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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a late-onset progressive degeneration of motor neurons occurring both
as a sporadic and a familial disease. The etiology of ALS remains unknown, but one fifth of instances are due
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I. INTRODUCTION

AMYOTROPHIC LATERAL SCLEROSIS (ALS, also known as Lou
Gehrig disease) was described for the first time in 1869

by the distinguished French neurologist Jean-Martin Charcot as
a progressive, late-onset motor neuron disease (65). Charcot ob-
served degeneration and death of upper and lower motor neu-
rons, indicated by “myelin pallor,” representing loss of the ax-
ons of upper motor neurons as they descend from the brain to
connect onto the lower motor neurons within the spinal cord.

The most typical feature of this progressive lethal disease is
the degeneration of cortical, bulbar, and spinal motor neurons,
except for those that control the bladder and eye movement.
This leads to generalized muscle weakness and atrophy, speech
and swallowing disabilities, and progressive paralysis until
death is caused by respiratory failure.

ALS is one of the most common neurodegenerative disor-
ders, with an incidence of 1 to 2 per 100,000 and a prevalence
of 4 to 6 per 100,000; as many as 30,000 Americans have the
disease at any given time. The average age at onset is 50 years,
but juvenile cases also are observed.

With the current standard support therapy, including night-
time breathing assistance early in the course of the disease and
application of alternate feeding options once swallowing be-
comes difficult, the typical survival time for patients after di-
agnosis is 3–4 years, although large deviations have been ob-
served.

Approximately 10% of ALS cases are inherited (familial
ALS, fALS), but ALS is sporadic in the vast majority of pa-
tients (sALS). The clinical expressions of sporadic and famil-
ial ALS are very similar. Although ALS patients show some
degree of heterogeneity as far as symptoms, age at onset, and
disease duration are concerned, fALS cases are indistinguish-
able from sALS on the basis of clinical and pathologic criteria
(364).

This review focuses on the clinical implications of the evi-
dence generated thus far that ALS arises through a combina-
tion of several mechanisms. These mechanisms act through con-
curring damage inside motor neurons and their neighboring
nonmotor neuronal cells. Therefore, ALS is considered both a
multifactorial and multisystemic disease that affects several cell
types, similar to other disorders such as spinal cord injury, Alz-
heimer’s disease, Huntington’s disease, and Parkinson’s dis-
ease, in which many factors (a large number of which overlap

with those that have a role in ALS) contribute to neurodegen-
eration and in which single-drug approaches have proven in-
sufficient for effective treatment.

A. ALS is a multifactorial disease

The pathogenesis of ALS was considered quite obscure for
more than a century after its first description. Anatomic and
morphologic examination of postmortem samples conveyed the
notion of the selective vulnerability of motor neurons mainly
in the anterior horns of the spinal cord, associated with the ac-
tivation of astrocytes and microglia and muscle atrophy. Pio-
neering biochemical studies examined alterations in the cere-
brospinal fluid (CSF) of patients and in samples from spinal
cord and brain. However, many studies were hampered by the
difficulty of working with stored material and by the low sen-
sitivity of available methods.

A major step forward in the understanding of the molecular
mechanisms underlying ALS was provided in 1993 by the ob-
servation that mutations in the gene coding for the antioxidant
enzyme Cu,Zn superoxide dismutase (SOD1; EC 1.15.1.1) are
carried by one fifth of fALS patients (i.e., 2% of all ALS cases)
(94, 327). This enabled the development of novel experimen-
tal models, such as transgenic organisms carrying the mutant
protein (most notably, transgenic mice expressing the G93A
mutant SOD1), and allowed the collection of a wealth of data
on the molecular and cellular alterations induced by the pres-
ence of the mutant protein. Although many studies merely con-
firmed what was already known from observations in post-
mortem samples, others offered a new rationale for this obscure
pathology.

Increasing evidence indicates that cellular functions impaired
as a consequence of the expression of mutant SOD1 converge
on pathways (Fig. 1) that could be activated in sporadic ALS
by other toxic factors, and it is hoped that therapies effective
in mutant SOD1 models will translate to sporadic and non-
SOD1–linked ALS.

1. Oxidative stress. In aerobic organisms, minimal lev-
els of potentially toxic reactive oxygen species (ROS), such as
superoxide, hydrogen peroxide, and hydroxyl radical, are pro-
duced during the reduction of molecular oxygen by mitochon-
dria. Additionally, production of H2O2 by oxidases (e.g.,
monoamine oxidase) can result in greater oxidative stress in tis-
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to specific gene defects, the best characterized of which is point mutations in the gene coding for Cu/Zn su-
peroxide dismutase (SOD1). Because sporadic and familial ALS affect the same neurons with similar pathol-
ogy, it is hoped that understanding these gene defects will help in devising therapies effective in both forms.
A wealth of evidence has been collected in rodents made transgenic for mutant SOD1, which represent the
best available models for familial ALS. Mutant SOD1 likely induces selective vulnerability of motor neurons
through a combination of several mechanisms, including protein misfolding, mitochondrial dysfunction, ox-
idative damage, cytoskeletal abnormalities and defective axonal transport, excitotoxicity, inadequate growth
factor signaling, and inflammation. Damage within motor neurons is enhanced by noxious signals originating
from nonneuronal neighboring cells, where mutant SOD1 induces an inflammatory response that accelerates
disease progression. The clinical implication of these findings is that promising therapeutic approaches can
be derived from multidrug treatments aimed at the simultaneous interception of damage in both motor neu-
rons and nonmotor neuronal cells. Antioxid. Redox Signal. 10, 405–443.



sues enriched in these enzymes, such as the central nervous sys-
tem (CNS). In the CNS, stress conditions may also be promoted
by the generation of nitric oxide, used as a second messenger
in neurotransmission and signalling. NO is released from acti-
vated microglia along with superoxide, and accumulating lev-
els of diffusible NO and superoxide give rise to peroxynitrite.
In turn, peroxynitrite and related reactive nitrogen species
(RNS) may perform both oxidation chemistry and nitration of
the aromatic side chains of amino acids, promoting a condition
of nitrosative stress (340).

As in other tissues, the intracellular antioxidant defense in
the CNS includes enzymatic activities and low-molecular-
weight antioxidant species, plus more complex forms of pro-
tection such as induction of genes through the control of redox-
regulated transcription factors, control of the expression of NO
synthases, and systems for metal transport and buffering. How-
ever, the CNS is more susceptible to oxidative and nitrosative
stress than are other tissues for several reasons (157). There-
fore, it is not surprising that several common neurodegenera-
tive conditions (e.g., Alzheimer’s disease and Parkinson’s dis-
ease) are associated with this kind of stress, although in many
cases, it is not clearly established whether oxidative stress is a
cause, consequence, or correlate of neurodegeneration.

A role for ROS-mediated oxidative stress both in sporadic
and familial ALS patients was proposed in many studies re-
porting the occurrence of typical oxidation products. Protein
carbonyl levels, lipid peroxidation, and protein glycoxidation
were investigated as markers of oxidative damage in the spinal
cord from patients with sporadic ALS and found to be signifi-
cantly increased (348, 349).

In 1997, the group of Flint Beal conducted a systematic sur-
vey, examining markers of oxidative damage to protein, lipids,
and DNA in several areas of the CNS (motor cortex, parietal
cortex, and cerebellum) from control subjects, fALS patients
with and without known SOD1 mutations, and sALS patients.
Protein carbonyl and nuclear DNA 8-hydroxy-2�-deoxyguano-
sine (8-OHdG) levels were increased in sALS motor cortex but

not in fALS patients, and malondialdehyde levels showed no
significant changes. However, immunohistochemical studies
showed increased neuronal staining for hemoxygenase-1, mal-
ondialdehyde-modified protein, and 8-OHdG in both sALS and
fALS spinal cord [i.e., in the area that is most affected in the
disease (45, 116)], and biochemical measurements showed in-
creased concentrations of 3-nitrotyrosine and 3-nitro-4-hydrox-
yphenylacetic acid in the lumbar and thoracic spinal cord of
ALS patients (31).

Similar measurements were repeated in the transgenic mice
overexpressing mutant SOD1, the best model available for ALS
(40), and confirmed that the occurrence of oxidative and ni-
trosative stress is indicated by measures of the level of pro-
duction of “hydroxyl radical–like” species (46) and other ROS
(236), oxidative damage to proteins (16, 234), membrane lipids
(155, 234), and DNA (234), and by the occurrence of nitroty-
rosine (64).

