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Neurodegeneration in an inherited form of ALS is non-cell-auton-
omous, with ALS-causing mutant SOD1 damage developed within
multiple cell types. Selective inactivation within motor neurons of
an ubiquitously expressed mutant SOD1 gene has demonstrated
that mutant damage within motor neurons is a determinant of
disease initiation, whereas mutant synthesis within neighboring
astrocytes or microglia accelerates disease progression. We now
report the surprising finding that diminished synthesis (by 70%)
within Schwann cells of a fully dismutase active ALS-linked mutant
(SOD1G37R) significantly accelerates disease progression, accompa-
nied by reduction of insulin-like growth factor 1 (IGF-1) in nerves.
Coupled with shorter disease duration in mouse models caused by
dismutase inactive versus dismutase active SOD1 mutants, our
findings implicate an oxidative cascade during disease progression
that is triggered within axon ensheathing Schwann cells and that
can be ameliorated by elevated dismutase activity. Thus, thera-
peutic down-regulation of dismutase active mutant SOD1 in fa-
milial forms of ALS should be targeted away from Schwann cells.

neurodegeneration � non-cell-autonomous � superoxide dismutase �
amyotrophic lateral sclerosis � motor neurons

Amyotrophic lateral sclerosis (ALS) is a fatal, adult-onset
neurodegenerative disease that causes premature death of

brain and spinal cord motor neurons (1). Most cases of ALS are
of unknown etiology, but some familial forms are linked to
dominant missense mutations in the ubiquitously expressed
SOD1 (superoxide dismutase 1) gene (1). SOD1 is an abundant
intracellular anti-oxidant, which converts superoxide radicals in
the cytoplasm to hydrogen peroxide (which is then further
converted by peroxidases to water). Its known activity initially
lead to the hypothesis that reduced SOD1 activity could drive
motor neuron degeneration in ALS via increased oxidative stress
(2). However, transgenic mice develop ALS-like motor neuron
degeneration through ubiquitous expression of either dismutase
active or inactive mutant SOD1 forms. Although neither in-
creased expression of wild-type SOD1 nor deletion of endoge-
nous SOD1 cause motor neuron disease (1), evidence has lead
to the conclusion that disease is caused by a novel acquired
toxicity of mutant SOD1 independent of its dismutase activity (1).

Prominent models proposed for the nature of SOD1-linked
ALS toxicity, include intraastrocytic damage from it leading to
loss of the EAAT2 glutamate transporter (3), aberrant associ-
ation with mitochondria (4), aberrant cosecretion with chromo-
granin (5), sustained activation of NADPH oxidase (6, 7), and
inhibition of the ERAD pathway for removal of misfolded
proteins (8). Whichever of these are correct, evidence from many
directions has demonstrated that toxicity is non-cell-
autonomous, with mutant-mediated damage generated within
multiple cell types, including the affected motor neurons but also

by their neighboring astrocytes and microglia. Initial evidence
for non-cell autonomy came from analysis of chimeric mice,
which demonstrated a protective effect of wild-type cells sur-
rounding mutant SOD1 expressing motor neurons (9). By using
cell type specific Cre-mediated gene excision, it was then shown
that reducing mutant SOD1 expression in motor neurons de-
layed disease initiation (10), although similar mutant reduction
in either microglia (10) or astrocytes (11) slowed disease pro-
gression. A contribution of mutant expressing astrocytes to
driving death of human (7, 12) or mouse (13, 14) motor neurons
has also been seen in vitro.

Because in the spinal cord, microglia and astrocytes represent
the major nonneuronal cell types associated with motor neurons,
a contribution from them in driving disease mechanism may not,
in retrospect, be surprising. In the periphery, however, although
mutant synthesis solely in muscle, the motor neuron targets, can
provoke damage to those muscles (15), this apparently plays little
role in disease mechanism. Reduction of mutant SOD1 synthesis
in the skeletal muscle of ALS mice does not affect disease onset
or progression (16).

Possible damage within or to the Schwann cells, the myeli-
nating glia of the peripheral nervous system, has not been
examined so far, despite the fact that they are associated with the
full length of peripheral axons (which represent 90% of the
volume of motor neurons). Highlighting the potential for a
contribution from them in ALS is the fact that in contrast to a
15:1–20:1 ratio of central nervous system glia surrounding the
motor neuron perikaryon, the ratio of Schwann cells to a single
motor axon is 1,000:1 (17). Schwann cells form an intimate
bidirectional relationship with their neuronal partners: during
development Schwann cells are essential for the survival of
motor neurons, whereas neuron-derived factors guide survival
and differentiation of Schwann cells along axons (18). These
interactions become again important during neuronal regener-
ation (19, 20). Schwann cells distal to the injury do not die, rather
they shed off and phagocytose (together with macrophages)
their myelin sheets and then enter a dedifferentiation/
redifferentiation program to guide and support the regrowing
axon followed ultimately by remyelination of it. Further, in
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certain forms of Charcot-Marie-Tooth peripheral neuropathies,
disease toxicity is directly linked to mutations in genes encoding
Schwann cell myelin components (21), resulting in demyelina-
tion and even secondary axonal degeneration.

