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The mechanisms involved in selective motor neuron degeneration in amyotrophic lateral sclerosis remain unknown more than
135 years after the disease was first described. Although most cases have no known cause, mutations in the gene encoding Cu/Zn
superoxide dismutase (SOD1) have been implicated in a fraction of familial cases of the disease. Transgenic mouse models with
mutations in the SOD1 gene and other ALS genes develop pathology reminiscent of the disorder, including progressive death of
motor neurons, and have provided insight into the pathogenesis of the disease but have consistently failed to predict therapeutic
efficacy in humans. However, emerging research has demonstrated that mutations and pathology associated with the TDP-43
gene and protein may be more common than SOD1 mutations in familial and sporadic ALS. Putative mechanisms of toxicity
targeting motor neurons include oxidative damage, accumulation of intracellular aggregates, mitochondrial dysfunction, defects
in axonal transport, growth factor deficiency, aberrant RNA metabolism, glial cell pathology, and glutamate excitotoxicity.
Convergence of these pathways is likely to mediate disease onset and progression.
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Amyotrophic lateral sclerosis (ALS), more familiarly
known in the United States as Lou Gehrig’s disease in
honor of the famous baseball player afflicted with the
disease in the 1930s, is the most common adult motor
neuron disease.1 With a typical age of onset between
50 and 60 years and a prevalence of 2 per 100,000
individuals, ALS is associated with a lifetime risk of
approximately 1 in 2,000 individuals.1,2 First described
by the French neurologist Jean-Martin Charcot in
1869, ALS is characterized by selective death of upper
and lower motor neurons, causing progressive muscle
atrophy, weakness, and spasticity. Denervation of the
respiratory muscles is generally the fatal event and, in
most cases, occurs within 5 years of disease onset.

Although no genetic component is apparent in 90 to
95% of cases of ALS,1 referred to as sporadic, the re-
maining 5 to 10% of patients inherit the disease, typ-
ically in an autosomal dominant manner. Approxi-
mately 20% of familial cases are caused by mutations
in the Cu/Zn superoxide dismutase (SOD1) gene, and
the development of transgenic mouse models of human
SOD1 mutations opened an area of intense investiga-
tion into the pathogenesis of familial ALS.3 Because
the sporadic and familial forms of ALS are clinically
similar, progress in elucidating the mechanisms under-

lying familial ALS may provide insight into both forms
of the disease.2 Moreover, a recent study identified an
aberrant SOD1-containing protein in spinal cord tissue
from patients with sporadic ALS and from patients
with familial ALS, suggesting a possible role for SOD1
in both forms of the disease.4 However, the role of
biochemically altered SOD1 in sporadic ALS is highly
speculative and not supported by strong human or an-
imal data. Most recently, mutations of the RNA-
metabolizing protein, TDP-43, have been uncovered
by multiple groups worldwide in several rare autosomal
dominant familial cases of ALS,5–8 and a pathological
alteration of this protein is seen in most sporadic ALS
cases, potentially making TDP-43 enormously signifi-
cant in understanding sporadic and familial ALS. This
review discusses the most recent hypotheses for the
pathogenesis of ALS, lessons learned from in vitro and
SOD1 mouse models, and new hypotheses based on
TDP-43 mutations.

Mutant SOD1 Is Toxic to Motor Neurons
Through Mechanisms Other Than the Loss of
SOD1 Activity
In 1993, the discovery of missense mutations in the
SOD1 gene in familial cases of ALS9 directed clinical
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research efforts toward identifying the mechanisms by
which mutant SOD1 confers selective toxicity in motor
neurons. Currently, more than 114 different mutations
distributed throughout the 153-amino acid SOD1
polypeptide have been linked to ALS3; the list of mu-
tations is continually updated on the online database
for ALS genetics (http://www.alsod.org).2 A ubiqui-
tously expressed cytoplasmic enzyme that functions
normally to convert superoxide anions to hydrogen
peroxide, SOD1 was not an intuitive candidate for me-
diating motor neuron degeneration.1

An initial hypothesis suggested that mutant SOD1
reduced SOD1 activity, promoting accumulation of
toxic superoxide radicals.9 However, transgenic mice
expressing familial ALS-linked mutant SOD1G93A (ie,
glycine substituted for alanine at position 93),
SOD1G37R, or SOD1G85R demonstrated progressive
loss of motor neurons despite unchanged or enhanced
SOD1 enzymatic activity.10–12 Moreover, ablation or
overexpression of wild-type SOD1 in mutant mice did
not affect disease progression.13 Thus, mutant SOD1
confers toxic properties without altering enzymatic ac-
tivity. Current hypotheses for the underlying biology of
ALS include oxidative damage, accumulation of intra-
cellular aggregates, mitochondrial dysfunction, defects
in axonal transport, growth factor deficiency, astroglial
cell pathology, and glutamate excitotoxicity.

