-L gene provided
definite proof that NFs are a major determinant in the radial growth
of large myelinated axons (15, 16).

Three independent studies reported the selective degenera-
tion of motor neurons with large axonal diameter (a motor
neurons) in ALS patients, whereas motor neurons with small
axonal caliber (g motor neurons) were spared (8–10). Because
NFs are a major determinant of axonal caliber, it has been
suggested that a high axonal content in NFs could predispose to
degeneration in ALS. This view was supported by the detection
of abnormal NF accumulations in spinal motor of ALS patients
(17, 18) and by the finding that overexpression of some NF
transgenes could provoke motor neuron disease (19, 20). Com-
pelling evidence for NF involvement in ALS was also provided
by the discovery of NF-H mutations associated with a small
number of ALS cases (21–23).

Transgenic mice overexpressing mutant SOD1 develop ALS-like
phenotypes through a gain of unidentified deleterious activities
(24–30). To test the contribution of NFs to motor neuron disease
caused by mutant SOD1, mice expressing mutant SOD1 were
mated with mice having altered NF protein levels. Remarkably, the
life span of mice expressing mutant SOD1 was significantly delayed
as a consequence of NF-L disruption (31). However, it has re-
mained unresolved whether the slowing down of disease in this
experiment was the consequence of a depletion of deleterious NFs
in motor axons or of an accumulation of NF proteins in the
perikaryon of motor neurons. The overexpression of human NF-H
proteins, which raises perikaryal NF levels and lowers axonal levels,
conferred remarkable protection in SOD1G37R mice (32).

To clarify the contribution of axonal caliber to motor neuron
disease, we generated SOD1G37R mice in a context of one
disrupted allele for each NF gene. Triple heterozygous knockout
(TH) mice exhibited a 40% decrease in levels of each NF protein
with corresponding reduction in caliber of large motor axons in
the L5 ventral root. This approach allowed us to reduce the
caliber of axons without altering the normal subunit stoichiom-
etry and morphological distribution of NFs or levels of other
cytoskeletal proteins. This considerable decrease in NF content
did not extend the life span of SOD1G37R mice, and motor axons
with reduced calibers remained equally vulnerable to degener-
ation. These results do not support the current view that the
caliber of axons is a factor contributing to the selective vulner-
ability of motor neurons in ALS.

Materials and Methods
Generation of SOD1G37R Mice with Altered Levels of NF Proteins.
NF-L, NF-M, NF-H knockout, transgenic human NF-L, and
transgenic SOD1G37R mice were generated as described previ-

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: SOD1, Cu/Zn superoxide dismutase; ALS, amyotrophic lateral sclerosis; NF,
neurofilament; TH, triple NF heterozygous knockout.

*To whom reprint requests should be addressed. E-mail: mdju@musica.mcgill.ca.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

12306–12311 u PNAS u October 24, 2000 u vol. 97 u no. 22



ously (13, 16, 26, 33, 34). Mice double knockout for NF-M and
NF-H genes (C57BL6-enriched strain) were bred with
SOD1G37R1y2;NF-L null mice (C57BL6-enriched strain). Half
of the progeny had the genotype NF-L1y2, NF-M1y2, NF-
H1y2 (TH), and the other half had the SOD1G37R;TH geno-
type. The SOD1G37R1y2 mice in C57BL6 background were
used as controls for the survival curve. Transgenic hNF-L1y1
mice (C57BL6 inbred) were bred with SOD1G37R1y2 mice
(C57BL6 inbred). Half of the offspring had the hNF-L1y2
genotype, and the other half had the SOD1G37R1y2;hNF-
L1y2 genotype. The SOD1G37R1y2 mice in C57BL6 back-
ground were used as controls for the survival curve. The life span
of our SOD1G37R mouse line 29 in a pure C57BL6 background
is about '52 weeks, similar to the life span of inbred C57BL6
SOD1G37R mice (line 29) derived by Eyer et al. (35). The use of
animals and all surgical procedures described in this article were
carried out according to The Guide to the Care and Use of
Experimental Animals of the Canadian Council on Animal Care
(www.ccac.ca).