More recently, several investigators have suggested that ox-
idative stress in muscle may also contribute to ALS pathogen-
esis. In a study by Mahoney and colleagues (239), markers of
oxidative stress were detected in the skeletal muscle of mice
expressing mutant SOD1. Elevations in malondialdehyde and
protein carbonyls and upregulation of antioxidant enzymes
SOD1, SOD2, and catalase were found in skeletal muscle from
symptomatic mice.

The observation that mutations in the antioxidant enzyme
SOD1 are reported in patients with fALS was also considered
an indication that oxidative stress is involved in the pathogen-
esis of ALS (327). As discussed, mutant SOD1 does not nec-
essarily lose its antioxidant, superoxide-scavenging function.
Nonetheless, administration of several antioxidant molecules
has been proven beneficial in the mouse model for SOD1-linked
fALS, indicating that oxidative stress is indeed a component of
this pathology. For instance, Gingko biloba extract, which ex-
erts protective effects against mitochondrial damage and ox-
idative stress, is effective in delaying the onset or prolonging
survival (or both) of ALS mice (117). Preventing free radical
propagation with the spin-trapping molecule 5�,5�-di-
methylpyrroline-N-oxide (DMPO) or with an antioxidant por-
phyrin (iron 5,10,15,20-tetrakis-4-carboxyphenyl porphyrin;
manganese [III] tetrakis [NN�-diethylimidazolium-2-yl]por-
phyrin) that catalytically scavenges a wide range of ROS, in-
cluding peroxynitrite, also significantly delays paralysis and in-
creases survival of transgenic mice overexpressing mutant
G93A-SOD1 (88, 237, 416). Finally, exacerbation of superox-
ide-induced oxidative stress through deficiency of the mito-
chondrial enzyme Mn superoxide dismutase (SOD2) is detri-
mental and aggravates the pathologic phenotype in mice
overexpressing human mutant SOD1 (15).

That the simple administration of antioxidants may be ben-
eficial for patients is denied by common clinical practice, be-
cause many of them receive high doses of CoQ10, vitamin E,
vitamin C, or acetylcysteine with no relevant effect (115, 130,
285). Nonetheless, conventional antioxidants may play a role
in ALS prevention, because long-term users of vitamin E have
less than half the risk of dying of ALS than do nonusers (21).

It must be pointed out that “unconventional” antioxidants
may possess better therapeutic properties than the ones com-
monly used and prove more useful. For instance, treatment with
melatonin, an ampiphilic molecule with a unique spectrum of
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FIG. 1. ALS is a multifactorial disease. Damage within mo-
tor neurons occurs through several concurring pathways, in-
cluding protein misfolding and aggregation, oxidative damage
and mitochondrial dysfunction, cytoskeletal abnormalities and
defective axonal transport, and genetic factors. Such damage is
enhanced by noxious signals originating from non-neuronal
neighboring cells, where mutant SOD1 induces excitotoxicity,
inadequate growth factor signaling, and an inflammatory re-
sponse that accelerates disease progression.
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antioxidative effects, had positive effects both in models (cul-
tured motor neuronal cells and in the genetic mouse model of
ALS) and also in a clinical safety study on 31 patients, in whom
high-dose melatonin treatment normalized circulating serum
protein carbonyls to control values (404). The efficacy and
safety of edaravone, a free radical scavenger previously ap-
proved for treatment of acute cerebral infarction, was assessed
in 20 ALS patients during a 6-month treatment period. The de-
cline in the values on a functional rating scale was significantly
less than that in the 6 months before edaravone administration,
and CSF 3-nitrotyrosine was markedly reduced to almost un-
detectable levels in almost all patients at the end of the 6-month
treatment period (430). However, a word of caution is neces-
sary in recommending trials with new antioxidants if they pos-
sess more than one effect in vivo. In a recent study, Ahtoniemi
et al. (6) experimented with pyrrolidine dithiocarbamate
(PDTC) in rats expressing mutant SOD1. PDTC is both a metal
chelator and an antioxidant that has several actions in vivo, in-
cluding inhibition of nuclear transcription factor �B and in-
duction of NRF2 (a transcription factor that binds to the anti-
oxidant response element of numerous genes), and it has been
proven to have beneficial effects in animal models of various
diseases through its antioxidant and antiinflammatory activity.
Surprisingly, PDTC treatment significantly decreased the sur-
vival of ALS rats because it completely blocked the induction
of immunoproteasome and increased the level of ubiquitinated
proteins and copper concentration in the spinal cord, enhanc-
ing the toxicity of mutant SOD1 and oxidative stress.

Antioxidant administration may have a better effect when in
combination with drugs targeting other pathogenic pathways
activated in ALS (see later). For instance, markers of oxidative
damage were synergistically reduced in the lumbar spinal cord
of the mutant SOD1 mice when an agent inhibiting apoptosis,
the histone deacetylase inhibitor phenylbutyrate, was adminis-
tered in combination with the catalytic antioxidant AEOL 10150
(295). Similarly, oral administration of Neu2000, a potent anti-
oxidant that also prevents NMDA neurotoxicity (151), together
with lithium carbonate, a mood stabilizer that prevents apopto-
sis, significantly enhanced survival time and motor function of
the mutant SOD1 mice, and together, they had an additive ef-
fect (351).

Targeting antioxidants to the actual site of damage may also
constitute a promising approach to treating ALS. Reasoning that
a major proportion of cellular ROS is generated at the inner mi-
tochondrial membrane (IMM) by the respiratory chain, a novel
peptide antioxidant (SS-31) was targeted to the IMM, and its
therapeutic effects were assessed both in vitro and in vivo in
the mouse model of SOD1-linked fALS. SS-31 protected neu-
ronal cells expressing mutant SOD1 against cell death induced
by hydrogen peroxide and improved survival and motor per-
formance of SS-31–treated ALS mice, which showed a de-
creased cell loss and a decrease in immunostaining for mark-
ers of oxidative stress in the lumbar spinal cord (295).

It must be noted that many antioxidants were found benefi-
cial, at least in experimental systems, in a wide range of patho-
logic conditions, including several common neurodegenerative
diseases. This may be interpreted as indicating that a general-
ized oxidative stress may not be considered specific for ALS,
but rather a phenomenon preceding or accompanying neurode-
generation. For instance, membrane lipid peroxidation and ox-

idative modification of various membrane-associated proteins
occur in a range of neurodegenerative disorders, and this form
of oxidative stress is promoted by transition metals like iron
and copper (251). In aerobic life, correct handling of copper
and iron is crucial, because those metals are able to undergo
“redox cycling” (i.e., alternate oxidization and reduction, dur-
ing which toxic ROS are generated). Both “free” copper and
“free” iron have the ability to promote, via the Fenton reaction,
the formation of hydroxyl radicals, and therefore, living or-
ganisms have developed a stringent control of the metabolism
of these metals. In vivo, they are normally sequestered within
complexes or bound protectively to enzymes, proteins, or car-
riers, because a complex mechanism of iron and copper buffer-
ing has evolved to avoid metal-mediated oxidative stress (27,
167, 193, 303). Under normal conditions, intracellular “free”
copper ions virtually do not exist (308), whereas a “labile” iron
pool is detectable and may increase in some conditions, mostly
derived from iron mishandling and subtle changes in the pool
of redox-active metal ions and in metal compartmentalization
(27, 306, 361).

Several studies have addressed the question of environmen-
tal metal toxicity in ALS, because epidemiologic evidence in-
dicates that occurrence of sporadic ALS is growing in many
countries. Several studies that have considered lead exposure
as a risk factor for sporadic ALS have found some effect (189,
190, 277), whereas studies on the relation between exposure to
other metals (including copper and iron) and development of
ALS could not demonstrate conclusively an association. How-
ever, a tendency of copper levels to increase with the progres-
sion of the disease was observed in patients, indicating that
some dismetabolism of this metal may be occurring in ALS
(43).

With the rationale that copper overload might be a culprit in
the generation of oxidative stress, copper chelators such as di-
ethyldithiocarbamate, D-penicillamine, and bathocuproine have
been used in several experimental paradigms for ALS in vitro
and in vivo and found beneficial in ameliorating the pathologic
phenotype (74, 127, 172, 408). Furthermore, genetically de-
creased spinal cord copper concentration prolongs life in the
mutant SOD1-G93A transgenic mouse model of ALS (201),
and copper chelators can rescue elevation of ROS levels ob-
served in lymphoblasts from fALS patients (332).

