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Slowing of axonal transport is a very
early event in the toxicity of ALS-linked
SOD1 mutants to motor neurons
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Mutations in copper/zinc superoxide dismutase 1 (SOD1), primary causes of human amyotrophic
lateral sclerosis (ALS), provoke motor neuron death through an unidentified toxic property. The
known neurofilament-dependent slowing of axonal transport, combined with the prominent
misaccumulation of neurofilaments in ALS, suggests that an important aspect of toxicity may arise
from damage to transport. Here we verify this hypothesis for two SOD1 mutations linked to
familial ALS. Reduced transport of selective cargoes of slow transport, especially tubulin, arises
months before neurodegeneration. For one mutant, this represents the earliest detectable
abnormality. Thus, damage to the cargoes or machinery of slow transport is an early feature of

toxicity mediated by mutant SOD1.

ALS is a progressive neurodegenerative disease occurring in mid-
dle to late life and characterized by the loss of large motor neurons
of the spinal cord, brain stem and motor cortex. Dysfunction and
death of these motor neurons causes muscle weakness and atro-
phy leading to paralysis and death in 3-5 years!. Approximately
10% of ALS cases are inherited in an autosomal dominant fash-
ion. An estimated 15-20% of these familial ALS (FALS) patients
have missense mutations in the gene encoding SOD1 (refs 2, 3), a
metalloenzyme that catalyzes the formation of hydrogen peroxide
through dismutation of superoxide anions*. SOD1 is thought to
protect against cellular damage induced by oxygen radicals>®. The
mechanism(s) through which mutations in SOD1 lead to late-
onset motor neuron degeneration remains unidentified.

It was initially proposed that SOD1-linked FALS resulted from
free radical damage due to decreased SOD1 activity>’. Howev-
er, in vitro, different FALS-linked SOD1 mutants have different
enzymatic activities, and at least some FALS mutations (for exam-
ple, glycine changed to arginine at amino acid 37, or SOD1537R)
retain full specific activity®. In addition, neither age of onset nor
rapidity of progression correlate with SOD1 activity levels®, and
SOD1 null mice live to adulthood and do not develop motor neu-
ron disease!?. Furthermore, transgenic mice expressing three dif-
ferent FALS mutants show progressive motor neuron disease
despite elevated!"!? or unchanged!®!* levels of SOD1 activity,
demonstrating that the FALS mutations in SOD1 act through the
gain of a novel, cytotoxic property, rather than increased or
decreased SOD1 activity. The mechanism of this cytotoxicity is
currently unknown, although SOD1%8°R mice expressing high
levels of wild-type SOD1 or deleted in the endogenous SOD1
alleles have shown that (at least for this mutant) toxicity is inde-
pendent of SOD1 activity and the wild-type SOD1 polypeptide!®.

Disruption of the neurofilament-L (NF-L) gene in SOD1
mutant mice to eliminate assembly and accumulation of axonal
neurofilaments and/or subunits has shown that neurofilaments
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are one determinant of the selectivity of motor neuron toxicity
mediated by SOD1 mutants'®. Moreover, aberrant perikaryal and
axonal aggregates of neurofilaments are common hallmarks of
both sporadic!”!® and SOD1-mediated'*-?! ALS, and the large-
caliber, neurofilament-rich axons are most at risk in mice'* and
in human disease??. A plausible hypothesis for how neurofila-
ments may participate in motor neuron disease mechanism and
selectivity arises from the known neurofilament-dependent slow-
ing of slow axonal transport as neurofilaments accumulate to
become the most abundant structural component of large-cal-
iber axons??. Because biosynthesis of macromolecules is almost
completely restricted to the cell bodies, transport is especially
crucial to these large-caliber axons. In humans, motor neurons
can extend for more than a meter in length, yielding a cell vol-
ume about 5000 times that typical for an animal cell, almost all of
which is in the axon?*. Overexpression of the largest human neu-
rofilament subunit NF-H in mice results in perikaryal and axon-
al neurofilamentous accumulations accompanied by fine tremors,
forelimb and muscle atrophy?’ and a slowing of slow axonal
transport?®, When combined, these findings suggest that an
important aspect of toxicity may arise from SOD1-mediated
damage to the transport machinery or its cargoes. This in turn
would promote motor axon degeneration through the simple
mechanism of axonal strangulation.