RNA Analysis. Total RNA from spinal cord was isolated by using
the Trizol reagent (GIBCOyBRL). RNA (10 mg) was fraction-
ated on a 1% agarose formaldehyde gel before blotting on a
Hybond N1 membrane (Amersham). Blots were hybridized with
specific 32P-labeled DNA probes for actin and each NF gene.
All quantitation was done by densitometry by using GEL-PRO
ANALYZER (Media Cybernetics, Silver Spring, MD) and IMAGE
QUANT (Molecular Dynamics) softwares. Results were normal-
ized with levels of actin mRNA.

SDSyPAGE and Western Blot Analysis. Mice were killed by intra-
peritoneal injection of chloral hydrate. Tissue samples were
frozen in liquid nitrogen and stored at 280°C. Total protein
extracts from spinal cord were obtained by homogenization of
tissue samples in SDS-urea b-mercaptoethanol (0.5% SDSy8 M
urea in 7.4 phosphate buffer) with a mixture of protease
inhibitors (PMSF, leupeptin, pepstatin, apoprotinin). The su-
pernatant was collected after centrifugation at 10,000 3 g for 20
min. The protein concentration was estimated by the Bradford
procedure (Bio-Rad). Proteins (5 mg) were fractionated on 7.5%
SDSyPAGE and blotted on a nitrocellulose membrane for
Western blot analysis. The monoclonal antibodies against NF-L
(NR 4), NF-M (NN 18), NF-H (RT 97), b-tubulin, and actin (C4)
were purchased from Boehringer Mannheim. The antibodies
against the hypophosphorylated form of NF-H (SMI 32) are
from Sternberger–Meyer, Jarrettsville, MD, whereas the anti-
peripherin (AB 1530) and anti-a-internexin (AB 1515) poly-
clonal antibodies came from Chemicon (Mississauga, Canada).
The Western blot results were revealed by RENAISSANCE, a
Western blot chemiluminescence kit from NEN. All quantitation
was done by densitometry by using the GEL-PRO ANALYZER
(Media Cybernetics) and IMAGE QUANT (Molecular Dynamics)
softwares. The results were normalized with levels of actin.

Immunochemistry and Morphological Analysis. Mice were killed by
overdose of chloral hydrate, perfused with 0.9% NaCl, and then
with fixative (3% volyvol glutaraldehyde in PBS buffer, pH 7.4).
Tissue samples were immersed in fixative overnight, rinsed in
phosphate buffer, and then postfixed in 1% phosphate-buffered
osmium tetroxide. After three washes with phosphate buffer,
each sample was dehydrated in a graded series of ethanol and
embedded in Epon (Marivac, Halifax, Canada). Thin sections of
spinal cord and L5 ventral root were stained with Toluidine blue
and examined under a light microscope. For immunocytochem-
istry studies, 50-mm spinal cord sections from glutaraldehyde-
perfused mice were prepared by using a vibratome. Floating
sections were rinsed in PBS and treated for 30 min with a 1%
(wtyvol) sodium borohydride solution to reduce epitope mask-

ing by glutaraldehyde. The sections were then blocked for 1 h in
a PBS solution containing 3% (wtyvol) BSA, 0.5% (volyvol)
Triton X-100, and 0.03% (wtyvol) hydrogen peroxide. Incuba-
tion with different antibodies was performed overnight at 4°C
with agitation in a PBS solution containing 3% (wtyvol) BSA
and 0.05% (wtyvol) Triton X-100. Immunohistochemistry stain-
ing was developed by using a Vector ABC kit (Vector Labora-
tories) and SIGMAFAST tablets (Sigma). Counting of axons and
measurement of axonal diameter in the L5 ventral root were
carried out with IMAGE-1 software from Universal Imaging.