Oxidative Damage
The hypothesis that oxidative damage mediates mutant
SOD1 toxicity was based on the proposal that
mutation-induced structural changes in the SOD1
polypeptide exposed the active copper site to aberrant
substrates.14 The peroxidase hypothesis suggested that
SOD1 mutations catalyzed copper-mediated conversion
of hydrogen peroxide to reactive hydroxyl radicals, pro-
moting a cascade of oxidative damage.15 Increased lev-
els of oxidized products in parallel with disease progres-
sion were reported in SOD1G93A mice16 but not in
SOD1G37R mice.17 Thus, the role of hydrogen perox-
ide as an aberrant substrate remains unclear. Peroxyni-
trite is another candidate substrate, with nitration of
tyrosine residues in target proteins being the destruc-
tive end result.14 Increased levels of 3-nitrotyrosine, a
marker for peroxynitrite-mediated oxidative damage,
have been reported in SOD1 mice17 and in ALS pa-
tients,18 but protein targets remain elusive.

A similarity between the peroxidase and the per-
oxynitrite hypotheses is the mediation of oxidative
damage by copper. Delivery of copper to SOD1 en-
zymes in motor neurons requires the copper chaperone
for SOD1 (CCS). Gene ablation of CCS had no effect
on disease onset or progression in SOD1 mice, suggest-
ing that CCS-dependent copper loading does not me-
diate SOD1 mutant toxicity.19 Although the possibility
of a CCS-independent copper loading pathway cannot

be ruled out because residual SOD1 activity is measur-
able (10–20%) in tissues from CCS-null mice, copper-
mediated oxidative damage may play a limited role in
ALS pathogenesis.

Intracellular Aggregates
A common feature of neurodegenerative disorders, in-
tracellular aggregates represent another candidate
mechanism by which mutant SOD1 might confer tox-
icity in motor neurons.13 Insoluble SOD1-containing
aggregates characteristic of familial ALS have been
identified in motor neurons in SOD1 mice. Moreover,
aggregates appeared before or coincident with onset of
disease symptoms and accumulated with disease pro-
gression, suggesting that SOD1 aggregation may be an
early event in disease pathogenesis. Intracellular aggre-
gates may mediate motor neuron degeneration through
several putative mechanisms, including sequestration of
essential cellular components,13 reduced chaperone
activity,20 and impaired capacity of the ubiquitin-
proteasome pathway.21 Ubiquitin-containing aggre-
gates are characteristic of both familial and sporadic
ALS, suggesting a shared pathogenic link.21

Mitochondrial Dysfunction
Mitochondrial dysfunction is common in many neuro-
degenerative disorders.3 Mitochondrial abnormalities
such as swelling and vacuolization are apparent at early,
presymptomatic stages in SOD1G37R mice12 but are
not observed in SOD1G85R mice.10 Nonetheless, sev-
eral mechanisms of mutant SOD1-mediated damage to
mitochondria have been proposed, including disrup-
tion of energy metabolism, clogging of protein import
machinery, and impaired calcium buffering.3 Oral ad-
ministration of creatine in SOD1G93A mice delayed the
onset of motor deficits and increased survival of motor
neurons, supporting a role for mitochondrial energy
dysfunction in disease progression.22 In addition, im-
proper transport of mitochondria through long motor
neuron axons (described later) could contribute to dis-
tal axon degeneration in ways not fully understood.