Copper mishandling may be deleterious also through disreg-
ulation of Cu-containing enzymes. Besides SOD1, several cop-
per-containing enzymes are found in the brain, including
dopamine �-hydroxylase, tryptophan-2,3-dioxygenase, lysine
oxidase, cytochrome oxidase, monoamine oxidases, tyrosinase,
D-amino levulinate dehydratase, and an astrocyte-specific form
of ceruloplasmin, which are prominent for their roles in the ner-
vous system. Their possible involvement in ALS has not been
assessed, except for cytochrome c oxidase, which has been re-
ported to be decreased in the spinal cords of patients with ALS
(124).

Iron ions are also an essential but potentially toxic constituent
of most organisms, and their metabolism is meticulously regu-
lated at both the cellular and systemic levels. In higher eu-
karyotes, these include transport protein transferrin (Tf), stor-
age protein ferritin (Ft), and ceruloplasmin (Cp), a copper
ferroxidase that is expressed as a glycosylphosphatidylinositol-
anchored form in the mammalian central nervous system (293).
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In many eukaryotic systems, gene expression of Tf and Ft is
tightly regulated through the coordinate action of the IRE/IRP
(iron-responsive element/iron regulatory protein) machinery but
also by non–IRP-mediated mechanisms. Oxidative stress may
directly interfere with the IRE/IRP machinery and induce al-
teration of iron homeostasis. We recently studied the effect of
the modulation of SOD1 levels on iron metabolism in a cul-
tured human glial cell line and in a mouse motor neuronal cell
line and found evidence of a link between the level of SOD1
activity and the expression of Tf receptor and Ft. However, no
clear link was found between iron metabolism and the expres-
sion of mutant SOD1s typical of ALS (92). Nonetheless, it must
be mentioned that early evidence suggests that iron may be im-
plicated in the pathogenesis of sporadic ALS (194, 224, 425).
In particular, iron levels are elevated in some regions of brain
from sALS patients (194), in which Ft-H (ferritin heavy chain)
and Ft-L (ferritin light chain) are increased. Furthermore, Ft is
upregulated in transgenic mice expressing mutant SOD1 just
before end-stage disease, indicative of excessive Fe deposition
(282).

Another mechanism by which cells fail to regulate their iron
status properly is through a mutation in the HLA-linked he-
mochromatosis (high Fe, Hfe) gene. Mutations in the Hfe gene
are associated with the iron-overload disease, hemochromato-
sis (135), and two studies reported an increased incidence of
the Hfe mutation in ALS patients and association of the H63D
polymorphism in Hfe with sporadic ALS (137, 401).

In this context, iron chelators may have beneficial effects in
ALS, including induction of the hypoxia-inducible factor-1
(HIF-1), which would cause the transcription of VEGF (vascu-
lar endothelial growth factor), a gene that has been related to
ALS (see later).

2. Protein aggregation and impairment of axonal
transport. Protein aggregates are a hallmark of all types of
ALS and are frequently found in motor neurons of the spinal
cord; they include ubiquitinated skein-like inclusions, Bunina
bodies, and hyaline inclusions rich in proteins of neurofila-
ments. Many different proteins have been found associated with
these abnormal aggregates, including intermediate filaments
proteins like neurofilaments and peripherin (222), SOD1, ki-
nases involved in signal transduction like p38MAPK (39) and
Cdk5 (271), cystatin C (a cysteine protease inhibitor that plays
an important role in regulating extracellular protein homeosta-
sis in the CNS) (280), TDP43 (a nuclear factor that functions
in regulating transcription and alternative splicing) (19), and
many others [(415) and references therein)]. To which extent
all these proteins are directly involved in aggregate formation
or are simply entrapped within these proteinaceous aggregates
remains to be established.

Several hypotheses have been put forward to explain the
formation and function of such intracellular aggregates in
ALS. Misfolded proteins may be generated as a consequence
of conditions increasing the burden of oxidative stress and
producing carbonylated, glycated, nitrated, or otherwise mod-
ified forms of abundant proteins such as SOD1 or those par-
ticipating in the cytoskeleton network (62, 73, 87, 116, 175,
350, 367). Conversely, intraneuronal aggregates may arise
through impaired degradation of misfolded protein, either be-
cause of impairment of the ubiquitin-proteasome pathway or

of altered chaperone activity or both. Ubiquitin-containing in-
clusions are the most frequently reported inclusions in ALS
(both sporadic and familial). Aggregates of ubiquitin-im-
munoreactive material are also reactive to a series of inter-
mediate filaments, such as neurofilaments, peripherin, and �-
internexin, suggesting that an alteration in the handling of
these proteins by the ubiquitin-proteasome system (UPS) is
associated with the disease (413). Dorfin, a RING-finger–type
E3 ubiquitin ligase, shows a distribution pattern parallel to
that of ubiquitin in both familial ALS with SOD1 mutation
and sporadic ALS, suggesting that Dorfin participates in the
formation of ubiquitylated inclusions (170, 273). p62, a pro-
tein that has been proposed to act as a shuttling factor of poly-
ubiquitinated proteins to the proteasome, selectively interacts
with mutant SOD1s, but also localizes in ubiquitinated skein-
like inclusions in sporadic, non–SOD1-linked ALS cases (26,
345). Interestingly, Bunina bodies, known to be ubiquitin-neg-
ative, do not contain p62. These observations point to a role
of p62 in forming the inclusions both in fALS and in sALS,
likely by linking misfolded mutant SOD1 molecules or other
cellular proteins to the UPS (129, 262).

Mutant SOD1 is indeed a major component of inclusions as-
sociated with fALS (415). Inclusions that are strongly im-
munoreactive with SOD1 antibodies are a common feature in
transgenic mice expressing various mutant SOD1s (G93A,
G85R, and G37R) and resemble those seen in human patients
with familial ALS (56). SOD1 itself is degraded by the UPS
(188, 384), and oxidative damage increases the level of ubiq-
uitination of mutant SOD1. The proteasome catalytic activity
is decreased in the spinal cord of mutant SOD1 mice, in motor
neurons and astrocytes of patients with ALS, and in cultured
cells expressing mutant SOD1 (69, 187, 253, 384). Accordingly,
proteasome inhibition induces selective death of motor neurons
in primary mixed cultures derived from embryonic spinal cord,
suggesting that these neurons are particularly sensitive to UPS-
function blockage (384), although a more recent study has
shown that long-term proteasome inhibition causes degenera-
tion of both motor neurons and interneurons, with no signifi-
cant difference in their survival (395). On this basis, it has been
proposed that oxidative damage to key proteins, and to mutant
SOD1 in familial ALS, leads to their misfolding, polyubiquiti-
nation, accumulation, and aggregation, eventually inhibiting the
UPS and generating a sort of self-sustaining vicious cycle (384).
Although attractive, the link among misfolding of SOD1, im-
pairment of the UPS, and cell death, has been questioned by
recent data, which provided additional insight into the interplay
between SOD1 aggregation, ubiquitination, and pathogenesis
of the disease. Basso et al. (30) showed that SOD1 is mono-
and oligoubiquitinated during motor neuron disease progression
in the G93A mouse model of fALS. However, ubiquitination
occurs only after SOD1 aggregation: insoluble SOD1, which
accumulates at presymptomatic stages of the disease, is essen-
tially unmodified, whereas at symptomatic stages, insoluble
SOD1 is ubiquitinated. On the basis of these results, the au-
thors suggested that oligoubiquitination may occur as a sec-
ondary event, not necessary for aggregate formation, but af-
fecting proteasomal function. Similar to other mono- and
oligoubiquitinated proteins that are inefficiently targeted to the
proteasome (372), aberrantly accumulated, insoluble SOD1
would be poorly ubiquitinated and thus inefficiently recognized
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by proteasomes, thus leading to overload and dysfunction of
the ubiquitin-proteasomal system (30).

Obviously, understanding the role of protein aggregates in
ALS requires further research, and whether protein aggregates
are themselves pathogenic or may even be beneficial to neu-
rons by sequestering toxic factors is a question that has been
posed for several other neurodegenerative conditions and re-
mains unsolved.