Results
mRNA and Protein Levels in Mice Having One Disrupted Allele for Each
NF Gene. Mice double knockout for NF-M and NF-H genes were
bred with SOD1G37R1y2;NF-L null mice (see Materials and
Methods). Half of the progeny had the genotype NF-L1y2,
NF-M1y2, NF-H1y2 (TH), and the other half had the
SOD1G37R;TH (SOD;TH) genotype. Mouse genotypes were
established by Southern blotting of tail DNA (data not shown).
Northern blot analysis showed a 50% reduction in mRNA levels
for each NF subunit in the spinal cord of TH mice as compared
with normal mice (Fig. 1A). Densitometry of Coomassie blue-
stained SDSyPAGE demonstrated a '40% decrease in protein
levels for each of the three NF subunits in spinal cord (Fig. 1B).
The 40% decrease in the NF-H protein level in TH mice has been
confirmed by Western blotting by using the RT 97 and SMI 32
antibodies, recognizing respectively the phosphorylated and

Fig. 1. mRNA and protein levels in spinal cord of TH mice. (A) Northern blot
shows a 50% reduction in mRNA levels for each NF gene in spinal cord samples
of TH mice. (B) Reduction in NF mRNA induced a 40% decrease in NF protein
levels in TH mice as detected by SDSyPAGE stained with Coomassie blue. (C)
This reduction in NF protein levels was confirmed by Western blotting by using
antibodies for NF-L (NR 4), NF-M (NN 18), and phosphorylated and hypophos-
phorylated NF-H (RT 97, SMI 32). Note that levels of peripherin, a-internexin,
b-tubulin, and actin in TH mice are identical to levels occurring in normal mice.
(D) Histograms summarizing the mRNA and protein levels as determined by
densitometry measurement and normalization with levels of actin.
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hypophosphorylated forms of NF-H (Fig. 1C). It is noteworthy
that no changes in phosphorylation of NF-H occur to compen-
sate for the decreased levels of NF proteins (Fig. 1C). The 40%
reduction in NF-M and NF-L protein levels has been confirmed
with the NN 18 antibody and the NR 4 antibody, respectively.
The levels of peripherin, a-internexin, and b-tubulin remained
unchanged in TH mice (Fig. 1C). All quantitation was done by
densitometry by using GEL-PRO IMAGING and IMAGE QUANT
softwares. The results, which were normalized with levels of
actin, are shown in Fig. 1D. In the brain, the mRNA and protein
levels for each NF subunit also decreased by 50 and 40%,
respectively (data not shown).

Reduced Calibers of Ventral Root Axons in TH Mice. L5 ventral roots
from 7-month-old mice were examined with light microscopy. As
shown in Fig. 2, calibers of large motor axons in the L5 ventral root
of TH mice are substantially reduced compared with those from
normal mice. To quantify the changes in axonal calibers, cross-
sectional areas of L5 ventral root axons were analyzed by using a
morphometric software (IMAGE 1, Universal Imaging). Normal
mice exhibit a bimodal distribution of axonal caliber with peaks at
'2 mm and '7 mm in diameter (Fig. 3A). In contrast, no bimodal
distribution is observed in TH mice, and the majority of axons are
in the range of 1–5 mm in diameter. The majority of large axons
occurring in the range of 5–9 mm in normal mice have been shifted
to smaller sizes in the range of 1–5 mm in TH mice. There was a 20%
increase (an increase of 200 axons) in the number of motor axons
with 3- to 5-mm caliber and a 15% increase (an increase of 150
axons) in the number of motor axons with 1- to 2-mm caliber (Fig.
3A). Thus, the 40% decrease in levels of all three NF proteins
detected in TH mice (Fig. 1) led to a corresponding reduction in the
caliber of ventral root axons. No significant loss of motor axons was
detected in TH mice (Table 1). The number of axons in the L5
ventral root of 7-month-old TH mice was 981 6 90 axons (n 5 5),
not significantly different from the number 1,031 6 57 axons (n 5
6) measured in normal mice (Table 1).