Caspase-Mediated Cell Death
Apoptosis is the mechanism by which motor neurons
die in SOD1 mice. The apoptotic signals caspase-1 and
-3 are sequentially activated in SOD1 mice, with
chronic activation of caspase-1 occurring as an early
event before symptom onset, and activation of
caspase-3 occurring much later as the final effector of
cell death.23 Consistent with these reports, intracere-
broventricular delivery of a broad caspase inhibitor in
SOD1G93A mutants decreased mRNA levels of
caspase-1 and -3 in spinal cord tissue.24 Moreover, mo-
tor neurons were spared in mice infused with the
caspase inhibitor compared with vehicle-infused mice,
and disease onset and progression were delayed. Addi-
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tional evidence supporting an apoptotic mechanism of
cell death includes reports that overexpression of the
antiapoptotic protein Bcl-225 or deletion of the pro-
apoptotic protein Bax26 preserved motor function and
extended the life span in SOD1G93A mice. Thus, mu-
tant SOD1 toxicity appears to be mediated, at least in
part, by caspases and other apoptotic factors.

Defects in Axonal Transport
Neurofilaments are the most abundant cytoskeletal
proteins in motor neurons and play a key role in stim-
ulating axonal growth and in determining axonal diam-
eter.27 Aberrant accumulation of neurofilaments in the
cell body and proximal axons of motor neurons is a
hallmark of ALS. Transgenic mice with point muta-
tions or overexpression of neurofilament subunits dis-
play neurofilament accumulation and selective motor
neuron dysfunction.27,28 Surprisingly, overexpression
of neurofilament subunits in SOD1G37R mice did not
exacerbate disease progression, but instead ameliorated
motor neuron degeneration and extended the life
span.29 Importantly, neurofilament accumulation was
increased in motor neuron cell bodies and decreased in
axons. Perikaryal accumulation of neurofilaments may
counterbalance mutant SOD1 toxicity by buffering
against damaging intracellular events, such as excessive
calcium levels29 or hyperphosphorylation of neuronal
substrates by cyclin-dependent kinase 5 (CDK5).30

Furthermore, decreasing the axonal burden of neuro-
filaments may protect motor neurons, at least in part,
by enhancing axonal transport, a hypothesis supported
by the observation of defects in slow axonal transport
in presymptomatic mutant SOD1 mice.31 Also consis-
tent with the view that impaired axonal transport may
be involved in the degeneration of motor neurons, Puls
and colleagues32 identified a point mutation in the
gene encoding dynactin, a protein involved in retro-
grade transport, in a family with an autosomal domi-
nant form of lower motor neuron disease characterized
by vocal cord paralysis. The mechanisms by which ax-
onal transport contributes to motor neuron death are
unclear but could include inefficient delivery or re-
moval of distal mitochondria and the retrograde trans-
port of peripherally derived trophic factors.

Growth Factors
A putative role for vascular endothelial growth factor
(VEGF) in the pathogenesis of ALS emerged from the
discovery of motor deficits and ALS-like pathology in a
transgenic mouse model bearing a targeted deletion of
the hypoxia-response element in the VEGF gene.33

These mice displayed reductions in baseline and hy-
poxic VEGF expression in neural tissue, and developed
progressive motor deficits and degeneration of motor
neurons beginning at 5 to 7 months of age. Hypothe-
ses for the mechanism of action of VEGF include a

direct neuroprotective effect and an indirect ability to
prevent ischemic damage by regulating vascular perfu-
sion.33 A neuroprotective role for VEGF is supported
by studies demonstrating delayed motor neuron disease
onset and progression in mutant SOD1G93A models
with genetic overexpression of VEGF,34 intracerebro-
ventricular administration of VEGF,35 or intramuscu-
lar delivery of VEGF-expressing lentiviral vectors.36 In
addition to VEGF, insulin-like growth factor-1 and
glial cell line–derived neurotrophic factor have been re-
ported to delay disease onset and progression in
SOD1G93A mice.37,38

Although preclinical studies elucidate possible patho-
genic pathways and therapeutic options, human trials
represent the best test of a hypothesis. Insulin-like
growth factor-1 provided modest clinical efficacy in
one of two trials in ALS patients.39,40 Clinical trials of
VEGF are anticipated because three single nucleotide
polymorphisms in the VEGF gene were identified as
significant risk factors for ALS in a large European pa-
tient cohort.41

Glial Cell Pathology
A growing number of studies support the hypothesis
that selective degeneration of motor neurons in ALS is
not a cell-autonomous process; specifically, neighboring
astrocytes contribute to disease progression (Fig).42 In
the mid-1990s, defects in astroglia-specific glutamate
transporters were identified in a large percentage of
sporadic ALS patients,43 and later in all SOD1 rodent
models.10,44 Astrocytic inclusions are early indicators of
SOD1 mutant toxicity, preceding symptom onset and
increasing with disease progression.10 Unpublished
data from Don Cleveland’s group show that removal of
mutant SOD1 protein from astrocytes markedly de-
layed disease progression, indicating that nonneuronal
cells are major contributors to disease progression.