Protein aggregates may be toxic for motor neurons because
they entrap proteins critical for viability, or because they cause
a mechanical hindrance interfering with intracellular transport.
The former possibility is well illustrated by the work of Pasinelli
and co-workers (292), who showed that the antiapoptotic pro-
tein Bcl-2 binds to aggregates containing mutant SOD1 that are
present in human fALS patients and in spinal cord mitochon-
dria from mutant SOD1 transgenic mice, and suggested that en-
trapment of Bcl-2 by large SOD1 aggregates may deplete mo-
tor neurons of this protein, priming motor neurons for cell death.
The latter hypothesis is exemplified by the issue of “axonal
strangling.” Axonal strangling by protein aggregates would ob-
viously result in impairment of axonal transport, and defects in
slow orthograde transport, including the slowing of neurofila-
ment (NF) transport, have been observed in three different
mouse models of ALS before disease onset, and NF inclusions
increase in parallel with a reduction in axon caliber and with
the onset of motor weakness (412, 433). Consistent with the
hypothesis that NF aggregates impair axonal transport, overex-
pression of neurofilament subunits in transgenic mice is suffi-
cient to inhibit transport, resulting in degeneration of motor neu-
rons (81, 421). In line with these reports, transgenic mice
overexpressing peripherin, an intermediate filament, showed
massive age-related motor neuron degeneration preceded by the
presence of neuronal cytoplasmic peripherin aggregates, and
similar peripherin inclusions were observed in a mouse model
of ALS expressing mutant SOD1 (33).

Defects in axonal retrograde transport have also been ob-
served as one of the earliest phenotypes in mice expressing the
SOD1-G93A mutation, in which cytoplasmic dynein co-local-
ized with aggregates of mutant SOD1 in motor neurons (229).
A proposed role for dynein is the removal of misfolded or de-
graded proteins from the cell periphery, and the transport of
these proteins back to the cell body for degradation through the
dynein–dynactin machinery. In this context, it is noteworthy
that mutations in dynactin have been identified in patients with
a slowly progressive form of familial ALS (265, 304) (see later)
and that the expression levels of dynein-associated polypeptides
and dynamin-1 are modulated in models of oxidative stress like
chronic ethanol (333) and nicotine treatment (174) and in ag-
ing (299).

To test the hypothesis that perturbation of axonal transport
may be involved the pathogenic mechanism of ALS, Holzbaur
and co-workers (221) engineered a targeted disruption of
dynein–dynactin complex in motor neurons of transgenic mice
by the overexpression of dynamitin (p50), a dynactin subunit
able to disassemble the dynactin complex. These mice showed
signs of slow degeneration of motor neurons and denervation
of muscle paralleling neurofilament accumulations and a sig-
nificant inhibition of retrograde transport. In line with this work,
mice with a missense point mutation in cytoplasmic dynein
heavy chain, called Loa (legs at odd angles) mice, display a

progressive motor neuron degeneration resembling some histo-
logic traits of human ALS (153). However, mutations have not
been found in the most conserved exons of dynein in ALS cases
(5), and defects in cytoplasmic dynein may ameliorate rather
than exacerbate the motor neuron degeneration induced by
expression of mutant SOD1. Mice obtained by crossing
SOD1G93A with Loa mice survived up to 35 days longer than
mice expressing the SOD1G93A transgene in a wild-type
dynein background, and no transport defects were observed in
cultured motor neurons from the SOD1G93A/Loa mice (202).
The mechanisms involved in the recovery of transport and the
improvement in life span of these double transgenic mice have
not been clarified.

3. Excitotoxicity. Among the first hypotheses on the
mechanisms of ALS, excitotoxicity due to excessive glutamate
levels was proposed on the basis of a seminal article reporting
increased levels of glutamate in the CSF of many sALS patients
(328). Excess glutamate may be the consequence of decreased
reuptake of this neurotransmitter, which, in turn, may result
from inactivation or loss of its transporters.

In patients with ALS, Rothstein et al. (329) found a marked
decrease in the maximal velocity of transport for high-affinity
glutamate uptake in synaptosomes from spinal cord, motor cor-
tex, and somatosensory cortex. In a later study by immunohis-
tochemical analysis, the same authors reported that glutamate
transporter EAAT2 was severely decreased in ALS brain tis-
sue, both in the motor cortex and in the spinal cord. As no loss
of astroglial was found, the authors hypothesized a primary de-
fect in the EAAT2 protein (330). This finding was supported
by other studies reporting that �50% of sALS patients have a
dramatic loss of EAAT2 compared with controls (230, 244).

Although no quantitative change in mRNA occurs for gluta-
mate transporters EAAT1, EAAT2, or EAAT3 in ALS motor
cortex, even in patients with a large loss of EAAT2 protein and
decreased tissue glutamate transport (52), decreased activity of
EAAT2 may arise by genetic mutation. The N206S mutation
of the human glutamate transporter EAAT2 was reported in a
heterozygous sALS patient (17). This mutation caused reduced
glycosylation of the transporter, decreased uptake activity, and
transport rate, together with a reduction of EAAT2 in the plasma
membrane (380). This finding, however, has never been gen-
eralized to a significant number of patients and therefore is
hardly related to the pathogenesis of ALS.

The loss of functional EAAT2 may also derive from aber-
rant or alternative splicing of the mRNA coding for this pro-
tein. Lin et al. (230) identified multiple aberrant mRNAs in
neuropathologically affected areas of the nervous system and
in the CSF of ALS patients. In vitro expression studies sug-
gested that proteins translated from these aberrant mRNAs may
undergo rapid degradation or produce a dominant-negative ef-
fect on normal EAAT2, or both, resulting in loss of protein and
activity. However, alternatively spliced mRNA variants of
EAAT2 were found also in postmortem brain specimens of pa-
tients with AD, with Lewy body disease (171) and also in con-
trol subjects (123), indicating that these EAAT2 variants are
not causally linked to ALS.

Interestingly, glutamate transporters are oxidatively modu-
lated. In 1997, Trotti et al. (380) found that three Na�-depen-
dent rat glutamate-transporter subtypes, EAAT1 (GLAST),
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EAAT2 (GLT-1) and EAAT3 (EAAC1), undergo opposite
functional changes in response to oxidation or reduction of their
reactive sulfhydryls. When expressed in Xenopus oocytes,
GLT1 was inactivated by hydrogen peroxide and by two dif-
ferent ALS mutant SOD1s. This inactivation was prevented by
chelation of the copper ion or by the use of an antioxidant
[Mn(III)TBAP], suggesting that Cu-dependent pro-oxidative
chemistry catalyzed by mutant SOD1 may exert its toxic func-
tion through inhibition of this transporter (379).

In an astrocyte model system, the expression and the amount
of protein of the three EAAT transporters remained unchanged
under conditions of oxidative stress. However, L-glutamate up-
take was significantly lower, and partial recovery was obtained
in the presence of DTT and GSH ethyl ester, suggesting that
oxidative stress alters transporter activity without changing
transporter expression (259). This hypothesis was supported by
a study in another cell model, human neuroblastoma SH-SY5Y
cells expressing a mutant SOD1, in which we observed no dif-
ference in EAAT1, EAAT2, and EAAT3 glutamate transporter
mRNAs and immunoreactive proteins compared with parental
cells. However, the Vmax of glutamate uptake was reduced in
mutant cells, with no change in Km, suggesting that one or more
transporters were functionally inactivated, possibly because of
increased oxidative stress induced by the mutant SOD1 (335).

A different hypothesis was proposed from data obtained in
polarized epithelial canine kidney cell lines, in which stable ex-
pression of mutant SOD1 causes the downregulation of GLT-
1 by increasing the internalization and degradation of the sur-
face transporter (390).

On this basis, it is not clear whether the loss of EAAT2 is a
primary cause of ALS or a consequence of oxidative damage
or some other fortuitous stress. One possibility is that the im-
pairment of its function contributes only to the rapid progres-
sion of the disease. Overexpression of EAAT2 in the SOD1
mutant mice was reported to delay the grip-strength decline and
motoneuron loss (148), but the onset and the outcome of ALS
were not modified, a fact that clearly indicates that loss of
EAAT2 may contribute to, but does not cause, motor neuron
degeneration in ALS. This was supported by a time-course
study in which the transgenic mutant SOD1 mouse had a sig-
nificant decrease in the level of the glial glutamate transporter,
but not its mRNA, only at the advanced stage of the disease
(38).