Normal Perikaryal NF Content in Spinal Motor Neurons of TH Mice.
Many mouse models with altered subunit stoichiometry of NFs
exhibit perikaryal accumulation of NF proteins. For instance, mice
single knockout for the NF-L and NF-M genes as well as mice
double knockout for NF-M and NF-H showed enhanced levels of
NF proteins in the perikaryon of spinal motor neurons (13, 16, 31).

Moreover, as shown in Fig. 4 G–I, transgenic mice overexpressing
human NF-H alone develop large perikaryal NF accumulations
containing all three NF subunits (20, 32). These results suggest a
requirement for correct subunit stoichiometry to achieve efficient
translocation of NF proteins from the neuronal perikaryon into the
axonal compartment. With light microscopy, the spinal motor
neurons of TH mice did not differ from those of normal mice in
contrast to spinal motor neurons of hNF-H transgenic mice that
exhibit accumulations of NFs in perikarya (Fig. 2 B and D and Fig.
7A Left). In addition, immunostaining of spinal cord sections with
antibodies against NF-L (NR 4), NF-M (NN 18), and phosphory-
lated NF-H (SMI 31) proteins showed a similar distribution of NF
proteins in samples from TH mice and normal mice (Fig. 4 A–F).
No accumulation of phosphorylated NF proteins was detected in
neuronal perikarya of TH mice (Fig. 4 B and C, E and F). Thus,

Fig. 2. Light micrographs of L5 ventral root and spinal cord. Transverse
sections of L5 ventral root and spinal cord from normal (WT) mice and mice
with one allele deleted for each NF gene (TH) at 7 months old. The disruption
of one allele for each NF gene reduced substantially the radial growth of
motor axons (B) but did not change the morphology of spinal motor neurons
(D). [Bars 5 (A and C) 12 mm; (B and D) 25 mm.]

Fig. 3. Caliber distribution of axons in L5 ventral roots. (A) Caliber distribution
of axons in the L5 ventral root of TH (n 5 6) and normal (WT) (n 5 6) mice at 7
months old. The disruption of one allele for each NF gene shifted the caliber of
large axons from a range of 5–9 mm to 1–5 mm. (B) Caliber distribution of axons
in theventral rootofSOD1G37R (n54)andSOD1G37R;TH(n53)7-month-oldmice.
Note the loss of motor axons with reduced caliber (2- to 5-mm range) in the TH
miceexpressingSOD1G37R. (C)Caliberdistributionofventral rootaxonsat theend
stage of disease. The SOD1G37R (n 5 3) and SOD1G37R;TH (n 5 3) mice exhibited
similar distribution of remaining axons at the end stage of disease. Therefore,
motor axons with reduced caliber remained equally vulnerable to degeneration
in disease caused by mutant SOD1.
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decreasing the NF protein levels without altering the subunit
stoichiometry does not affect the normal distribution and proper-
ties of NF proteins. It is noteworthy that despite the 40% decrease
in NF levels, the SOD1G37R;TH mice exhibited increased immu-
noreactivities for NF-H (SMI 31) and NF-M (NN 18) in the
perikaryon of spinal motor neurons, like mice expressing
SOD1G37R in the normal NF background (Fig. 5 A–D).

Life Span of SOD1G37R Mice Unaffected by Reduction of Axonal
Calibers. Fig. 6 shows the survival curves of SOD1G37R mice (line
29) in wild-type NF and TH backgrounds. The SOD1G37R mice
(n 5 17) used as control exhibited an average life span of 50.6 6
2.8 weeks and a median of life probability of 51.0 weeks. The
median of life probability is defined as the age at which the
probability of survival is 50%. The SOD1G37R;TH mice (n 5 12)
exhibited an average life span of 51.8 6 4.0 weeks and a median
of life probability of 52.5 weeks. Table 2 summarizes the median
of life probability and average life span with standard deviation
for each genotype. These results demonstrate that the life span
of SOD1G37R mice was unaffected by the decreased levels of NF
content and reduction of calibers in TH background.