Damage within more than one cell type appears to
be required, because restricted expression of mutant
SOD1 in astrocytes45 or motor neurons46 alone failed
to induce motor deficits in SOD1 mice. The involve-
ment of multiple cell types in ALS pathogenesis is sup-
ported by in vitro studies and analysis of chimeric mice
made of mixtures of wild-type and SOD1 mutant-
expressing cells.42 These studies reported pathological
abnormalities and cell death in wild-type motor neu-
rons adjacent to mutant SOD1-expressing nonneuronal
cells. Thus, the vulnerability of motor neurons to
SOD1-mediated toxicity appears to be influenced by
the cellular environment in general and by astrocytic
damage in particular.

The role of astrocytes and other glial cells in the se-
lective degeneration of motor neurons remains unclear.
Astrocytes that express mutant SOD1 secrete factors
that are toxic to motor neurons, but specific factors
have not yet been identified.42 Potential candidates in-
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clude proinflammatory cytokines and chemokines, but
genetic deletion of interleukin-1� or tumor necrosis
factor-� did not affect disease progression in SOD1
mice. Thus, the role of proinflammatory mediators in
the pathogenesis of ALS remains unsubstantiated, and
astrocytes may confer toxicity to motor neurons via al-
ternate mechanisms.

Glutamate Excitotoxicity
A well-recognized mechanism of neuronal death is glu-
tamate excitotoxicity resulting from repetitive cell firing
or the influx of excessive levels of calcium through per-
missive glutamate receptors.1 Glutamate-mediated neu-
rotoxicity was first proposed as a mechanism of motor
neuron degeneration when increased levels of gluta-
mate were discovered in the cerebrospinal fluid of ALS
patients.47 A follow-up study reported that increased
cerebrospinal fluid glutamate levels were apparent in
approximately 40% of nearly 400 patients with spo-

radic ALS and correlated with disease severity; this was
one of the largest pathogenesis-oriented human studies
in ALS.48

Clearance of glutamate from the synaptic cleft by glu-
tamate transporters is critical in preventing repetitive fir-
ing and subsequent excitotoxicity.1 In motor neurons,
rapid removal of synaptic glutamate is accomplished pri-
marily by the astrocytic glutamate transporter EAAT2.49

Depletion of EAAT2 in transgenic mice directly causes
neuronal death.49 In SOD1G85R mutant mice at the end
stage of disease, EAAT2 protein levels in the spinal cord
are reduced to approximately 50% of normal.10 In
SOD1G93A transgenic rats, EAAT2 expression in the
ventral horn is reduced presymptomatically and almost
completely abolished by end-stage disease.44 Trotti and
colleagues50 examined the function of EAAT2 in oo-
cytes coexpressing SOD1 proteins and found that mu-
tant but not wild-type SOD1 inactivated the transporter
in the presence of hydrogen peroxide, further suggesting

Fig. Mutant SOD1 toxicity in astrocytes promotes ALS pathogenesis.42 Although mutant SOD1 inflicts cell-autonomous insults on
motor neurons, these insults may be insufficient to mediate disease progression. Evidence that astrocytes promote motor neuron degen-
eration comes from reports that astrocytes expressing mutant SOD1 but not wild-type SOD1 decrease the survival of motor neurons
by secreting several potentially toxic factor(s) into the cellular environment. In addition, mutant SOD1 selectively inactivates the
glial glutamate transporter EAAT2, which is responsible for clearing synaptic glutamate from motor neurons, leading to excitotoxic
death of motor neurons.
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that EAAT2 is a target of mutant SOD1 toxicity. An-
other study51 reported that overexpression of EAAT2 in
mutant SOD1G93A mice delayed the onset of motor def-
icits, decreased caspase-3 activation and aggregate forma-
tion, and partially increased neuroprotection compared
with SOD1 mutants in which EAAT2 expression was
not manipulated. In addition, mutant SOD1G93A mice
treated with a �-lactam antibiotic that potently stimu-
lates EAAT2 expression demonstrated delayed disease
onset, slowed disease progression, and prolonged life
span.52