Conversely, an early decrease of GLT1 was observed in trans-
genic rats expressing high levels of mutant SOD1 well before
neuronal damage (173). A �-lactam antibiotic (ceftriaxone), that
acts as potent stimulator of the transcription of the gene coding
for EAAT2 in the brain, has been reported to delay decline in
motoneurons and muscle strength and increase survival in mu-
tant SOD1 transgenic mice (331). This finding has encouraged
new hopes for a valid therapeutic agent. However, it must be re-
called that the same antibiotic already had been tested in ALS
patients in an open trial without substantial evidence of efficacy
in terms of improvement of muscle strength and disability (35).
Finally, it is worth mentioning that EAAT2 loss occurs in other
neurodegenerative diseases like Alzheimer’s disease (227) and
other neurologic conditions (91), and therefore its misregulation
may not be considered specific for ALS.

Changes in glutamate receptors, in particular the GluR2 sub-
unit of the AMPA receptor, have also been involved in ALS

because treatments with AMPA-receptor antagonists can slow
the disease and prolong the survival of mutant SOD1 transgenic
mice [(318) for review]. The evidence indicating that reduction
in RNA editing of GluR2 occurs specifically in the motor neu-
rons of patients with sALS (197) was not confirmed in trans-
genic rats carrying SOD1 mutants at the symptomatic stage
(198), and GluR2 mRNA in motoneurons of ALS patients did
not differ from those in the control group (196). In other stud-
ies in SOD1 mutant mice, the overexpression or deficit of
GluR2 AMPA receptors ameliorates or accelerates disease pro-
gression, respectively (370, 388).

The relevance of excitotoxic processes as initiators of ALS
pathogenesis has been questioned, not only because they may
become relevant relatively late in the course of the disease, but
also because several antiglutamate drugs have been proposed
for clinical treatment of ALS, with no relevant benefit. The only
noteworthy exception is represented by riluzole, which is also
the only drug currently approved for ALS treatment. However,
although prolonged treatment with riluzole is relatively well tol-
erated, �10 years of use has clearly demonstrated that it pro-
longs survival very modestly. This information, together with
the knowledge that riluzole has several other effects, including
a mild antioxidant activity (209, 362), cast doubt on the rele-
vance of glutamate toxicity in ALS.

4. Deficit of neurotrophic factors and neuroin-
flammation. A wealth of data exist indicating that neu-
rotrophic factors (NTFs), which act as survival and differenti-
ation factors in the nervous system, can rescue damaged
neurons, including motor neurons in models in vivo and in vitro
[for a review, see (106)]. As in other neurodegenerative condi-
tions, a deficit of NTFs has been proposed as a component of
the complex mechanisms underlying the pathogenesis of ALS.
However, it is not clear whether imbalance of neurotrophic lev-
els is indeed involved in the pathology of ALS. For instance,
when the immunoreactivity for neurotrophin-4/5 (NT-4/5), neu-
rotrophin-3 (NT-3), and brain-derived neurotrophic factor
(BDNF) was studied in postmortem motor cerebral cortex, no
difference in number or intensity of immunostained neurons
was found between ALS and controls (101). In a later study,
the expression of nerve growth factor (NGF), BDNF, NT-3, and
NT-4/5 was investigated in postmortem muscle tissue of the bi-
ceps from patients with ALS, and both mRNA and protein lev-
els of all four neurotrophins were found to be increased (216),
whereas other studies have indicated that both NGF and its high-
affinity receptor TrkA are not expressed in spinal cords from
ALS patients (4). Motor neurons in ALS patients might be suf-
ficiently supplied with endogenous BDNF from other neuronal
subpopulations in the spinal cord (199), and GDNF but not
BDNF was found to be increased in CSF in ALS patients (143).
The expression of the high-affinity functional receptor for
BDNF, TrkB, was increased in ALS spinal cords but much less
phosphorylated on tyrosine residues than on those of controls
(267). GDNF expression was found to be increased in muscle
biopsies from ALS patients, whereas GDNF receptor-� mRNA
levels were not changed significantly in the diseased muscles
(142, 422).

Although no conclusive evidence exists that growth factors
are limiting in ALS, NTFs administration in rodent models of
motor neuron disease yielded a remarkable effect on survival
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of degenerating motor neurons and rescue of axotomized mo-
tor neurons. For instance, treatment with BDNF has been shown
to be neuroprotective for motor neurons undergoing degenera-
tion in wobbler mice (176, 381), and ciliary neurotrophic fac-
tor (CNTF) prevents degeneration of motor neurons in mice
with a progressive motor neuronopathy (346). On this basis,
treatment with NTFs has been tried in the transgenic ALS mice.
Adenoviral (AVR) and adeno-associated viral (AAV) vectors
have been used to introduce GDNF into muscles of the SOD1-
G93A mouse model of ALS. In this model, GDNF modestly,
but significantly, prevents motor neurons from degeneration,
delays the disease onset, and prolongs the life span in the treated
mice (3, 399), whereas intramuscular injection of GDNF pro-
tein does not produce any improvement in clinical data (241).
Spinal motor neurons in the SOD1-G93A mouse model of ALS
were rescued by systemic administration of leukemia inhibitory
factor (LIF) (22) or VEGF (402, 438), a growth factor origi-
nally identified for its ability to affect angiogenesis [for a re-
view, see (44)].

These data prompted a number of preclinical trials, and some
of these promising NTFs have been administered to groups of
ALS patients. None of the tested factors has succeeded in al-
tering the outcome of the disease. In a phase III trial using treat-
ment with BDNF in a large cohort of ALS patients, the primary
end-point analysis failed to demonstrate a statistically signifi-
cant survival effect of BDNF in ALS, although post hoc analy-
ses showed that a subset of patients showed statistically sig-
nificant benefit (2). In another study, the intrathecal delivery of
BDNF in doses of up to 150 �g/day was well tolerated, but the
small number of patients did not allow any conclusions about
the efficacy of the treatment (275).

Ciliary neurotrophic factor (CNTF) is another NTF that has
been suggested to play a role in ALS, because abolishing CNTF
gene expression in mice causes progressive atrophy and loss of
motor neurons in adult mice, accompanied by a small but sig-
nificant reduction in muscle strength (248). A patient with
SOD1-linked familial ALS who had a homozygous CNTF gene
defect showed significantly earlier disease onset (134). This
trait could be reproduced in the SOD1 transgenic mice (134),
suggesting that CNTF acts as a modifier gene that leads to early
onset of disease; however, this may be true only in SOD1-linked
ALS, because among 400 patients with ALS, Al-Chalabi et al.
(9) found no difference in age at onset, clinical presentation,
rate of progression, or disease duration for those with one or
two copies of the null allele, suggesting that CNTF is not a ma-
jor disease modifier in ALS. CTNF had been previously tried
in a double-blind, placebo-controlled trial in 570 patients with
ALS, by using increasing doses of recombinant human CNTF.
No beneficial effect on any measure of ALS progression was
observed, whereas adverse events and increased deaths were
observed with the highest doses of rhCNTF (256).

A possible explanation for the lack of clinical efficacy of
NTFs is that it is not clear which NTFs receptors are ex-
pressed in (human) motor neuron in adult life. As reported
in a study on mice (435), the expression of neurotrophic fac-
tor receptors in postnatal spinal motor neurons is not static,
but undergoes dynamic changes. Expression of some recep-
tors remains relatively stable in embryonic and postnatal
spinal motor neurons, whereas others are progressively
downregulated in postnatal life until they are lost in the adult,

and this process is faster in transgenic mice expressing mu-
tant SOD1.

The choice of NTFs may also be very relevant. For instance,
in a cell model consisting of organotypic spinal cord cultures,
glutamate-induced motor neuron degeneration is prevented by
IGF-I, GDNF, and NT-4/5, but not by BDNF, CNTF, and NT-
3 (79). This concept is in line with recent experiments in puri-
fied cultured corticospinal motor neurons, whose damage con-
tributes to the loss of motor function in ALS, showing that
IGF-1 specifically enhances the extent and rate of axon out-
growth, whereas BDNF enhances branching and arborization,
but not axon outgrowth (288).