However, surprisingly little is known about a contribution, if
any, of Schwann cells in ALS. Studies from human ALS have
described myelin alterations along the peripheral nerves (22),
most likely secondary due to massive axonal degeneration. At
neuromuscular junctions in ALS mice, a recent study reported
induction of the axon repellent semaphorin 3A in terminal
Schwann cells (23) (a subpopulation of Schwann cells important
for synaptic support and regeneration), suggesting either a
detrimental or physiologic response to ongoing denervation (24).
All of this raises the question of whether Schwann cells in ALS
actively contribute to motor neuron degeneration or whether
they are merely bystanders to the ongoing neurodegenerative
process.

To assess the role of Schwann cells in ALS in a first global
approach, we focus here on their contribution to non-cell-
autonomous mutant SOD1-linked ALS toxicity. With the known
capacity of Schwann cells to respond to axonal damage and
produce various neurotrophic factors (19), we hypothesized that
mutant SOD1 expression disturbs normal Schwann cell func-
tions, especially during disease progression, which is defined by
axonal degeneration and regenerative and/or compensatory
attempts of surviving motor neurons (24, 25). Therefore, we
have used Cre-mediated gene excision in ALS mice (10) to
remove mutant SOD1 specifically from Schwann cells.

Results
Efficient Cre-Mediated Mutant SOD1 Gene Excision in Schwann Cells
of ALS Mice. To assess the contribution of Schwann cell-expressed
mutant SOD1 to non-cell-autonomous ALS toxicity, we mated
mice heterozygous for a mutant human SOD1G37R transgene
flanked by loxP sites (LoxSOD1G37R mice) that develop pro-
gressive and fatal ALS-like motor neuron degeneration (10) with
mice expressing the Cre recombinase under the control of mouse
myelin-protein-zero (P0) regulatory sequences (26). P0-cre mice
are well-established to excise floxed genes almost exclusively
from peripheral myelinating or nonmyelinating Schwann cells
without targeting central nervous system myelinating glia (oli-
godendrocytes) or other central or peripheral neurons or glia
(26, 27). By mating P0-cre mice with Cre-inducible ROSA26-�-
galactosidase (�-Gal) reporter mice (10, 11), we confirmed this
selectivity, demonstrating �-Gal activity in most sciatic nerve
Schwann cells (Fig. 1A and B) but none in spinal cord cells (Fig.
1D). Because one report suggested the potential involvement of
terminal Schwann cells in ALS (23), we also confirmed P0-cre
activity in many of these specialized, S100-positive, unmyelinat-
ing Schwann cells, which are closely apposed to nerve terminal
branches at neuromuscular junctions (Fig. 1C) (30–50% were
�-Gal positive; D. Hess, R. Balice-Gordon, M.L. Feltri, and L.
Wrabetz, personal communication).

P0-cre-mediated SOD1G37R transgene excision in Schwann
cells was highly efficient. By using real-time PCR (qPCR) on
sciatic nerve tissue extracts (containing genomic DNA derived
almost exclusively from Schwann cells), a 70% reduction of
SOD1G37R transgene levels in LoxSOD1G37R/P0-cre mice was
identified, with no significant reduction in spinal cord tissue (Fig.
1E). Mutant SOD1G37R mRNA levels were also reduced by a
comparable 70% (Fig. 1F). Considering that the nerve also
contains some (P0-cre negative) perineurial and endothelial cells
(18), the actual excision rate in Schwann cells is probably nearly
complete.

Schwann Cell-Expressed Dismutase Active Mutant SOD1 Is Neuropro-
tective as Its Removal Reduces Survival. To assess the effect of
Schwann cell-specific removal of mutant SOD1 in ALS mice, we

compared disease courses between LoxSOD1G37R/P0-cre mice
and LoxSOD1G37R littermates. Both LoxSOD1G37R and P0-cre
lines were in congenic C57BL/6 grounds. A presymptomatic
phase was defined by the period of weight gain typical for young
adult mice. Earliest disease onset was defined by the age at the
inflection point in the weight curve. An early symptomatic phase
was characterized by gait alterations, reduced grip strength, and
denervation-induced muscle atrophy (10, 11, 28), that last of
which was responsible for weight loss. A simple, objective early
disease point was defined by the time at which weight loss
reached 10% of peak weight, a measure repeatedly used previ-
ously in ALS mice (10, 11, 28, 29). Further symptomatic pro-
gression resulted in paralysis at end stage disease (29).

Despite efficient removal of mutant SOD1 from Schwann
cells, disease onset was not significantly different between
LoxSOD1G37R/P0-cre (8.2 months; 249 � 11.2 days (d); n � 20)
and LoxSOD1G37R (8.5 months; 259 � 9.9 d; n � 19) mice (Fig.
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C D