To compare the selective vulnerability of motor axons to degen-
eration, we counted the number of axons and measured their caliber
in L5 ventral roots of SOD1G37R and SOD1G37R;TH mice at 7
months old and at end stage of disease. At 7 months old, the
SOD1G37R;TH mice (n 5 3) had 831 6 91 axons, whereas the

SOD1G37R mice (n 5 4) had 824 6 66 (Table 1). Thus, at this age,
there was a similar loss of motor axons in both mouse strains. As
shown in Fig. 3B, there was a preferential loss of the larger caliber
axons in the range of 5–9 mm from the L5 ventral root of SOD1G37R

mice (n 5 3) at 7 months old. In the 7-month-old SOD1G37R;TH
mice (n 5 3), the larger caliber axons were also those that
degenerated, albeit their caliber was considerably reduced to the 1-
to 5-mm range. Therefore, reducing the axonal caliber of the motor
neurons at risk did not protect them against toxicity of mutant
SOD1. This was further confirmed by examination of L5 ventral
root axons at the end stage of disease. At end stage, the
SOD1G37R;TH and SOD1G37R mice exhibited similar number of
axons and caliber distribution (Fig. 3C and Table 1). The
SOD1G37R;TH mice (n 5 3) had 327 6 14 axons, whereas the
SOD1G37R mice (n 5 3) had 341 6 18 (Table 1). Our interpretation
is that motor neurons with a large caliber of axons remain at risk
from the toxicity of mutant SOD1 despite caliber reduction. Thus,
those axons in SOD1G37R;TH mice did not need their high NF
content and their normal axon calibers to be at risk. It is particularly
striking that at end stage, the SOD1G37R;TH mice exhibited, like
the SOD1G37R mice, only '200 axons in the range of 1- to 2-mm
caliber, even though their initial number of axons in this range was
much higher ('350 axons; see Fig. 3A).

Disease Caused by SOD1G37R Mice Not Exacerbated by Higher NF
Density. To further investigate the effect of NFs in disease caused
by SOD1G37R, we mated SOD1G37R mice with mice homozygous

Fig. 4. No perikaryal accumulation of NF proteins in TH mice. As shown in A–F,
normalandTHmiceexhibitedsimilar immunohistochemical stainingofthespinal
cord with antibodies against NF-L (NR 4) (A and D), NF-M (NN 18) (B and E), and
NF-H(SMI31) (CandF).Whitearrows inB,C,E, andFpoint toperikaryonofmotor
neurons. In contrast, the spinal cord from transgenic mice overexpressing hNF-H
used here as positive controls showed immunodetection of NF proteins in the
perikarya of motor neurons (G–I). [Bar 5 (I) 50 mm.]

Fig. 5. Perikaryal NF immunodetection in SOD1G37R and SOD1G37R;TH mice.
Both SOD1G37R and SOD1G37R;TH mice exhibited immunohistochemical stain-
ing of the spinal cord with antibodies against NF-M (NN 18) (B and D) and NF-H
(SMI 31) (A and C). (Bar 5 15 mm.)

Fig. 6. Reducing axonal caliber does not extend life span of SOD1G37R mice.
Transgenic mice expressing SOD1G37R in the wild-type NF background or in a
context of disruption of one allele for each NF gene (TH) yielded similar
survival curves. The survival probability of transgenic mice is plotted as a
function of their age in weeks.