As discussed in two consecutive articles by the group of Luis
Barbeito (63, 294), fibroblast growth factor-1 (FGF-1) can be
released by motor neurons in response to oxidative stress to in-
duce astrocyte activation. Although FGF-1 is known to be neu-
roprotective after spinal cord injury or axotomy, they found that
it could activate spinal cord astrocytes in a manner that de-
creased motor neuron survival in co-cultures and in the degen-
erating spinal cord of transgenic mutant SOD1 mice. This may
be explained by the complex interaction between astrocytes and
motor neurons in ALS.

Several studies from the last two decades reported indica-
tions of inflammatory reactions in ALS patients. Although these
kinds of studies are difficult to conduct, and contrasting results
have sometimes been obtained, CSF, plasma, and epidermis
from ALS patients were found to have large amounts of cyto-
kines and chemokines, such as interleukin-6 (IL-6), tumor ne-
crosis factor � (TNF-�), monocyte chemoattractant protein-1
(MCP-1), monocyte colony-stimulating factor (MCSF), and
transforming growth factor �1 (TGF-�1) (163, 177, 283, 296).

Compelling evidence of an association between inflammation
and the progression in the pathogenesis arises also from studies
in murine models of fALS. In both the mutant SOD1 transgenic
mice and rats, several authors reported an increase in the expres-
sion of proinflammatory factors before the onset of the disease,
with a sustained microglial activation throughout the active phase
of the disease progression. For instance, both TGF-�1 and MCSF
expression are increased in mice during the presymptomatic
phase, whereas TNF-� expression appeared to increase well be-
fore beginning of motor deficits (10, 109, 156, 164, 165, 420,
429). The specific role of TNF-� in neurodegeneration of murine
ALS models was recently questioned by Julien and colleagues
(139). They showed that the genetic ablation of TNF-� failed to
influence both the onset and the progression of ALS-like disease
caused by SOD1 mutations in two different murine ALS models.

Moreover, the absence of TNF-� did not prevent the ap-
pearance of gliosis in those mice, implying that the neuroin-
flammation process in ALS pathogenesis is not due to a single
cytokine pathway, but originates from a complex cellular net-
work in which several active molecules participate to build a
crosstalk between neuronal and non-neuronal cells.

Other paracrine factors may be relevant in ALS, such as lipid-
derived eicosanoids, including prostaglandin E2 (PGE2), a
product of cyclooxygenase-2 (COX-2), that are significantly in-
creased in murine ALS models as well as in ALS patients [see
for review Hensley (166)].

Significant microglial activation has been reported in
presymptomatic mice (109). This phenomenon is associated
with an increased level of COX2 mRNA and protein and an in-
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crease in PGE2 content limited to lesioned CNS regions (11).
The same authors observed a marked increase in COX2 ex-
pression in postmortem spinal cord samples from sALS patients
(11). These results were confirmed by Maihofner and col-
leagues (240), who observed an increase in COX2 expression
in spinal cord specimens of human sALS cases that parallels
an increase of PGE2. COX1 expression did not differ between
sALS and control tissues.

In this context, it is noteworthy that enzymatic inhibition of
COX2 activity by pharmacologic approaches protects motor
neurons and increases survival in mutant SOD1 transgenic mice
(100, 297), and this treatment also decreases the levels of PGE2.
However, the role of PGE2 was recently questioned by Almer
et al. (12), who reported that the genetic ablation of COX1 with
a subsequent marked decrease of PGE2 levels in an ALS mouse
model fails to attenuate neurodegeneration. It should be noted,
moreover, that none of the COX inhibitors tested so far has
shown efficacy in human ALS patients (89).

The robust inflammatory response found in CNS tissue of
several murine ALS models provides an alternative explanation
for oxidative stress in these animals. Indeed, it is now well es-
tablished that some cytokines can trigger microglia to produce
copious reactive oxygen and nitrogen species through assem-
bly of NADPH oxidase (NOX), induction of nitric oxide syn-
thase (iNOS), and transcriptional upregulation of lipid-oxidiz-
ing enzymes such as COX2 (76). Additionally, other cell types,
including astrocytes, express nonphagocytic analogues of NOX
that contribute to increase oxidative stress during the inflam-
matory process (219).

B. Genetics of ALS

Familial ALS can be inherited either as an autosomal domi-
nant or autosomal recessive trait. Linkage studies indicated that
both types of inheritance are represented by more than one dis-
tinct genetic entity. Dominant fALS is clinically and patholog-
ically indistinguishable from sALS, and like sALS, it is a dis-
ease of adulthood, although juvenile cases are occasionally
seen.

Several loci have been identified by genetic analysis, but only
a few of them have been assigned to specific genes (Fig. 2).
These include genes coding for copper/zinc superoxide dismu-
tase [SOD1, (94, 327)], alsin (152, 424), senataxin (68), dyn-
actin 1 (265, 304), VAMP (vesicle-associated membrane pro-
tein)–associated protein B (VAPB) (272), and angiogenin (140,
141). These genes encode proteins involved in a wide range of
cellular processes, from oxidation to axonal transport, RNA
processing, DNA repair, vesicular transport, and angiogenesis.

1. Mutation in SOD1. ALS1 is located on chromo-
some 21 and was shown to be the locus coding for SOD1.

Wild-type SOD1 (wtSOD1) is a very well characterized,
abundant homodimeric enzyme present in virtually every cell
type. Each monomer binds one zinc and one copper ion, with
the Cu atom playing the active role in the removal of superox-
ide through a well-described mechanism (Fig. 3), and the Zn
atom conferring structural stability to the enzyme. Most of 
wtSOD1 remains in the cytoplasm after synthesis, whereas
small fractions localize to mitochondria (278), in nuclei (339),
or are secreted (385).

More than 130 different SOD1 mutations were reported in
fALS families with various frequencies in the population (14).
Most of these mutations act dominantly, except one that is
linked to recessive inheritance; recessive forms of ALS usually
have juvenile onset and may have a very long course. The vast
majority are point mutations, except a few that cause deletion,
insertion, or premature termination and truncation of a short C-
term portion of the protein.

Mutations are distributed in all five exons of the gene and
result in alteration of amino acids scattered throughout the pro-
tein structure: whereas some mutations affect the active site,
others affect proper folding or stability of the dimer. Biophys-
ical, biochemical, and bioinorganic investigations have shown
that ALS-associated mutant SOD1 proteins are extremely het-
erogeneous (347).

The absence of neurodegeneration in SOD1-knockout mice,
together with the normal enzymatic activity of many SOD1
variants in vitro and in vivo (see later), demonstrate that muta-
tion in SOD1 results in toxicity by imparting an additional func-
tion on the variant SOD1 protein rather than by losing or dimin-
ishing superoxide scavenging activity. Therefore, SOD1-linked
fALS is considered a gain-of-function rather than a loss-of func-
tion disease.

2. Other genes. Besides SOD1, a number of genes po-
tentially involved in fALS have been described. In most cases,
because of the low prevalence of ALS, genetic analyses have
been performed on relatively small populations, and although
many gene association studies have been performed in ALS,
only a few have led to the identification of candidates with re-
peatable result (355). In most cases, either linkage studies have
not been confirmed in multiple kindreds and in wider popula-
tions or mutated genes have been found associated also with
other neurodegenerative disease and therefore should be viewed
as possible risk factors, more than truly causative of ALS. None-
theless, the discovery of mutations in those candidate genes in
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FIG. 2. Genetics of human ALS. The only gene conclu-
sively associated with familial ALS by genetic analysis is the
one coding for SOD1. Several other loci have been identified,
but only a few of them have been assigned to specific genes.
These genes encode proteins involved in a wide range of cel-
lular processes, from oxidation to axonal transport, RNA pro-
cessing, vesicular transport, and angiogenesis. Despite some
disagreement about the relevance of such candidate genes as a
primary cause for ALS, their identification has contributed to
suggesting pathways that may be altered and may play a role
in the pathogenesis of the disease.
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some patients or in specific populations may greatly contribute
in suggesting pathways that may be altered and play a role in
the pathogenesis of the disease.