E F

Fig. 1. Targeted P0-cre-mediated gene excision in LoxSOD1G37R ALS mice was
used to specifically reduce Schwann cell-expressed mutant SOD1. (A–D) �-ga-
lactosidase (�-Gal) activity in Schwann cells (A and B, arrows) of longitudinal
sciatic nerve sections, as well as in terminal Schwann cells (C, arrows; visualized
with S100 immunostaining) at the neuromuscular junction (arrowheads) of
gastrocnemius muscles but not in (D) spinal cord glia or neurons of (A–D) adult
ROSA26/P0-Cre reporter mice, visualized with X-Gal (A–D) and counterstained
with eosin (A, B, and D). [Scale bars: 100 �m (A and D); 30 �m (B and C).] (E and
F) qPCR showing a 70% reduction of human SOD1G37R transgene (E) and mRNA
(F) levels (P � 0.01; Student’s t test) in sciatic nerves of LoxSOD1G37R/P0-cre
(Cre�) mice relative to LoxSOD1G37R (Cre�) littermates, without significant
spinal cord SOD1G37R transgene reduction (E) (n � 3 mice per group; presymp-
tomatic, 4 months old; error bars, SEM).
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2A). Likewise, the age at which disease progressed to early
phenotypic disease was similar in LoxSOD1G37R/P0-cre (11.5
months; 348 � 6.5 d; n � 20) and LoxSOD1G37R (11.5 months;
348 � 14.0 d; n � 19) mice (Fig. 2B). Very surprisingly, however,
removal of mutant SOD1G37R from Schwann cells significantly
reduced survival by accelerating disease progression after this
early disease stage. End stage for LoxSOD1G37R/P0-cre mice was
reached 42 days (1.4 months) earlier than for LoxSOD1G37R

mice (12.1 months; 369 � 5.9 d; n � 16 versus 13.5 months; 411 �
8.3 d; n � 16; P � 0.0003; Student’s t test) (Fig. 2C). An ‘‘early
phase’’ of disease progression (from onset through early phe-
notypic disease) was unchanged between LoxSOD1G37R/P0-cre

(99 � 9.8 d; n � 20) and LoxSOD1G37R mice (89 � 13.8 d; n �
19) (Fig. 2 A and B). However, progression through the ‘‘late
phase’’ of disease was significantly accelerated (by almost 3 fold;
Fig. 2 C and D) in LoxSOD1G37R/P0-cre mice (20.9 � 3.6 d, n �
16) as compared with LoxSOD1G37R mice (61.7 � 12.9 d, n � 15;
P � 0.01; Student’s t test) (Fig. 2D), suggesting a link between
slow disease progression in ALS mice and a protective effect of
dismutase active mutant SOD1 in Schwann cells (Fig. 2D).

To determine how removal of mutant SOD1G37R from
Schwann cells influenced degenerative processes in ALS mice,
we first confirmed motor axon integrity (Fig. 3 A and C and
supporting information (SI) Fig. S1) and observed normal axon
calibers and myelin thickness (Fig. S2) in young and aged P0-cre
control mice. We then compared the extent of motor axonal
degeneration at similar disease-stages in mutant SOD1 mice. We
found that in LoxSOD1G37R mice (with or without P0-cre), major
axonal degeneration started after onset (Fig. 3 and Fig. S1) and
was accompanied by secondary myelin alterations (Fig. S2 and
Fig. S3). At all 3 disease stages analyzed (onset, early disease,
and end stage) there were no significant differences between
LoxSOD1G37R/P0-cre and LoxSOD1G37R mice, either with re-
spect to axonal loss or caliber reduction (Fig. 3 and Fig. S1) or
for overall axonal or myelin pathology (Fig. S2 and Fig. S3). This
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Fig. 2. Selective mutant SOD1 gene excision from Schwann cells accelerates
disease progression in ALS mice. (A–C) Plots of ages (in days) at which disease
onset (A), early disease (B), and end stage (C) are reached in LoxSOD1G37R ALS
mice with (blue) and without (red) mutant SOD1 in Schwann cells. (D) Corre-
lation between dismutase activity of Schwann cell-localized SOD1 mutants
with slow disease progression in ALS mice: removal of dismutase active mutant
SOD1G37R from Schwann cells leads to a 3-fold faster late phase (from early
disease to end stage) in LoxSOD1G37R/P0-cre mice than in LoxSOD1G37R mice
(P � 0.01; Student’s t test). This difference correlates well with a faster late
phase in dismutase inactive mutant SOD1G85R mice (line 148; end stage at 12.5
months) as compared to a slow late phase in dismutase active mutant
SOD1G37R mice (line 106; end stage at 13.5 months) (P � 0.001; Student’s t test)
(see Discussion).
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Fig. 3. Assessment of axonal degeneration in lumbar motor roots of ALS
mice with or without Cre-mediated mutant SOD1 excision in Schwann cells.
Numbers and distributions of axonal diameters in L5 motor roots of
LoxSOD1G37R and LoxSOD1G37R/P0-cre mice at onset (8.5 months) (A), early
disease (B), and end stage (C). No axonal degeneration was seen in nontrans-
genic or single transgenic P0-cre control mice at ages matched to onset (8.5
months) or end stage (13.5 months) (A and C) (n � 4 mice per group; error, SEM).
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is consistent with a true faster axonal degeneration in the late
phase of disease progression in LoxSOD1G37R/P0-cre mice, as
they reached end stage (after early disease) 3 times more quickly
than LoxSOD1G37R mice but showed a similar high degree of
axonal degeneration at each stage. There was even a trend of
increased axonal loss already at early disease in LoxSOD1G37R/
P0-cre mice (Fig. S1), suggesting that acceleration of progression
starts at or just before our definition of early disease.