Axonal transport has two components: transport of vesicles
and mitochondria by kinesin and related proteins (fast transport)
and movement of the major structural components of the neu-
ron, many enzymes and other cytoplasmic proteins (slow trans-
port). Slow transport can be divided into two components based
on rate of movement: SCa (~0.5 mm/day), containing neurofila-
ment proteins, tubulin and actin, and SCb (~1-2 mm/day), con-
taining tubulin, actin and other cytoplasmic proteins?’. The
mechanism of slow transport (and the motor(s) that power it) is
unknown. To determine whether axonal transport defects may be
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Fig. |. Retardation of slow axonal transport before disease onset in SODI%37R mice. Fluorographs showing transport of [3°S]-labeled
cytoskeletal (a, c) and soluble (b, d) proteins in sciatic nerve motor axons of control (a, b) and SOD1G37R (¢, d) mice. Each lane represents
a consecutive 3-mm segment from L5 root and sciatic nerve of 6-month-old mouse killed 28 d after injection. Transport of tubulin (e, f) and
NF-L (g, h) quantified by phosphorimaging shows that the transport of both proteins is slowed. Each value represents the average of five ani-
mals. Error bars show standard error. The asterisks (b, d) mark an unidentified component whose transport is reduced; open circles mark

components whose transport remains unaffected.

involved in the pathogenesis of ALS, we examined the rate and
composition of slow axonal transport in transgenic mice express-
ing the human SOD1637R and SOD158R mutants. In both cases
this slowing of slow axonal transport was evident at least six
months before the onset of clinical signs, and in the case of
SOD168R it occurred before any pathological changes were evi-
dent. No changes were detected in fast axonal transport, suggesting
some selectivity towards slow transport. These results collectively
demonstrate that changes in slow axonal transport are an early
event in the toxicity arising from ALS-linked SOD1 mutants.

Results

EFFECTS ON TRANSPORT SIX MONTHS BEFORE DISEASE ONSET
To determine whether axonal transport is affected by the SOD1%37R
mutation, we examined the rate and composition of slow axonal
transport in control (r = 5) and SOD1%37R (line 106; # = 5) mice.
[3>S]Methionine was injected into the spinal cord of five-month-
old mice, six to seven months before onset of clinical symptoms.
After 28 days, the L5 roots and sciatic nerve were removed intact,
cut into 3-mm segments, homogenized and separated by cen-
trifugation into soluble and cytoskeletal fractions. As expected,
SDS-PAGE gels of labeled fractions from control mice clearly
showed two waves of slow transport, SCa moving at ~0.25 mm
per day and containing primarily neurofilament subunits, and SCb
moving at ~0.75 mm per day and containing tubulin, actin and
most cargoes of slow transport (Fig. 1a and b). Similar analyses of
the labeled fractions from SOD15%"R mice revealed both the faster
(SCb) and slower (SCa) transport components (Fig. 1c and d).
However, an obvious difference was that some proteins in both
phases of transport moved significantly more slowly in the SOD1
mutant axons. In particular, transport of all three neurofilament
subunits NF-L, NF-M and NF-H was markedly reduced. Phos-
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phorimager quantitation of analyses from five mice of each geno-
type confirmed that neurofilament transport was slowed in
SOD15%R mice by at least a factor of two (Fig. 1g and h).

Velocities of other cargoes normally moved in both waves of
slow transport were also selectively retarded in the SOD1537R
axons. This included a second major cytoskeletal component,
tubulin; normally, a proportion of tubulin (both a and B) is
moved in SCa and another portion in SCb (Fig. 1b). Whether
tubulin moves as individual subunits, oligomers or polymers
remains the subject of an unresolved debate?®2°, Our homoge-
nization conditions cause disassembly of most axonal micro-
tubules, so that ~80-90% of tubulin is found in the soluble
fraction. In mice expressing the SOD153R mutation, there was a
marked shift in the proportion of tubulin in the slower phase as
well as slowing in the movement velocity of this slower compo-
nent (Fig. 1d and f). Transport of one unidentified SCb cargo
(Fig. 1b and d, asterisk) was reduced in the mutant mice. These
changes in transport reflect selective slowing of specific cargoes,
because other components in both the cytoskeletal and soluble
fractions (including the other major cytoskeletal component
actin) were transported at approximately normal levels and rates.
Thus, at least five to six months before clinical onset of disease,
SOD1%37R mutant-mediated damage affects transport of some,
but not all, cargoes of slow transport.