A few cases exemplifying this concept are worth mention-
ing. The chromosomal region 14q11.2 was identified as a can-
didate region for fALS by Hayward et al. (160), and Greenway
et al. (140) reported an association of the SNP rs11701 in the
single gene coding for angiogenin (ANG). This was extended
in a later study (141), in which the rs11701 SNP was genotyped
in 1,629 individuals with ALS and in 1,264 controls from five
independent populations. This study confirmed the association
in the Irish and Scottish populations with ALS, although no as-
sociation was observed in the populations from the United
States, England, or Sweden. No association was found in Italy
(93) and Turkey (N. Basak, personal communication). ANG is
a hypoxia-regulated gene coding for a 123-residue, 14.1-kDa
protein and a member of the pancreatic ribonuclease A super-
family. Its RNase activity is important for the angiogenic ac-
tivity in many tissues, but ANG is expressed also in the neu-
roaxis, including in the motor neurons, and therefore may
represent an inducer of neuroneovascularization in vivo. Some
ANG mutations found in ALS patients are located within the
catalytic core, and one of them is in the nuclear localization
signal; therefore, one could expect that ALS is associated with
a loss of function of the mutated angiogenin. However, patients
with ALS exhibited higher, rather than diminished serum an-
giogenin than did control subjects already at diagnosis (85). Al-
though these data suggest that elevation in serum angiogenin
may be used as a biomarker for ALS, it is not clear what may
be the exact role of ANG in ALS. Interestingly, in endothelium,
angiogenin can modulate activity of VEGF, because downreg-
ulation of ANG decreases the level of mRNA transcription in-
duced by VEGF and decreased nuclear translocation of ANG

abolishes the angiogenic activity of VEGF. VEGF is a cytokine
that controls new blood vessel growth. In the nervous system,
however, it also supports the growth and survival of neurons
via angiogenic, neurotrophic, gliotrophic, and antiapoptotic ac-
tivity and therefore exerts an important protective function.
VEGF is considered a risk factor in the pathogenesis of fALS
because studies of 600 individuals with ALS and 1,000 case
controls showed that ALS at-risk haplotypes in the VEGF pro-
moter exist in the Swedish, Belgian, and English populations
with ALS (220). Subjects homozygous for some haplotypes in
the VEGF promoter/leader sequence had a 1.8 times greater risk
of ALS. These “at-risk” haplotypes resulted in reduced circu-
lating VEGF levels in vivo and reduced VEGF gene transcrip-
tion, VEGF expression, and translation of a different VEGF iso-
form. However, association of VEGF promoter polymorphisms
with sporadic ALS was not found in a Dutch population (389),
in North American subjects (67, 371), and in Chinese patients
(437). Although VEGF is a putative modifier of ALS, muta-
tions in that gene have not been found in Italian individuals
with ALS (93), in Turkish patients (N. Basak, personal com-
munication), and in German patients, unless a gender-depen-
dent association is considered (114). Nonetheless, the expres-
sion of VEGF and of its major receptor (VEGFR2) is reduced
in anterior horn cells from patients with ALS (53), and VEGF
is reduced also in the CSF (186). Furthermore, dysregulation
of VEGF through deletion of its hypoxia-regulatory element
causes motor neuron degeneration and an ALS-like phenotype
in mice (284).

Among candidate genes for ALS, some are involved in RNA
metabolism. For instance, dominant mutations within SETX,
the gene coding for senataxin, are the cause of ALS4 (68), a
rare juvenile form with a slow rate of progression. Recessive
mutations in this gene had been previously identified as a cause
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FIG. 3. SOD1 reaction and mecha-
nism of action. SOD1 catalyzes the
disproportionation of superoxide (O2

�)
to give molecular oxygen (O2) and hy-
drogen peroxide (H2O2) in a two-step
process: one molecule of O2

� first re-
duces the Cu2� ion to form dioxygen,
and then a second molecule of O2

� re-
oxidizes the Cu1� ion to form hydrogen
peroxide. In the oxidized (Cu2�) form
of the enzyme, the imidazolate group of
His63 acts as a bidentate ligand, bridg-
ing the copper and zinc ions. In the re-
duced form (Cu1�), copper moves away
from the His63 nitrogen, which contin-
ues binding the zinc ion. Arg143 plays
an important role in the catalytic process
in positioning superoxide.
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for ataxia-oculomotor apraxia type 2, a condition characterized
by cerebellar ataxia, oculomotor apraxia, peripheral neuropa-
thy, and immunodeficiency (264). The existence of two differ-
ent phenotypes associated with a different pattern of inheritance
of the same gene strongly suggests that motor neuron degener-
ation associated with SETX mutations arises from a gain-of-
function mechanism of the mutated protein. Wild-type sen-
ataxin may have both RNA and DNA helicase activities and
may have a role in RNA processing. What may be the role of
alteration of RNA processing in neurodegeneration associated
in ALS is not clear. However, it is interesting that the survival
motor neuron (SMN) protein, another protein that functions as
an assembly factor for snRNPs and has therefore been impli-
cated indirectly in general cellular RNA processing, is associ-
ated with degeneration of motor neurons in spinal muscular at-
rophy (SMA) (324). Several studies on the association of SMN
with ALS had controversial results (84); evidence suggests that
SMN genotypes producing less SMN protein increased sus-
ceptibility to and severity of sporadic ALS, and alterations in
the number of copies of SMN1 or SMN2 was found signifi-
cantly frequently among ALS patients compared with controls
(393). However, in a more recent and larger study of 600 pa-
tients with sporadic ALS and 621 controls, SMN1, but not
SMN2, gene copy number was found to be a risk factor for spo-
radic ALS (78). In this context, it is worth mentioning that mi-
tochondrial damage modulates alternative splicing in neuronal
cells (243), and the unbalance in a vast number of mRNA iso-
form may contribute to neurodegeneration in ALS, where mi-
tochondrial damage is an early sign preceding motor neuron
loss.

Involvement of impaired intracellular transport in the patho-
genesis of ALS is suggested by the work of Parkinson and col-
leagues (291), which identified a heterozygous mutation in exon
6 of the gene coding for CHMP2B, a member of the chromatin-
modifying protein/charged multivesicular body protein
(CHMP) family in a 75-year-old man with a rapidly progres-
sive form of ALS and no evidence of dementia or extramotor
neurologic involvement. The CHMP proteins are components
of ESCRT-III (endosomal sorting complex required for trans-
port III), a complex involved in degradation of surface recep-
tor proteins and formation of endocytic multivesicular bodies.
CHMP2B is expressed in all neuronal populations, especially
in the hippocampus, frontal and temporal lobes, and cerebel-
lum, but not in astrocytes or oligodendrocytes (356). However,
mutations in this gene have been associated with frontotempo-
ral dementia (356), a condition only occasionally seen in ALS
patients.

The involvement of impaired axonal transport in ALS is sug-
gested also by genetic studies. ALS8, an early-onset, slowly
progressive, lower motor–predominant form of ALS accompa-
nied by an unusual tremor, was found linked to a dominant mis-
sense mutation in the VAMP (vesicle-associated membrane
protein)–associated protein B (VAPB) (272). The P56S muta-
tion of VAPB was also found in other kindreds with pheno-
types ranging from late-onset spinal muscular atrophy to late-
onset atypical ALS with slow progression (245). VAPB is
involved in vesicle trafficking in the endoplasmic reticulum to
Golgi transport but may also be involved in axonal transport of
membrane components because it associates with microtubules.
The P56S mutation induces a shift in the localization of VAPB

from the endoplasmic reticulum to other compartments.
Kanekura and collaborators (191) demonstrated that overex-
pression of wild-type VAPB promotes unfolded protein re-
sponse (UPR), an ER reaction to suppress accumulation of mis-
folded proteins, whereas siRNA for VAPB attenuates UPR, and
expression of P56S-VAPB inhibits UPR by inducing aggregate
formation and mislocalization of wt-VAPB (191). However,
families with the P56S VAPB mutations were all on the same
haplotype, suggesting a founder effect that occurred before the
Portuguese colonization of Brazil, and in a more recent study,
the association between VAPB mutations and sporadic ALS
was ruled out (204).

As mentioned earlier, mutations in the gene coding for dyn-
actin are another proposed susceptibility factor for ALS. Dyn-
actin binds directly to microtubules and to cytoplasmic dynein,
and its primary role in motor neurons is retrograde axonal trans-
port of vesicles and organelles along microtubules. A point mu-
tation in the largest polypeptide of the dynactin complex was
identified in a family with an autosomal dominant form of dis-
tal motor neuropathy (304), and three other dynactin mutations
were subsequently found in German ALS patients (266). Al-
though the families analyzed were too small to conclusively
prove genetic segregation, the latter study suggested that dyn-
actin mutations may be a susceptibility factor for ALS.