Analysis of motor cortex and spinal cord extracts
from ALS patients demonstrated a nearly complete loss
of EAAT2 protein in 25% of patients and some ab-
normality in EAAT2 protein expression in up to 80%
of patients.43 Collectively, these studies support the hy-
pothesis that motor neuron degeneration is mediated
by excitotoxic levels of extracellular glutamate resulting
from selective impairment of the glial glutamate trans-
porter EAAT2 and confirm that neuronal degeneration
is not a cell-autonomous process.

TDP-43: Cellular Aggregation and
RNA Metabolism
Recently, there has been extremely exciting progress in
linking sporadic and familial ALS.5–8 An analysis of
overlap between frontotemporal dementia and ALS
showed a common pathology and protein, TDP-43.
Cytoplasmic inclusions and altered nuclear-to-
cytoplasmic immunolocalization of this poorly under-
stood protein were discovered. Four separate reports
identified gene mutations of TDP-43 in rare familial
ALS cases, and putative polymorphisms of the protein
have also been identified in sporadic ALS.5–8 The as-
sociation of this mutant protein with both the rare fa-
milial form of ALS and sporadic ALS provides a strong
parallel to the amyloid pathology observed in the
brains of patients with Alzheimer’s disease. Thus, the
TDP-43 mutation and resulting alterations in protein
localization and function may become the most impor-
tant ALS-associated pathophysiology to date. Although
the biology of TDP-43 is not likely to devalue the
prior 15 years of mutant SOD1 biology, it has the po-
tential to supersede it and lead to an entirely new set of
scientific observations and animal models, ultimately
defining better therapeutics.

The discovery of these new mutations requires a bet-
ter understanding of TDP-43 because little is under-
stood about its normal biology. Analysis of the ALS-
associated mutations in TDP-43 structure localize the
putative protein abnormalities to the heterogeneous
nuclear ribonucleoprotein binding domain of the
C-terminal region of the protein, implicating abnormal
RNA metabolism in the pathophysiology of mutated
TDP-43.53–57 These new discoveries highlight reports
from nearly 10 years ago that first showed aberrant

exon and intron splicing as the cause of abnormal
RNA metabolism in sporadic ALS.57 During the last
decade, important genetic clues and tools for familial
ALS have been elucidated. The next decade will almost
certainly provide additional molecular and protein
clues that will lead to better animal models, biomarker
tools, and imaging ligands, all of which will signifi-
cantly advance the discovery of new therapeutic agents.

Conclusion
Current hypotheses for the underlying biology of ALS
represent noncompeting mechanisms that are likely to
converge in various unfortunate patterns to mediate se-
lective motor neuron degeneration.1 Mutant SOD1 tox-
icity has been linked to oxidative damage, accumulation
of intracellular aggregates, mitochondrial dysfunction,
defects in axonal transport, growth factor deficiency,
glial cell pathology, and glutamate excitotoxicity. A con-
vergence model of SOD1 toxicity suggests that oxidative
damage and mutant SOD1 aggregates may increase the
vulnerability of motor neurons by inhibiting chaperone
and proteasome activity, at least in familial models of
the disease. Intracellular aggregates may also impair mi-
tochondrial function and disrupt neurofilament organi-
zation, which, in turn, may activate apoptotic factors
and inhibit axonal transport, respectively. In addition to
accumulating insults in motor neurons, similar damage
in astrocytes may disrupt glutamate neurotransmission,
leading to excitotoxic cell death. Putative pathogenic
mechanisms mediated by mutant SOD1 may be relevant
in both familial and sporadic cases of ALS, given their
clinical similarity, but the lack of concordance between
SOD1-based animal models and human therapeutics is
troubling. Newer emerging research on the biology of
TDP-43 and its mutations in ALS may prove to be one
of the most important advances in future ALS research.

References
1. Cleveland DW, Rothstein JD. From Charcot to Lou Gehrig:

deciphering selective motor neuron death in ALS. Nat Rev
Neurosci 2001;2:806–819.

2. Bruijn LI, Miller TM, Cleveland DW. Unraveling the mecha-
nisms involved in motor neuron degeneration in ALS. Annu
Rev Neurosci 2004;27:723–749.