TRANSPORT IS RETARDED EIGHT MONTHS BEFORE DEGENERATION
To determine how early the SOD153"R mutant affects slow axon-
al transport, we examined transport in mice injected with radi-
olabel at three months of age. In contrast to control mice injected
at five months of age, in which tubulin is evenly distributed
between SCa and SCb, more of the tubulin moves in the faster
SCb fraction than in SCa in the younger control animals. How-
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Fig. 2. Retardation of slow axonal transport seven months before disease onset in SOD1G37R mice. Fluorographs showing transport of
[3°S]-labeled cytoskeletal (a, c) and soluble (b, d) proteins in sciatic nerve motor axons of control (a, b) and SOD1G37R (¢, d) mice. Each
lane represents a consecutive 3-mm segment from L5 root and sciatic nerve of 4-month-old mouse killed 28 d after injection. Transport of
tubulin (e, f) and NF-L (g, h) quantified by phosphorimaging shows that the transport of tubulin is slowed. Each value represents the aver-
age of three (control) or five (transgenic) animals. Error bars show standard error. The asterisks (b, d) mark an unidentified component
whose transport is reduced in Fig. | but remains unaffected at this earlier time point. The open circles mark an unidentified component

whose transport is unaffected at both time points.

ever, even at this younger age, approximately seven months before
clinical disease onset, tubulin transport was retarded in SOD1G37R
mice, with a large proportion shifted from SCb to SCa (Fig. 2d
and f). This alteration in tubulin transport represents one of the
initial transport defects, because at this early age no changes are
detected in neurofilament transport or transport of other abun-
dant axonal components, such as the unidentified component
(Fig. 2b and d, asterisk) whose transport is clearly reduced at
later time points (Fig. 1d).

Examination of the spinal cords of control and SOD153R mice
at four months of age, when tubulin transport is clearly slowed,
revealed healthy-looking motor neuron perikarya (Fig. 3c and d).
Despite the presence in axons of membrane-bounded vacuoles
(Fig. 3d) that have been interpreted to arise from degenerating
mitochondria'?, L5 ventral (Fig. 3a and b) and dorsal roots
revealed no axonal degeneration in the SOD1%37R line (106) mice
at this age. Thus, SOD15%7R causes selective disruption in axonal
transport before the onset of axonal degeneration in these mice.

SLOW TRANSPORT IS DISRUPTED BEFORE DETECTABLE PATHOLOGY
To test whether selective defects in slow transport are a common
feature of familial ALS-linked disease mediated by SOD1 mutants,
we also examined mice that develop motor neuron disease from
expressing SOD1G8°R (148). These mice have a similar age of onset
to SOD1537R (106) mice (approximately 12 months of age), but the
vacuolization found in SOD153"R mice does not occur at any stage
of SOD16%R_mediated disease. Indeed, exhaustive examination of
ventral roots (Fig. 3e and f) and spinal cords (Fig. 3g and h) of
SOD168R mice failed to detect any pathological changes, not only
at six months of age, but even as late as eight to ten months of age'“.

[3°S]Methionine was injected into the lumbar spinal cord of
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five-month-old SOD1685R mice, and the animals were killed after
28 days, four to five months before pathology is detectable.
Labeled proteins were quantified as before in 10-12 consecutive
3-mm segments extending from the spinal cord (L5 ventral root)
to the sciatic nerve. This revealed that transport of tubulin is
slower in mice expressing mutant SOD158R (Fig. 4b, d, e and f).
Not only did more of the tubulin move in the slower SCa wave
than in control mice, but both SCa and SCb waves of tubulin
transport moved at a reduced speed. This was especially so for
the SCa portion of tubulin, whose apparent speed was reduced
about 50% compared with wild-type mice. Once again this selec-
tive slowing was not unique to tubulin, with other SCb compo-
nents including neurofilaments (Fig. 4g and h) and other less
abundant components (Fig. 4b and d, asterisks) also slowed in
mice expressing mutant SOD1, whereas other components,
including actin, showed no marked change.