The Inherent Regenerative Capacity of Motor Neurons After Crush
Injury Is Not Influenced by Schwann Cell-Expressed Mutant SOD1.
Schwann cells are involved in successful axonal regeneration (19)
and during disease progression in ALS mice, there are active
attempts at neuronal regeneration and/or compensation (24, 25).
As wild-type SOD1 has been shown to be neuroprotective in
neural injury paradigms (30, 31), we hypothesized that the
decrease in overall dismutase activity from removal of dismutase
active mutant SOD1G37R from Schwann cells could thereby
decrease the nerve’s inherent capacity for regeneration. There-
fore, we crushed sciatic nerves at 2 time points (4 and 8.5 months
of age), before appearance of overall symptoms (at �11.5
months), and compared functional regeneration between
LoxSOD1G37R/P0-cre and LoxSOD1G37R mice. To avoid bias due
to known neuroprotective effects of estrogen (32), genders were
analyzed separately. No significant differences were found in
regeneration when comparing LoxSOD1G37R/P0-cre and
LoxSOD1G37R mice (Fig. 4 and Fig. S4 A and B). In both,
however, there was a trend to slower regeneration when com-
paring the 8.5- to the 4-month-old ALS mice (Fig. 4 A and B; Fig.
S4C), consistent with recent data showing a disease-linked
slowing of nerve regeneration in a different line of SOD1 mutant
mice (24).

More Aggressive Disease Progression in ALS Mice with Reduced
Schwann Cell-Expressed Mutant SOD1 is Accompanied by Reduced
IGF-1. To test if the presence or absence of dismutase active mutant
SOD1 within Schwann cells affected the known regeneration-
associated capacity of Schwann cells to induce diverse neurotrophic
factors (19), we assessed the expression of 4 potent motor neuro-
trophic factors: insulin-like growth factor 1 (IGF-1), pleiotrophin
(PTN), ciliary neurotrophic factor (CNTF), and glial-derived neu-
rotrophic factor (GDNF). Analysis of sciatic nerve mRNAs by
RT-qPCR (normalized to LoxSOD1G37R mice) revealed that

removal of mutant SOD1G37R from Schwann cells did not lead
to changes in inherent IGF-1, PTN, CNTF, or GDNF expression
levels presymptomatically (at 4 months) (Fig. 5A), consistent
with similar regenerative capacities after crush injury (Fig. 4A).
However, at an early symptomatic age (10.5 months) and shortly
before reaching our early phenotypic disease mark (10% weight
loss at �11.5 months), sciatic nerve Schwann cell-derived IGF-1
levels were reduced almost 50% (P � 0.05; Student’s t test) in
LoxSOD1G37R/P0-cre mice as compared with age-matched
LoxSOD1G37R mice (Fig. 5A). This loss was selective for IGF-1,
as no differences were detected for PTN, CNTF, or GDNF (Fig. 5A).

Relative to the levels in presymptomatic LoxSOD1G37R mice,
significant (P � 0.05; Student’s t test) disease-associated induc-
tions were identified in early symptomatic LoxSOD1G37R mice
for IGF-1 (2.0-fold), PTN (2.7-fold), and GDNF (8.6-fold), as
well as a decrease in CNTF (2.3-fold), alterations that are
comparable to those known to occur also after sciatic nerve
injury (17, 19, 33, 34) (Fig. 5B). Importantly, whereas removal of
mutant SOD1G37R from Schwann cells did not influence disease-
associated PTN, GDNF, or CNTF regulation, there was a
complete lack of IGF-1 induction in sciatic nerves of
LoxSOD1G37R/P0-cre mice as compared to LoxSOD1G37R mice
(Fig. 5B).

Discussion
In contrast to prior efforts with selective removal of a mutant
SOD1 gene from astrocytes (11) or microglia (10), each of which
sharply slowed disease progression, our current findings have
shown that similar removal of the same dismutase active mutant
SOD1G37R from Schwann cells accelerated the late phase of
disease progression resulting in a disease course as aggressive as

Fig. 4. The inherent regenerative capacity of motor neurons after crush
injury is not influenced by Schwann cell-expressed mutant SOD1. The speed of
nerve regeneration (measured by the toe spread) after unilateral crush injury
was assessed at 2 time points [at 4 months (A), presymptomatic, and at 8.5
months (B), onset] before the appearance of overall symptoms (at 11.5
months). No significant differences were detected between LoxSOD1G37R/P0-
cre and LoxSOD1G37R ALS mice (n � 5 mice per group; only males used),
indicating that removal of mutant SOD1G37R from Schwann cells did not
influence the sciatic nerve’s inherent regenerative capacity (similar results
were obtained with females; Fig. S4A).
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Fig. 5. More aggressive disease progression in ALS mice with reduced
Schwann cell-expressed mutant SOD1 is accompanied by reduced IGF-1. (A) By
using RT-qPCR analysis, whole sciatic nerve mRNA expression levels of IGF-1,
PTN, CNTF, and GDNF are compared between LoxSOD1G37R/P0-cre and
LoxSOD1G37R ALS mice at presymptomatic and early symptomatic disease
stages. At an early symptomatic time point (10.5 months), removal of dis-
mutase active mutant SOD1G37R from Schwann cells leads to a 50% reduction
(P � 0.05; Student’s t test) selectively of IGF-1 in LoxSOD1G37R/P0-cre ALS-mice.
(B) Comparison of mRNA levels from presymptomatic and early symptomatic
ages in LoxSOD1G37R ALS mice: disease-associated inductions are found for
IGF-1 (2.0-fold), PTN (2.7-fold), and GDNF (8.6-fold), whereas CNTF is reduced
(2.3-fold) (P � 0.05; Student’s t test). There is no disease-associated IGF-1
induction after removal of mutant SOD1 from Schwann cells. Absolute induc-
tions of IGF-1 and PTN in early symptomatic LoxSOD1G37R ALS mice as com-
pared with age-matched (nontransgenic) control mice are 1.5-fold and 2.0-fold,
respectively (P � 0.05; Student’s t test) (n � 3 mice per group; error bars, SEM).
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that seen in a dismutase inactive mutant SOD1G85R ALS mouse
line. Our gene excision targeted 70% of axonal Schwann cells as
well as 40% of terminal Schwann cells. When taken together with
a prior demonstration that reduction of mutant SOD1 synthesis
in muscle had no effect on any aspect of disease (16), our findings
offer no support for an important role for mutant-derived
toxicity within the non-neuronal cells at the neuromuscular
junction. A further insight is that, in contrast to astrocytes and
microglia, both muscle (16) and Schwann cells seem to be
protected against the buildup of mutant SOD1 toxicity.