3. Boillee S, Vande Velde C, Cleveland DW. ALS: a disease of
motor neurons and their nonneuronal neighbors. Neuron 2006;
52:39–59.

4. Gruzman A, Wood WL, Alpert E, et al. Common molecular
signature in SOD1 for both sporadic and familial amyotrophic
lateral sclerosis. Proc Natl Acad Sci U S A 2007;104:
12524–12529.

5. Gitcho MA, Baloh RH, Chakraverty S, et al. TDP-43 A315T
mutation in familial motor neuron disease. Ann Neurol 2008;
63:535–538.

6. Kabashi E, Valdmanis PN, Dion P, et al. TARDBP mutations
in individuals with sporadic and familial amyotrophic lateral
sclerosis. Nat Genet 2008;40:572–574.

7. Sreedharan J, Blair IP, Tripathi VB, et al. TDP-43 mutations
in familial and sporadic amyotrophic lateral sclerosis. Science
2008;319:1668–1672.

Rothstein: Hypotheses for ALS Biology S7



8. Van Deerlin VM, Leverenz JB, Bekris LM, et al. TARDBP mu-
tations in amyotrophic lateral sclerosis with TDP-43
neuropathology: a genetic and histopathological analysis. Lancet
Neurol 2008;7:409–416.

9. Rosen DR, Siddique T, Patterson D, et al. Mutations in Cu/Zn
superoxide dismutase gene are associated with familial amyotro-
phic lateral sclerosis. Nature 1993;362:59–62.

10. Bruijn LI, Becher MW, Lee MK, et al. ALS-linked SOD1 mu-
tant G85R mediates damage to astrocytes and promotes rapidly
progressive disease with SOD1-containing inclusions. Neuron
1997;18:327–338.

11. Gurney ME, Pu H, Chiu AY, et al. Motor neuron degeneration
in mice that express a human Cu,Zn superoxide dismutase mu-
tation. Science 1994;264:1772–1775.

12. Wong PC, Pardo CA, Borchelt DR, et al. An adverse property
of a familial ALS-linked SOD1 mutation causes motor neuron
disease characterized by vacuolar degeneration of mitochondria.
Neuron 1995;14:1105–1116.

13. Bruijn LI, Houseweart MK, Kato S, et al. Aggregation and mo-
tor neuron toxicity of an ALS-linked SOD1 mutant indepen-
dent from wild-type SOD1. Science 1998;281:1851–1854.

14. Beckman JS, Carson M, Smith CD, Koppenol WH. ALS,
SOD and peroxynitrite. Nature 1993;364:584.

15. Wiedau-Pazos M, Goto JJ, Rabizadeh S, et al. Altered reactivity
of superoxide dismutase in familial amyotrophic lateral sclerosis.
Science 1996;271:515–518.

16. Andrus PK, Fleck TJ, Gurney ME, Hall ED. Protein oxidative
damage in a transgenic mouse model of familial amyotrophic
lateral sclerosis. J Neurochem 1998;71:2041–2048.

17. Bruijn LI, Beal MF, Becher MW, et al. Elevated free nitroty-
rosine levels, but not protein-bound nitrotyrosine or hydroxyl
radicals, throughout amyotrophic lateral sclerosis (ALS)-like dis-
ease implicate tyrosine nitration as an aberrant in vivo property
of one familial ALS-linked superoxide dismutase 1 mutant.
Proc Natl Acad Sci U S A 1997;94:7606–7611.

18. Beal MF, Ferrante RJ, Browne SE, et al. Increased
3-nitrotyrosine in both sporadic and familial amyotrophic lat-
eral sclerosis. Ann Neurol 1997;42:644–654.

19. Subramaniam JR, Lyons WE, Liu J, et al. Mutant SOD1 causes
motor neuron disease independent of copper chaperone-
mediated copper loading. Nat Neurosci 2002;5:301–307.

20. Bruening W, Roy J, Giasson B, et al. Up-regulation of protein
chaperones preserves viability of cells expressing toxic Cu/Zn-
superoxide dismutase mutants associated with amyotrophic lat-
eral sclerosis. J Neurochem 1999;72:693–699.