AXONAL SWELLINGS CONTAIN TUBULIN

The retardation of slow axonal transport, especially of tubulin,
seen presymptomatically in both SOD1637R and SOD1G85R
mice might be expected to yield an increase in tubulin in
perikarya and/or proximal axonal segments of spinal motor
neurons compared with levels in control mice. To test this, we
stained spinal cord sections from control, SOD1637R and
SOD168°R mice with antibodies to By-tubulin, a neuron-spe-
cific isoform of B-tubulin3® comprising at least 25% of neu-
ronal B-tubulin®!. Axonal swellings observed near the end
stage of disease in both SOD1637R and SOD168R mice showed
intense reactivity for this neuronal tubulin (Fig. 5c—g), where-
as no such aggregates were found in age-matched littermate
controls. The abundance of tubulin immunoreactivity in prox-

nature neuroscience * volume 2 no 1 * january 1999



#A © 1999 Nature America Inc. » http://neurosci.nature.com

#A © 1999 Nature America Inc. * http://neurosci.nature.com

articles

Four months Six months
Control SOD1G37R Control SOD1G85R

Ll L
[=] [=]
(=] [=]
i -
® ©
£ £
- -
S ]
> S
T | g
o o
v —
-— [
g . £
- B o
Qo [72)
wv

Fig. 3. Absence of motor neuron degeneration in SOD | G37R mice at four months of age and no detectable pathology in SOD | %8R mice at
six months of age. Ventral root (a, b) and spinal cord motor neurons (c, d) from four-month-old control (a, c) and SOD1G37R (b, d) mice.
Although degeneration of motor neurons was not yet evident, the proximal axons of ventral motor neurons already contained some vac-
uoles (arrows in d). Examination of ventral root (e, f) and spinal cord motor neurons (g, h) from six-month-old control (e, g) and SOD | 585k
(f, h) mice reveals no evidence of any pathological changes. Scale bars, 25 pm.

imal axon swellings in motor neurons of both SOD1%37Rand  (Fig. 5g), as did axonal swellings (Fig. 5f). Glial inclusions in

SOD168°R mice confirms that slow axonal transport is dis-  SOD15%°R mice remain unstained (Fig. 5f).

rupted in these mice. In SOD1537R mice, tubulin staining was Similar analyses using confocal immunofluorescence
excluded from the vacuoles but was found around and  microscopy to examine tubulin distribution revealed that, com-
between vacuoles (Fig. 5¢). In SOD1%8°R mice, neuronal Lewy-  pared with simultaneously processed images from wild-type

body-like inclusions stained with antibodies to By-tubulin  animals (Fig. 6d), there was a reproducible, general reduction
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Fig. 4. Retardation of slow axonal transport before pathological changes in SOD | %85k mice. Fluorographs showing transport of [3°S]-labeled
cytoskeletal (a, c) and soluble (b, d) proteins in sciatic nerve motor axons of control (a, b) and SOD | S8R (¢, d) mice. Each lane represents
a consecutive 3-mm segment from L5 root and sciatic nerve of 6-month-old mouse sacrificed 28 d after injection. Transport of tubulin
(e, f) and NF-L (g, h) quantified by phosphorimaging shows that the transport of both proteins is slowed. Each value represents the average
of four (transgenic) or five (control) animals. Error bars show standard error. The asterisks (b, d) mark an unidentified component whose
transport is reduced; open circles mark components whose transport remains unaffected.
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in staining of Bj;;-tubulin in axons in spinal cords from
SOD1537R (Fig, 6e) and SOD158°R (Fig, 6f) mice, as well as rel-
atively high levels in many cell bodies and proximal axons.
Antibodies to neurofilament subunit NF-H showed its levels
to be relatively unchanged (Fig. 6a—c). The absence of methio-
nine in mature human SODI (and the small proportion of
overall radiolabel incorporated into transported SOD1, ref. 32)
precluded direct measurement of SOD1 mutant transport in
the experiments reported above. However, to test whether slow-
ing of tubulin transport was correlated with aggregates of
SODI1 reported in both SOD158R and SOD1537R mice!415,
SOD1 and Byy;-tubulin were localized in the same spinal cord
sections. This revealed that the proximal accumulation of tubu-
lin in motor neurons does not seem to require SOD1-contain-
ing axonal inclusions, because many neurons that are intensely
immunoreactive for By;-tubulin do not label with antibodies
to SOD1 (Fig. 6g-1). Similarly, whereas some SODI1-
immunoreactive inclusions were highly enriched for fBj;-tubu-
lin within or surrounding the SOD1 aggregate, especially in
SOD158R mice (Figs. 6h, i, k and 1), many other SOD1 aggre-
gates did not contain detectable Byj;-tubulin (Fig. 6g and h),
suggesting that the retardation of tubulin transport and SOD1
aggregation may arise independently.