Table 1. Axonal counts of L5 ventral root

Genotype
Number of axons
at 7 months old

Number of axons at end
stage of disease

WT 1,031 6 57 (n 5 6)
TH 981 6 90 (n 5 5)
SOD1G37R 824 6 66 (n 5 4) 341 6 18 (n 5 3)
SOD1G37R;TH 831 6 91 (n 5 3) 327 6 14 (n 5 3)
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for the human NF-L transgene (hNF-L1y1), whose motor
neurons do not exhibit accumulations of perikaryal NFs in
contrast to hNF-H overexpressor mice (Fig. 7A, white arrow-
heads). When compared with SOD1G37R mice (Fig. 7B Left), the
SOD1G37R;hNF-L1y2 mice exhibited a '50% increase in the
NF content in axons without changes in axonal calibers (Fig. 7B
Right and ref. 36). Fig. 7C shows the survival curve of these mice.
SOD1G37R mice (n 5 20) exhibited an average life span of 52.5 6
3.0 weeks and a median of life probability of 52.5 weeks, whereas

the SOD1G37R mice overexpressing hNF-L (n 5 17) exhibited an
average life span of 53.9 6 1.4 weeks and a median of life
probability of 54.0 weeks (Table 2). Therefore, increasing the
density of NFs in axons did not exacerbate disease caused by
SOD1G37R.

Discussion
The results presented here indicate that high NF burden and large
caliber of axons do not account for the selective vulnerability of
motor neurons to toxicity of mutant SOD1 in familial ALS. Many
lines of evidence led to the belief that the caliber of axons
contributes to vulnerability of motor neurons to degeneration in
ALS. It is well established that there is a selective loss of large
myelinated axons in ventral roots from ALS patients, whereas small
axons are spared (1, 8–10). One favored explanation for the
selective loss of large axons was that NFs, which are more abundant
in large axons, might represent targets of oxidative damage and
perhaps might contribute to disease (for review, see ref. 1). In vitro
studies demonstrated that the NF-L protein could be a target of
tyrosine nitration arising from enhanced use of peroxynitrite by
mutant SOD1 (37). This led to the possibility that nitrated NF-L
could affect NF organization and provoke noxious NF accumula-
tions in axons. The zinc-chelating property of NF-L has recently
been proposed as another possible explanation for detrimental
effects of a high NF content. The NF-L protein may compete with
SOD1 for zinc binding (37), and zinc-deficient SOD1 was found to
induce motor neuron death in culture (38). The view that axonal
NFs could contribute to selective vulnerability of motor neurons in
SOD1-mediated disease is compatible with the findings that ab-
sence of NF-L extends by 20% the life span of mice overexpressing
either SOD1G85R (31) or SOD1G37R (unpublished results). How-
ever, these experiments were difficult to interpret because the
beneficial effect of NF-L disruption could arise from an increase in
perikaryal levels of NF-H and NF-M proteins rather than from a
depletion of NFs in axons. For instance, overexpression of human
NF-H proteins in SOD1G37R mice induced large perikaryal NF
accumulations with remarkable protective effect (32).

The TH mice described here provide a mouse model with
decreased NF content and reduction of axon calibers without
changes in normal subunit stoichiometry and NF distribution or
in levels of other cytoskeletal proteins. There are previous
reports of mouse models with reduced axonal calibers, but these
mice also exhibit morphological and pathological changes such
as increased levels of perikaryal NF proteins, dendritic attrition,
and variations in levels of other cytoskeletal proteins that
complicate interpretation of results (13, 16, 19, 20, 39–44). By
disrupting one allele for each NF gene, it was possible to
preserve the normal subunit stoichiometry and integrity of the
NF network. As a consequence, no perikaryal sequestration of
NF proteins occurred in the TH mice.