21. Niwa J, Ishigaki S, Hishikawa N, et al. Dorfin ubiquitylates
mutant SOD1 and prevents mutant SOD1-mediated neurotox-
icity. J Biol Chem 2002;277:36793–36798.

22. Klivenyi P, Ferrante RJ, Matthews RT, et al. Neuroprotective
effects of creatine in a transgenic animal model of amyotrophic
lateral sclerosis. Nat Med 1999;5:347–350.

23. Pasinelli P, Houseweart MK, Brown RH Jr, Cleveland DW.
Caspase-1 and -3 are sequentially activated in motor neuron
death in Cu,Zn superoxide dismutase-mediated familial amyo-
trophic lateral sclerosis. Proc Natl Acad Sci U S A 2000;97:
13901–13906.

24. Li M, Ona VO, Guegan C, et al. Functional role of caspase-1
and caspase-3 in an ALS transgenic mouse model. Science
2000;288:335–339.

25. Kostic V, Jackson-Lewis V, de Bilbao F, et al. Bcl-2: prolonging
life in a transgenic mouse model of familial amyotrophic lateral
sclerosis. Science 1997;277:559–562.

26. Gould TW, Buss RR, Vinsant S, et al. Complete dissociation of
motor neuron death from motor dysfunction by Bax deletion in
a mouse model of ALS. J Neurosci 2006;26:8774–8786.

27. Xu Z, Cork LC, Griffin JW, Cleveland DW. Increased expres-
sion of neurofilament subunit NF-L produces morphological al-
terations that resemble the pathology of human motor neuron
disease. Cell 1993;73:23–33.

28. Lee MK, Marszalek JR, Cleveland DW. A mutant neurofila-
ment subunit causes massive, selective motor neuron death: im-
plications for the pathogenesis of human motor neuron disease.
Neuron 1994;13:975–988.

29. Couillard-Despres S, Zhu Q, Wong PC, et al. Protective effect
of neurofilament heavy gene overexpression in motor neuron
disease induced by mutant superoxide dismutase. Proc Natl
Acad Sci U S A 1998;95:9626–9630.

30. Nguyen MD, Lariviere RC, Julien JP. Deregulation of Cdk5 in
a mouse model of ALS: toxicity alleviated by perikaryal neuro-
filament inclusions. Neuron 2001;30:135–147.

31. Williamson TL, Cleveland DW. Slowing of axonal transport is
a very early event in the toxicity of ALS-linked SOD1 mutants
to motor neurons. Nat Neurosci 1999;2:50–56.

32. Puls I, Jonnakuty C, LaMonte BH, et al. Mutant dynactin in
motor neuron disease. Nat Genet 2003;33:455–456.

33. Oosthuyse B, Moons L, Storkebaum E, et al. Deletion of the
hypoxia-response element in the vascular endothelial growth
factor promoter causes motor neuron degeneration. Nat Genet
2001;28:131–138.

34. Wang Y, Mao XO, Xie L, et al. Vascular endothelial growth
factor overexpression delays neurodegeneration and prolongs
survival in amyotrophic lateral sclerosis mice. J Neurosci 2007;
27:304–307.

35. Storkebaum E, Lambrechts D, Dewerchin M, et al. Treat-
ment of motoneuron degeneration by intracerebroventricular
delivery of VEGF in a rat model of ALS. Nat Neurosci 2005;
8:85–92.

36. Azzouz M, Ralph GS, Storkebaum E, et al. VEGF delivery with
retrogradely transported lentivector prolongs survival in a
mouse ALS model. Nature 2004;429:413–417.

37. Kaspar BK, Llado J, Sherkat N, et al. Retrograde viral delivery
of IGF-1 prolongs survival in a mouse ALS model. Science
2003;301:839–842.

38. Wang LJ, Lu YY, Muramatsu S, et al. Neuroprotective effects
of glial cell line-derived neurotrophic factor mediated by an
adeno-associated virus vector in a transgenic animal model of
amyotrophic lateral sclerosis. J Neurosci 2002;22:6920–6928.

39. Borasio GD, Robberecht W, Leigh PN, et al. A placebo-
controlled trial of insulin-like growth factor-I in amyotrophic
lateral sclerosis. European ALS/IGF-I Study Group. Neurology
1998;51:583–586.