FAST TRANSPORT IS NOT ALTERED BY SOD1 MUTATIONS

To determine whether fast axonal transport is also affected by
mutant SOD1, we injected [3*S]methionine into the lumbar
spinal cord of six-month-old control and SOD1G37R mice. The
mice were killed after three hours, and the speed of transport was
assessed by measuring radiolabeled proteins along the L5 root
and sciatic nerve. Unlike the slow transport protocol, for which
radiolabeling provides a clear pulse-chase, the much higher rate
of fast transport (and the correspondingly shorter time frame of
the analysis) yields continuous labeling. Thus, a distinct trans-
port peak is not visible, but the position of the front of the wave
of fast transport denotes the rate of movement of its fastest com-
ponents3, At six months of age, when tubulin transport was
clearly compromised in the mutant mice (Fig. 1), comparison of
control and SOD1%%7R mice did not reveal any differences in the
rates of fast transport (Fig. 7). Thus, most components of fast
transport are unaffected by the SOD1 mutant, despite the pres-
ence of axonal vacuoles at this age in these mice.

Control G37R G85R

NF-H

Byy-tubulin

SOD1G85R

Control SOD1G37R

Fig. 5. Accumulation of B-tubulin in the proximal axons of SOD|
mutant mice. Motor neurons of mice expressing either SOD | G37R
(c—e) or SODIGER (f g) show inclusions highly immunoreactive
for By ~tubulin (black arrowheads), whereas no such aggregates are
found in littermate controls (a, b). Tubulin staining is excluded from
the vacuoles in SOD1%37R mice (e). In SOD 18R mice nearing end
stage of disease, axonal Lewy body-like inclusions stain with anti-
bodies to B tubulin (f, white arrowheads), but glial inclusions
remain unstained (f, g, white arrows). Scale bars, 25 pm.

Discussion

We have shown that retardation of slow axonal transport is a very
early event in mice expressing the FALS-linked SOD1%37R and
SOD168R mutations. In SOD168°R mice, this is the earliest
known abnormality, arising months before any pathological
changes can be detected. Tubulin transport slows more dramat-
ically at earlier stages, whereas the transport of neurofilaments
and other cargoes yet to be identified is affected at later time

G37R G85R G85R

SOD1

By-tubulin

Fig. 6. Distinct localization of 3;-tubulin, NF-H and SOD |. Double immunostaining of spinal cord with antibodies to NF-H (a—c) or SOD| (g-i)
with By-tubulin (d-f, j~I) shows distinct but overlapping localization. Arrowheads point to SOD | -immunoreactive inclusions also highly enriched
for By -tubulin within or surrounding the aggregate. Arrows point to SOD | aggregates that did not stain for {3 -tubulin. Scale bar, 20 ym.
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Error bars show standard error.
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Because the rate of axonal transport decreases as the bur-
den of axonal neurofilaments increases during develop-
ment?>3738 and regeneration®, the delay in onset of clinical
disease in NF-L null mice might result from an increase in
the rate of axonal transport that compensates for slowing
mediated by the SOD1 mutant. Similarly, increased syn-
thesis of the large neurofilament subunit NF-H, which
results in a loss of transport and/or assembly of neurofila-
ments in axons with motor neuron perikarya swollen with
masses of disorganized filaments, can produce up to a six-
month delay in onset of SOD1-mediated disease*”.
Whether the SOD1-mutant-dependent slowing of trans-
port is a primary effect, due to direct damage to the trans-
port machinery (and/or cargo) by the mutant enzymes, or