The most straightforward explanation for the unexpected pro-
tective role of Schwann cell-expressed mutant SOD1 in slowing
disease progression is that the mutant we have tested (SOD1G37R)
retains fully functional dismutase activity (35). Indeed, ubiquitous
overexpression of wild-type SOD1 in transgenic mice is neuropro-
tective against both cerebral ischemia (30) and spinal cord injury
(31), whereas systemic SOD1 deletion in mice increased axotomy-
induced motor neuron death (36). Dismutase inactive SOD1 mu-
tant ALS mice would lack any Schwann cell-derived neuroprotec-
tive effect and should, therefore, have a more aggressive late disease
phase. Indeed, retrospective analysis of survival data from our
different ALS mouse cohorts revealed that dismutase inactive
mutant SOD1G85R (line 148) mice had a 2.5-fold shorter late phase
(23.8 � 4.6 d; n � 20) (29) compared with dismutase active mutant
SOD1G37R (line 106) mice (54.7 � 6.4 d; n � 20) (28), despite
similar survival times (12.5–13.5 months) (Fig. 2D). This more rapid
disease progression in the dismutase inactive mutant was statisti-
cally highly significant (P � 0.001; Student’s t test). A search of the
literature revealed further support for such a correlation between
dismutase activity and slow disease progression: disease in mice
from dismutase inactive SOD1G127X has a 2.5-fold shorter symp-
tomatic disease phase than does a dismutase active SOD1G93A line
with similar survival times (37).

Although toxicity from a dismutase inactive mutant
(SOD1G85R) proceeds independent of overall dismutase activity
provided by endogenous SOD1 (38), we suggest that during
mutant SOD1-induced axonal degeneration, a cascade is trig-
gered that produces reactive oxygen species at least some of
which can be detoxified via SOD1 synthesized by Schwann cells.
Potential sources of such reactive species include extracellular
superoxide produced by mutant SOD1-dependent stimulation of
NADPH oxidase in microglia/macrophages (6) and astrocytes
(7) or from mutant SOD1 damage to mitochondria (4, 39, 40),
especially in neurons. Indeed, mutant SOD1 damage within
microglial/macrophages (10) or astrocytes (11) is known to drive
rapid disease progression, findings that correlate well with our
evidence here that Schwann cells depleted of a dismutase active
mutant substantially shorten disease course. However, as
Schwann cells are localized outside the spinal cord, the most
likely sources for reactive oxygen species are (1) peripheral
macrophages (which are known to invade degenerating periph-
eral nerves) (20), (2) Schwann cells themselves, or (3) the
degenerating axons along which the Schwann cells are aligned.

Our hypothesis might be expected to predict a protective effect
of (ubiquitously) overexpressing wild-type SOD1 in ALS mice,
whereas no change (38) or a disease acceleration (41) have actually
been reported. However, as toxicity of mutant SOD1 aggregates
can be increased by wild-type SOD1 overexpression (41), protective
effects within (nonsensitive) Schwann cells could have been masked
in these prior efforts by increased toxicity within (sensitive) motor
neurons, astrocytes, and/or microglia. Likewise, deletion of mouse
SOD1 did not speed up disease in ALS mice (38), most probably
due to similar opposing effects that neutralized each other or that
the endogenous level of dismutase activity in Schwann cells was
insufficient to provide a protective benefit.

Interestingly, increased disease duration in human ALS is cor-
related with increased stability of ALS-linked SOD1 mutants (42).
As protein stability in general correlates with dismutase activity (35,

42), it is tempting to speculate that dismutase activity of Schwann
cell-expressed SOD1 mutants is an important determinant of
slowed disease progression in ALS. As a direct consequence,
therapeutic down-regulation of dismutase active mutant SOD1
forms in familial ALS (43) should avoid Schwann cells.