40. Lai EC, Felice KJ, Festoff BW, et al. Effect of recombinant
human insulin-like growth factor-I on progression of ALS. A
placebo-controlled study. The North America ALS/IGF-I Study
Group. Neurology 1997;49:1621–1630.

41. Lambrechts D, Storkebaum E, Morimoto M, et al. VEGF is a
modifier of amyotrophic lateral sclerosis in mice and humans
and protects motoneurons against ischemic death. Nat Genet
2003;34:383–394.

42. Julien JP. ALS: astrocytes move in as deadly neighbors. Nat
Neurosci 2007;10:535–537.

43. Rothstein JD, Van Kammen M, Levey AI, et al. Selective loss
of glial glutamate transporter GLT-1 in amyotrophic lateral
sclerosis. Ann Neurol 1995;38:73–84.

44. Howland DS, Liu J, She Y, et al. Focal loss of the glutamate
transporter EAAT2 in a transgenic rat model of SOD1 mutant-
mediated amyotrophic lateral sclerosis (ALS). Proc Natl Acad
Sci U S A 2002;99:1604–1609.

45. Gong YH, Parsadanian AS, Andreeva A, et al. Restricted ex-
pression of G86R Cu/Zn superoxide dismutase in astrocytes re-
sults in astrocytosis but does not cause motoneuron degenera-
tion. J Neurosci 2000;20:660–665.

S8 Annals of Neurology Vol 65 (suppl) January 2009



46. Pramatarova A, Laganiere J, Roussel J, et al. Neuron-specific
expression of mutant superoxide dismutase 1 in transgenic mice
does not lead to motor impairment. J Neurosci 2001;21:
3369–3374.

47. Rothstein JD, Tsai G, Kuncl RW, et al. Abnormal excitatory
amino acid metabolism in amyotrophic lateral sclerosis. Ann
Neurol 1990;28:18–25.

48. Spreux-Varoquaux O, Bensimon G, Lacomblez L, et al. Gluta-
mate levels in cerebrospinal fluid in amyotrophic lateral
sclerosis: a reappraisal using a new HPLC method with coulo-
metric detection in a large cohort of patients. J Neurol Sci
2002;193:73–78.

49. Rothstein JD, Dykes-Hoberg M, Pardo CA, et al. Knockout of
glutamate transporters reveals a major role for astroglial trans-
port in excitotoxicity and clearance of glutamate. Neuron 1996;
16:675–686.

50. Trotti D, Rolfs A, Danbolt NC, et al. SOD1 mutants linked to
amyotrophic lateral sclerosis selectively inactivate a glial gluta-
mate transporter. Nat Neurosci 1999;2:427–433.

51. Guo H, Lai L, Butchbach ME, et al. Increased expression of the
glial glutamate transporter EAAT2 modulates excitotoxicity and
delays the onset but not the outcome of ALS in mice. Hum
Mol Genet 2003;12:2519–2532.

52. Rothstein JD, Patel S, Regan MR, et al. Beta-lactam antibiotics
offer neuroprotection by increasing glutamate transporter ex-
pression. Nature 2005;433:73–77.

53. Buratti E, Brindisi A, Giombi M, et al. TDP-43 binds hetero-
geneous nuclear ribonucleoprotein A/B through its C-terminal
tail: an important region for the inhibition of cystic fibrosis
transmembrane conductance regulator exon 9 splicing. J Biol
Chem 2005;280:37572–37584.

54. Buratti E, Baralle FE. Multiple roles of TDP-43 in gene expres-
sion, splicing regulation, and human disease. Front Biosci 2008;
13:867–878.

55. Mercado PA, Ayala YM, Romano M, et al. Depletion of TDP
43 overrides the need for exonic and intronic splicing enhancers
in the human apoA-II gene. Nucleic Acids Res 2005;33:
6000–6010.

56. Winton MJ, Igaz LM, Wong MM, et al. Disturbance of nu-
clear and cytoplasmic TAR DNA-binding protein (TDP-43)
induces disease-like redistribution, sequestration, and aggregate
formation. J Biol Chem 2008;283:13302–13309.

57. Lin C-L, Bristol LA, Jin L, et al. Aberrant RNA processing in a
neurodegenerative disease: the cause for absent EAAT2, a glu-
tamate transporter, in amyotrophic lateral sclerosis. Neuron
1998;20:589–602.

Rothstein: Hypotheses for ALS Biology S9