points, indicating a worsening of the defect, and presumably the
underlying neuronal health and function with time. This is con-
sistent with the slow accumulation of damage over a long peri-
od, ultimately culminating in late onset of disease in both mice
and humans. Further support for a disruption in slow axonal
transport early in disease comes from the obvious proximal axon
swellings containing tubulin in both SOD1%37R and SOD168R
mice. Collectively, these results show that axonal transport is an
early target for SOD1-mediated damage arising from SOD1
mutants that cause markedly divergent pathologies.

The recent finding that a portion of SOD1 is transported in
the SCb component of slow transport®? suggests that at least some
of the damage to the motors and/or cargoes of slow transport
may be mediated by the mutant SOD1 during its transport. Dam-
age to tubulin and other proteins may simply result from their
close proximity to the mutant SOD1 during transport. Further
support for the involvement of axonal transport in SOD1 mutant-
mediated ALS was provided by the observation that end-stage
mice expressing the SOD15%34 mutation also have slowed axon-
al transport®4, although it remains untested how early such
changes occur. This evidence combines to support a model for
SOD1 mutant toxicity mediated at least in part through chronic
inhibition of the delivery of selected essential cargoes, most
prominently tubulin. Over the long term, this results in slow
depletion of such components from axons, ultimately culminat-
ing in axonal strangulation, leading to degeneration and death.

Consistent with the hypothesis that disruption of axonal trans-
port would cause motor neuron dysfunction is the observation
that transgenic mice overexpressing high levels of human NF-H
develop a neuropathy characterized by muscle atrophy and a gen-
eralized tremor?®, and their slow axonal transport is compro-
mised?®. In contrast, mice expressing similar levels of wild-type
mouse NF-H (which differs in >160 amino-acid positions from
human NF-H) show no phenotype and no general retardation
of slow transport cargoes, despite a slowing of neurofilament
transport®®. The increased vulnerability of large motor neurons
to both the mutant SOD1 and to the overexpression of human
NF-H might simply reflect the naturally high burden on the
transport machinery within large motor neurons. This is further
supported by the observation that only the largest neurofilament-
rich motor axons are at risk in sporadic ALS?2, in SOD1-medi-
ated disease in mice!# and in mice expressing a neurofilament
mutant that results in progressive motor neuron degeneration®.

Further evidence linking one major cargo of slow transport to
disease progression is the finding that complete elimination of
neurofilaments, through disruption of the NF-L gene, delays onset
of SOD1-mediated disease and extends life span by ~6 weeks!®.
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a secondary event via an unidentified primary target, effi-

cient axonal transport is essential for these very long neu-
rons (particularly for the largest-caliber motor neurons that are
naturally at risk in disease both in mice and in humans). Because
binding of the catalytic copper is a common property of a series
of ALS-linked mutants, including SOD1537R and SOD1685R 41 jt is
possible that the mutants catalyze aberrant copper-mediated dam-
age to specific motor(s) or cargoes of axonal transport by an as yet
unidentified chemistry. Whatever the case, the present results pro-
vide evidence of a mechanism of SOD1 mutant action common
to mutations that yield very different pathologies; long before the
onset of clinical symptoms, compromised transport of selected
cargoes contributes to motor neuron vulnerability through chron-
ic reduction in these key axonal components.

Methods

CONSTRUCTION AND SCREENING OF TRANSGENIC MICE. The SOD153R and
SOD168°R mutations were engineered into the human SOD1 gene by
PCR/oligonucleotide primer-directed mutagenesis'2. Mice carrying the
SOD1 mutant transgene were identified by PCR screening of tail DNA
using primers recognizing human and mouse SOD1 (5° CAG CAG TCA
CAT TGC CCA AGG TCT CCA ACA T 3’), mouse SOD1 only (5 GTT
ACA TAT AGG GGT TTA CTT CAT AA TCT G 3’) and human SOD1
only (5> CCA AGA TGC TTA ACT CTT GTA ATC AAT GGC 3’). This
reaction produces a ~800-bp mouse SOD1 PCR product and a ~600-bp
human SOD1 PCR product.