A direct test of our hypothesis could be undertaken by
selectively increasing wild-type SOD1 levels within Schwann
cells, especially in ALS mice with a dismutase inactive mutant,
such as SOD1G85R. Such activity should prolong disease pro-
gression. Further, removal of mutant SOD1G85R from Schwann
cells would be predicted not to affect disease course. Interest-
ingly, genetic deletion of CCS1 (the enzyme responsible for
loading SOD1 with the catalytic copper essential for dismutase
activity) in mutant SOD1G37R (line 29) ALS mice, led to slightly
reduced survival (44) (and P.C. Wong; personal communica-
tions), consistent with a protective action of dismutase activity,
although this effect was not visible in mutant SOD1G37R (line 42)
mice with very high levels of transgene expression (44).

Although linking the protective effect of Schwann cell-derived
mutant SOD1G37R to dismutase driven reduction of toxic superox-
ide is the most obvious explanation for our findings, reactive oxygen
species, especially hydrogen peroxide (the product of the dismutase
reaction), could also directly influence intracellular or intercellular
signaling processes, including modulating transcription (45). In-
deed, we found a disease-associated induction of IGF-1 transcripts
in sciatic nerve Schwann cells of ALS mice, but this was completely
abolished upon removal of mutant SOD1G37R from those Schwann
cells. Lack of IGF-1 induction was surprisingly selective after
mutant SOD1 removal from Schwann cells, with responses of
pleiotrophin, GDNF, and CNTF unaffected.

Moreover, although we detected much stronger disease-
associated induction of GDNF than IGF-1, recent viral-mediated
delivery of GDNF in ALS mice was much less efficient than IGF-1
(46). Thus, even a small loss of IGF-1 might have strong effects in
ALS. Previous studies have already established the motor neuron
protective potential of IGF-1 in ALS mice (46, 47) and IGF-1
synthesis by Schwann cells is known to be induced during axonal
regeneration (34). As the degenerating sciatic nerve also contains
invading macrophages (20), we cannot exclude them as a source of
IGF-1 induction. In this case, mutant SOD1G37R action (including
damage) within Schwann cells could trigger secretion of paracrine
acting factors (e.g., cytokines), which could initiate growth factor
production in invading macrophages.

Nevertheless, what our evidence establishes is that this IGF-1
induction is dependent on mutant SOD1G37R expression in
Schwann cells, a finding that identifies Schwann cells—long over-
looked in ALS—as participants in pathogenesis in familial SOD1-
linked ALS and therefore establishing them as potential targets for
therapeutic intervention in ALS.

Materials and Methods
Animals. All transgenic mouse lines were on a pure C57BI/6 background. Po-cre
mice: Mice heterozygous for a mP0TOTA-Cre transgene that contains a com-
plete mouse P0-gene (mpz) with 6 kb of promotor, in which the ATG start of
translation has been mutated and substituted with the Cre-recombinase gene
(48). For additional details, see SI Materials and Methods.

Survival Analysis. Mice were weighed weekly as an objective and unbiased
measure of disease course (10, 11, 28, 29). Additional details, see SI Materials and
Methods.

For qPCR for mutant SOD1 transgene levels, immunohistochemistry, morpho-
metric analysis of axons, sciatic nerve regeneration measurements and RT-qPCR
for sciatic nerve mutant SOD1 and growth factor mRNA levels, see SI Materials
and Methods.

Note. A study published after the manuscript from Keller et al. (40) provided
additional evidence for the involvement of Schwann cells in ALS pathogenesis.
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Animals. All transgenic mouse lines were on a pure C57BL/6
background.
P0-cre mice. Mice heterozygous for a mP0TOTA-Cre transgene,
which contains a complete mouse P0-gene (mpz) with 6 kb of
promoter, in which the ATG start of translation has been
mutated and substituted with the Cre-recombinase gene (1).
ROSA26 reporter mice. Heterozygous mice that ubiquitously express
a �-galactosidase (�-Gal) transgene that can be translated into
functional �-Gal only if a Cre-mediated recombination removes
a premature translation terminator (ROSA26-lox-STOP-lox-�-
Gal; generated via homologous recombination and ‘‘knock-in’’
into the ROSA26 locus) (2).
LoxSOD1G37R ALS mice. Mice heterozygous for a 12 kb genomic
DNA fragment encoding the human SOD1G37R transgene, under
its endogenous promoter, f lanked by loxP sequences (3).
Additional ALS mouse lines. Heterozygous mutant SOD1G85R (Line
148) (4) and heterozygous mutant SOD1G37R (line 106) (5) mice.
Survival analysis. Heterozygous P0-cre mice were mated to het-
erozygous LoxSOD1G37R ALS mice and resulting
LoxSOD1G37R/P0-cre mice were compared with LoxSOD1G37R

littermates. Numbers of progeny were as expected by Mendelian
transmissions and genotyping was performed as previously
described (1, 3). Mice were weighted weekly as an objective and
unbiased measure of disease course (3, 6–9). Time of disease
onset was retrospectively determined as the time when mice
reached peak body weight. We previously proposed that decline
in peak body weight as the earliest observable measure of disease
onset because there is high degree of correlation between the age
at which Rotarod performance declines and the initial loss of
body weight (10). Indeed, as subsequently confirmed by others,
peak body weight before weight loss is an objective, easily
measured parameter that defines the earliest disease onset,
initiating before any observable motor performance decline,
such as grip strength, Rotarod performance, and cage activity
(11, 12). The time of early disease was defined at the time when
denervation-induced muscle atrophy had produced a 10% loss of
maximal weight (which is accompanied by gait alterations and
failure of hind limb splaying reflex, without obvious signs of
paralysis). This early disease is followed by the appearance of
progressive paralysis. During the symptomatic phase, mice were
observed daily and end stage was defined by paralysis so severe
that the animal could not right itself within 20 seconds when
placed on its side, an endpoint frequently used for SOD1 mutant
expressing mice (3, 6–9) and one that was consistent with the
requirements of the Animal Care and Use Committee of the
University of California. At this stage, ALS mice will die within
24 hours and were therefore killed. The early or late phase of
disease progression was defined by the duration between the
onset and early disease or between early disease and end stage,
respectively.