Mice with TH background exhibited a substantial decrease of
'40% in NF content and a corresponding reduction in the
caliber of large axons. As shown in Fig. 3, the calibers of large
myelinated axons in the L5 ventral root that occur normally in
the range of 5–9 mm have been shifted to sizes in the 1- to 5-mm
range. On the basis of axonal regeneration studies in mice
expressing the SOD1G93A mutant, Kong et al. (45) recently
suggested that there is a threshold of selective vulnerability of
motor axons to degeneration at 4–5 mm in caliber. Interestingly,
axotomy was found to reduce the extent of motor neuron
degeneration at the end stage of disease in SOD1G93A mice (45).
Because all surviving motor axons exhibited diameters smaller
than 4.5 mm, this led to hypothesize an apparent threshold of
vulnerability correlating with axon size (45). However, this
suggestion is not supported by the results presented here.
Despite the fact that SOD1G37R;TH mice had 80% of ventral
root axons with diameters below this putative threshold of
vulnerability, their life span was comparable to SOD1G37R mice

Table 2. Life span of SOD1G37R mice with one allele disrupted for
each NF gene or with hNF-L overexpression

Genotype
Average life span,

weeks

Median of life
probability,

weeks

SOD1G37R (n 5 17) 50.6 6 2.8 51.0
SOD1G37R;TH (n 5 12) 51.8 6 4.0 52.5
SOD1G37R (n 5 20) 52.5 6 3.0 52.5
SOD1G37R;hNF-L (n 5 17) 53.9 6 1.4 54.0

Fig. 7. Increasing NF density in axons does not exacerbate disease caused by
mutant SOD1G37R. (A) Transverse sections of spinal cord from hNF-H or hNF-L
transgenic mice at 7 months old. The overexpression of hNF-H caused large
accumulations of NF in neuronal perikarya (Left, white arrowheads). In con-
trast, hNF-L transgenic mice do not develop such NF accumulations (Right).
(Bar 5 25 mm.) (B) Electron micrographs revealed a '50% increase of axonal
NF content in motor axons of 7-month-old SOD1G37R mice overexpressing
hNF-L (Right) compared with axons of age-matched SOD1G37R mice (Left).
(Bar 5 100 nm.) (C) Survival curves of mice expressing SOD1G37R alone or
together with a hNF-L transgene. The survival probability of transgenic mice
is plotted as a function of their age in weeks. The overexpression of hNF-L,
which increased the axonal NF content by '50% without altering axonal
caliber, did not accelerate disease caused by SOD1G37R.
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having normal NF levels and axon calibers (Fig. 6). Moreover,
the number and caliber of distribution of surviving axons at the
end stage of disease were identical in SOD1G37R and
SOD1G37R;TH mice (Fig. 3C). These results show that reduction
of axonal caliber in TH mice did not alleviate degeneration of
motor neurons at risk in disease caused by mutant SOD1. Other
mechanisms could then account for the increased resistance of
motor axons after axotomy in SOD1G93A mice (45). For instance,
astrocytes and microglia activation in mice expressing mutant
SOD1 (26–28, 46) may enhance levels of cytokines in the spinal
cord. A recent study suggests a beneficial role for acute inflam-
mation and gliosis in contused spinal cord and axotomized facial
nucleus (47).

Our data suggest that a high NF content does not account for
the selective vulnerability of motor neurons in disease induced
by mutant SOD1. However, this is not to imply that NF proteins
are not involved in ALS. The discovery of mutations in the NF-H
gene in some ALS cases (21–23) and of a NF-L mutation in some
cases of Charcot–Marie–Toot disease (48) provided compelling
evidence for NF involvement in neurodegenerative disorders.
Moreover, our recent studies with a new mouse model of motor
neuron disease emphasized the importance of NF subunit

stoichiometry and of interactions of NF proteins with peripherin,
a type III intermediate filament (IF) protein found in motor
neurons (49). We showed that the NF-M and NF-H proteins,
even at low levels, can interact with peripherin to form noxious
inclusion bodies similar to those found in human ALS (50, 51).
In addition, the death of motor neurons in transgenic mice
overexpressing peripherin was precipitated by NF-L deficiency,
a phenomenon associated with human ALS (52). To our knowl-
edge, coexpression of peripherin together with NF proteins in
adult is a unique feature of motor neurons. This characteristic,
which constitutes a risk for development of toxic IF inclusion
bodies, may contribute in part to the selective vulnerability of
motor neurons in ALS.
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