MEASURING AXONAL TRANSPORT. Mice were anesthetized with Metafane
(Mallinkrodt Veterinary Inc.) and maintained under anesthesia by con-
tinued inhalation of Metafane. Metabolic labeling of newly synthesized
proteins was carried out by injecting 300 uCi of [3>S]methionine (Dupont
NEN) into the ventral horn of the lumbar spinal cord. Twenty-eight days
after injection, the L5 roots, dorsal root ganglia and approximately 3 cm
of sciatic nerve were removed and cut into 3-mm segments. Each seg-
ment was homogenized on ice in a buffer containing 50 mM sodium
phosphate, pH 7.15, 150 mM NaCl, 1 mM EDTA, 1% Triton X100, 0.9
M sucrose and 1 mM PMSE, then centrifuged at 12,000 g for 30 minutes
at 4°C. Essentially all of the neurofilament proteins (NF-L, NF-M and
NF-H), along with cold insoluble tubulin and actin, were recovered in
the pellet fraction. The entire pellet was resolubilized in 2% SDS-con-
taining gel sample buffer. Pellets and supernatants were run on 7% SDS-
PAGE gels. Gels were stained with Coomassie blue, destained and the
proteins visualized by fluorography (Enhance, Dupont NEN). Bands
were quantified using a Molecular Dynamics Phosphorimager. Approx-
imately 80-90% of the tubulin was found in the soluble fraction under
the lysis conditions used above. The results shown are for transport of
this soluble tubulin, however, tubulin in the insoluble fraction and total
tubulin were also analyzed, with the same results.

For fast axonal transport experiments, 100 uCi of [3S]methionine
was injected as above and the mouse killed after 3 hours. The nerves were
dissected (as above) and homogenized in a buffer containing 25 mM
sodium phosphate, pH 7.2, 5 mM EDTA and 1% SDS. Proteins from
each segment of nerve were precipitated with trichloroacetic acid (20%
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final), immobilized onto a glass filter (Whatman GC/K), washed and
counted using a scintillation counter (Beckman).

HISTOLOGICAL ANALYSIS. Mice anesthetized with an intraperitoneal injec-
tion of 0.02 ml/g avertin (tribromoethanol and tertamyl alcohol) were
killed by transcardiac perfusion with 0.1 M sodium phosphate, followed
by 4% formaldehyde, 2.5% gluteraldehyde in 0.1 M sodium phosphate,
pH 7.6. Tissues were incubated in 2% osmium tetroxide in 0.05 M
cacodylate for 3.5 hours, washed, dehydrated and embedded in Epon-
Araldite resin (Ernest F. Fullam, Inc.). Sections (0.75 pim) were stained
with toludine blue and examined by light microscopy. For immunohis-
tochemistry, mice were perfused with 4% formaldehyde in 0.1 M sodi-
um phosphate, pH 7.6. Spinal cords were removed, post-fixed in the same
solution and embedded in paraffin. Sections (10 pm) were deparaffinized,
rehydrated, then quenched in methanol and 0.3% hydrogen peroxide for
30 minutes. Sections were rinsed in PBS and incubated overnight in pri-
mary antibody recognizing the neuron specific By tubulin®® (supplied
by A. Frankfurter). Sections were incubated for 30 minutes in a biotiny-
lated secondary antibody, rinsed with PBS, then incubated in a peroxi-
dase-conjugated antibody (Vectastain ABC kit, Vector Laboratories). The
immunoreactivity was visualized with diaminobenzidine, and sections
were counter-stained with hematoxylin. For immunofluorescence,

40-

pm vibratome sections were incubated overnight with primary anti-

bodies recognizing neuron-specific By tubulin®’, the carboxyl terminus
of NF-H*2 or human-mouse SOD1%, rinsed with PBS, then incubated
with texas red and fluorescein-labeled secondary antibodies (Capell).
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