Real-Time PCR Analysis of Mutant SOD1 Transgene Levels. Freshly
isolated sciatic nerves or spinal cords were digested overnight at
55° C in 500 �l of 10 mM Tris (pH 7.4), 100 mM NaCl, 10 mM
EDTA (pH 8), and 0.5% SDS with 10 �l of Proteinase K (20
mg/ml). Genomic DNA was extracted by phenol/chloroform and
ethanol precipitation. One sciatic nerve yielded 3–3.5 �g of
genomic DNA. Mouse apolipoprotein B (apob) was used as a
normalizer gene. Genomic DNA (40 ng) was amplified with iQ
Supermix (Bio-Rad) and 100 nM of each primer and probe in a
Bio-Rad iCycler real-time PCR machine: 1 cycle 50° C, 2 min; 1

cycle 95° C, 10 min; 40 cycles 95° C, 15 sec, 60° C 1 min. Human
SOD1 transgene levels were normalized to mouse apolipopro-
tein B (apob) gene levels (3). SOD1 and apob primer/probe sets
were run in the same reaction, with every reaction run in
triplicates and all samples run in parallel. The entire experiment was
repeated twice and results were averaged. Specific primers and
probes were (3): human SOD1-forward, CAATGTGACTGCT-
GACAAAG; human SOD1-reverse, GTGCGGCCAATGATG-
CAAT; human SOD1-probe, fam-CCGATGTGTCTATTGAA-
GATTCTG-BHQ; apob-forward, CACGTGGGCTCCAGCATT;
apoB-reverse, TCACCAGTCATTTCTGCCTTTG; apob-probe,
Texas Red-CCAATGGTCGGGCACTGCTCAA-BHQ2.

Real-Time RT-PCR Analysis of Sciatic Nerve Mutant SOD1 and Growth
Factor mRNA Levels. Total RNA was isolated from freshly dis-
sected sciatic nerves (2 per mouse; 1.5-cm long piece starting at
the gastrocnemius muscle) by using the RNeasy Mini Lipid Kit
(Qiagen) with DNase treatment. Tissues were lysed in 1 ml
QIAzol Lysis Reagent (Qiagen) by using a Polytron (IKA-Werke
GMBH, Germany). Two sciatic nerves yielded 1.5–2 �g of total
RNA. RNA quality was determined with a BioAnalyzer 2100
(Agilent) and RIN-values were between 7 and 8. cDNA was
generated from 450 ng of total RNA by using SuperScript-III
(Invitrogen) and 1/40 was amplified with iQ SYBR Green
Supermix (Bio-Rad) and 100 nM of each primer in a iCycler: 1
cycle 50° C, 2 min; 1 cycle 95° C, 10 min; 40 cycles 95° C, 15 sec,
60° C 1 min. Mouse gamma actin (actg1) was used as a normal-
izer gene. Human SOD1, mouse igf1, mouse gdnf, mouse cntf,
and mouse ptn cDNA levels were normalized to actg1 cDNA
levels. Every gene was run in parallel with the actg1 normalizer,
with every reaction run in triplicates. All samples for a specific
gene were run in parallel. The experiment for every gene was run
twice and results were averaged. Specific primers were: SOD1-
forward, AGGGCATCATCAATTTCGAG; SOD1-reverse,
ACATTGCCCAAGTCTCCAAC; igf1 (SA-PPM03387A) and
gdnf (SA-PPM04315A) were both from SuperArray (SABio-
sciences, Frederick, MD); cntf-forward, TGGCTAGCAAG-
GAAGATTCG; cntf-reverse, CATCTCACTCCAGCGAT-
CAG; ptn-forward, TTTTCATCTTGGCAGCTGTG; ptn-
reverse, ACACTCCACTGCCATTCTCC; actg1-forward,
TGGATCAGCAAGCAGGAGTATG; actg1-reverse, CCT-
GCTCAGTCCATCTAGAAGCA.

Immunohistochemistry. For tissue collection, mice were perfused
with 4% paraformaldehyde. Spinal cords and gastrocnemius
muscles were cryoprotected and snap frozen in isopropanol in
TissueTek (Sakura). Thirty �m spinal cord and 40 �m muscle
cryosections were used and �-galactosidase activity was mea-
sured by overnight incubation with X-Gal (5-bromo-4-chloro-3-
indolyl-D-galactoside) substrate (0.2 mg/ml) in PBS containing
4 mM potassium ferrocyanide, 4 mM potassium ferricyanide and
1 mM magnesium chloride followed by counterstaining in eosin
for 1 min. To identify terminal Schwann cells, after X-Gal
staining, muscle sections were incubated in PBS/0.3% Triton-
X100 overnight with a polyclonal rabbit antibody against S100�
(1/200; Dako, Carpinteria, CA) followed by biotinylated species-
specific secondary antibodies. The staining was revealed by the
avidin-biotin complex immunoperoxidase technique (Vec-
tastain ABC kit, Vector Laboratories, Burlingame, CA, 1:500 in
PBS) and the diaminobenzidine chromogen (Vector Laborato-
ries). Sections were dehydrated and mounted with Permount
medium (Fisher Scientific).
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Morphometric Analysis of Axons. Mice were perfused with 4%
paraformaldehyde and L5 roots or entire sciatic nerves were
dissected.
For motor root morphology. L5 roots transversely sectioned into 5
mm blocks, were treated with 2% osmium tetroxide in 0.05 M
cacodylate buffer, washed, dehydrated, and embedded with
Epon (Electron Microscopy Sciences). One-micrometer-thick
cross sections were cut and stained with 1% toluidine blue, 1%
sodium borate for 30 seconds, rinsed and dried (6). Both L5
motor roots from each animal were counted, averaged and
axonal caliber distributions were determined as described (6).
For longitudinal nerve sections. Five-millimeter-long sciatic nerve
pieces (chosen distally; the last 5 mm before entering the

gastrocnemius muscle) were embedded and treated as for the L5
roots.

Sciatic Nerve Regeneration Measurements. Mice were placed under
metophane anesthesia and the sciatic nerve was exposed via an
incision in the flank followed by separation of underlying
musculature by blunt dissection. The nerve was crushed (twice
for 20 seconds at the same location) by using fine jewelers
forceps at the level of the obturator tendon. To assess functional
recovery of the injured limb, the mouse was induced to spread
its toes by briefly lifting the hind limbs off the bench. Distance
from first to fifth digits was measured daily with a divider for
both the injured and uninjured leg.
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Fig. S1. Quantitative analysis of axonal degeneration in lumbar motor roots of ALS mice with or without Cre-mediated mutant SOD1 excision in Schwann cells.
Numbers of axons in L5 motor roots of LoxSOD1G37R and LoxSOD1G37R/P0-cre at presymptomatic (at 4 months) and onset (8.5 months) time points and at early
disease and end stage. No axonal degeneration was seen in nontransgenic or single transgenic P0-cre control mice at ages matched to onset (8.5 months) or end
stage (13.5 months) (n � 4 mice per group; error, SEM; **, P � 0.01; Student’s t test).
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Fig. S2. Morphological assessment of axonal and myelin degeneration in lumbar motor roots of ALS mice with or without Cre-mediated mutant SOD1 excision
in Schwann cells. (A–H) Toluidine-blue staining of semithin cross-sections from L5 motor root axons are shown. Nontransgenic (P0-cre�) (A) and single transgenic
P0-cre� (B) control mice show no signs of axonal degeneration (A and B) and qualitatively normal axon calibers and myelin thickness (enlargement [A� and B�])
at advanced ages matched to end stage of ALS mice (13.5 months). (C–H) Removal of dismutase active mutant SOD1G37R from Schwann cells do not influence
onset (weight peak) (C and D) or early disease (10% weight loss) (E and F) of LoxSOD1G37R ALS-mice. However, end stage (paralysis) and resulting end stage
pathology are reached significantly earlier in LoxSOD1G37R/P0-cre mice (H) as compared with LoxSOD1G37R mice (G). Indicated are average ages at which
LoxSOD1G37R/P0-cre (D, F, H) and LoxSOD1G37R (C, E, G) mice reach the respective disease stages. [Scale bars: 100 �m (A–H) and 10 �m (A� and B�).]
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Fig. S3. Morphological assessment of axonal and myelin degeneration in sciatic nerves of ALS mice with or without Cre-mediated mutant SOD1 excision in
Schwann cells. (A–H) Similar to Fig. S2 but instead, toluidine-blue staining of semithin longitudinal-sections of distal sciatic nerves are shown.
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Fig. S4. Influence of presence of mutant SOD1 in Schwann cells, sex and disease stage on axonal regeneration after sciatic nerve crush in ALS mice. (A) Like
for males (Fig. 4A) the speed of nerve regeneration (measured by the toe spread) after unilateral crush injury was not significantly different between
presymptomatic (4-month-old) female LoxSOD1G37R/P0-cre and LoxSOD1G37R ALS mice (n � 5 mice per group). (B) Nerve regeneration was slightly faster in
presymptomatic (4-month-old) female than in male ALS mice (n � 10 mice per group; per group data from five LoxSOD1G37R and five LoxSOD1G37R/P0-cre ALS
mice were averaged), consistent with previous findings that estrogen is neuroprotective and that regeneration in (nontransgenic) females is faster than in males
(13). (C) Disease associated slowing of nerve regeneration in LoxSOD1G37R ALS mice at onset (8.5 months old) as compared with presymptomatic (4 months old)
LoxSOD1G37R ALS mice. This effect was not due to normal aging, as 8.5-month-old nontransgenic control mice did not show a slower regeneration (n � 5 mice
per group; only males used).
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