A contribution of impaired axonal transport is also suggested
by the fact that different isoforms of peripherin, a neuron-spe-
cific type III intermediate filament protein, may be involved in
ALS. Overexpression of wild-type peripherin in mice resulted
in massive degeneration of motor axons and formation of in-
clusions in motor neurons and neurites (33). In mouse, three
isoforms are found: Per58, Per56, and Per61. Per61 contains a
32-amino acid insertion, and it is unable to assemble properly,
forming intracellular aggregates in vitro that are neurotoxic to
motor neurons. In vivo, Per61 expression was detected in mo-
tor neurons of transgenic ALS mice expressing the SOD1 G37R
mutation and in pathologic spinal cord lesions in familial ALS
patients (323) and was identified in Lewy body–like ubiquiti-
nated inclusions in motor neurons from patients with ALS
(161). A homozygous mutation in the peripherin gene was
found in a patient with ALS. The mutation resulted in large ag-
gregates within the cell bodies of residual spinal motor neurons
and was also immunoreactive with antibodies to the neurofila-
ment proteins (223).

Depositions of neurofilaments occur in the perikarya and
proximal axons of motor neurons in ALS patients and may
cause axonal degeneration by impeding the transport of com-
ponents required for axonal maintenance. Deletions and inser-
tions within the neurofilament heavy-subunit (NEFH) gene
have been found by several independent studies in different
populations (7, 121, 376), both in a few patients with sporadic
ALS and in a family with autosomal dominant ALS. This ob-
servation was not confirmed in other studies that also extended
the analysis to other neurofilament proteins (326, 392), report-
ing that polypeptide sequence variants were found at compara-
ble frequency in DNAs from normal individuals and that no
variant cosegregated with familial disease. However, absence
of NF-H in mice does not significantly affect the number of
neurofilaments or axonal elongation or targeting in peripheral
motor and sensory axons, but it does affect the efficiency of
survival of motor and sensory axons (316). On the whole, those
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studies suggested that alteration of NEFH content may repre-
sent a mechanism involved in loss of motor neurons and that
NEFH mutations can be a primary, albeit uncommon, cause of
ALS.

Mutations in the locus ALS2 may represent another factor of
susceptibility to ALS. Seven different mutations in ALS2 have
been associated with different forms of juvenile ALS (110, 111,
152, 212, 424), although this has been discussed by studies that
found no significant association between variants in the ALS2
gene and sporadic ALS (8, 158), and mutations in ALS2 are
associated with other conditions such as primary lateral sclero-
sis (289). The ALS2 gene is expressed in various tissues and
cells, including neurons throughout the brain and spinal cord,
and codes for a protein called alsin, a guanine-nucleotide ex-
change factor that specifically binds to small GTPase Rab5
(287). In vitro and in vivo studies performed with full-length
and truncated forms of alsin protein support its role in endoso-
mal dynamics (96, 377) and trafficking of mitochondria, but
also a function in AMPA-receptor trafficking (217). All ALS2
mutations reported so far generate protein truncation. The trun-
cating nature of the mutations and the recessive pattern of in-
heritance suggest that motor neuron degeneration is the result
of a loss of function. However, loss of ALS2 function is in-
sufficient to trigger motor neuron degeneration; mice geneti-
cally deprived of alsin failed to recapitulate clinical or neu-
ropathologic phenotypes consistent with motor neuron disease
by 20 months of age and showed signs typical of hereditary
spastic paralysis rather than ALS (423), but neurons are more
susceptible to oxidative stress (57). Finally, deficiency in the
ALS2 gene does not affect the motor neuron degeneration in
mutant SOD1 transgenic mice (231), although alsin knockdown
by RNA interference causes death of embryonic rat spinal mo-
tor neurons (180).

The relation between genetic susceptibility and the mecha-
nisms operating in sporadic ALS is not always obvious. A very
interesting exception may be represented by the recent report
that the Ser326Cys polymorphism of the human 8-oxoguanine
DNA glycosylase 1 (hOGG1) gene is associated with an in-
creased risk of sporadic ALS in males and with a reduced DNA-
repair activity (77). OGG1 releases free 8-hydroxyguanine from
oxidized DNA and introduces a chain break in a double-
stranded oligonucleotide specifically at an 8-hydroxyguanine
residue base-paired with cytosine and therefore is involved in
repair of the major mutagenic base lesion in DNA caused by
exposure to ROS (325). This observation supports the idea that,
besides increased oxidative burden, decreased repair activity
also caused by mutations in DNA repair enzymes may be linked
to the pathogenesis of sporadic ALS.

From that reported earlier, it is clear that our understanding
of the genetics of familial ALS is still very incomplete, and fur-
ther studies are needed.

Genetic studies also contributed to a better understanding of
sporadic ALS, in which a combination of a genetic component
or an environmental factor on the background of an aging ner-
vous system (or both) are involved. This view has prompted a
recent genome-wide association study using samples from un-
related, white, non-Hispanic U.S. patients with sporadic ALS
and neurologically normal controls (344). Although 34 poten-
tially associated candidate single-nucleotide polymorphisms
(SNPs) were identified, in this study, no single locus was de-

finitively associated with increased risk of developing disease;
nonetheless, extension of this kind of study to other populations
will most probably allow a better understanding of sALS.

II. MUTANT SOD1 AND ALS

A. Toxicity of mutant SOD1

The first evidence of the involvement of SOD1 in familial
ALS was provided by Siddique et al. (353), who demonstrated
the linkage of a gene causing fALS to a locus on chromosome
21. Rosen et al. (327) identified 11 different SOD1 missense
mutations in 13 different ALS families and proposed two pos-
sible mechanisms by which mutations in SOD1 could cause
fALS.

Mutations could reduce enzyme superoxide dismutase activ-
ity, leading to an accumulation of the toxic superoxide radical,
or cause the appearance of a new toxic function leading the mu-
tant protein to catalyze aberrant reactions or to promote toxic
protein aggregation.

The loss-of-function hypothesis was quickly questioned by
several works. High-level expression of a mutant SOD1 that re-
tains a wild-type–like enzyme activity (G93A), led to an ALS-
like pathology in transgenic mice (150). These mice, although
characterized by a systemic increase of total SOD activity,
clearly showed traits of motor neuronal degeneration. Con-
versely, SOD1-deficient mice developed normally and showed
no overt motor deficits by 6 months of age, although these mice
exhibited marked vulnerability to motor neuron loss after ax-
onal injury, indicating that SOD1 is required under stressful
conditions (320). Furthermore, elevation of wild-type SOD1
was found to have no effect on mutant-mediated disease in
transgenic mice (56), and most loss-of-function mutations cause
a recessive rather than a dominant effect.

Two hypotheses have been proposed to explain the gain of
toxic function of mutant SOD1 proteins. The “oligomeriza-
tion/aggregation” hypothesis maintains that mutant SOD1 pro-
teins are, or become, misfolded and consequently oligomerize
into increasingly high-molecular-mass species that ultimately
lead to the death of motor neurons [see for review (387) and
later]. The “oxidative damage” hypothesis proposes that ALS
mutant SOD1s catalyze oxidative reactions that damage sub-
strates critical for viability of the altered cells or, alternatively,
they promote their own oxidative damage. In an early article,
Wiedau-Pazos et al. (408) reported that two different mutant
SOD1s catalyzed the oxidation of a model substrate by hydro-
gen peroxide at a higher rate than that seen with the wild-type
enzyme. Catalysis of this reaction by these two mutant SOD1s
was more sensitive to inhibition by two copper chelators (di-
ethyldithiocarbamate and penicillamine) that also reversed the
proapoptotic effect of mutant enzymes expressed in a neural
cell line.

A mechanism explaining the prooxidant properties of mutant
SOD1 has been proposed by Yim and co-workers (426, 427).
The authors, analyzing some biochemical properties of two mu-
tant SOD1s, which retain wild-type–like SOD activity, pro-
posed that the enhanced free radical–generating function of mu-
tant SOD1s relative to that of the wild-type enzyme, particularly
at lower H2O2 concentrations, is due to a small decrease in the
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value of Km for H2O2 for the mutant SOD1s. The SOD1 proox-
idant activity has been further characterized by Sankarapandi
and Zweier (337), who established that SOD1 acquires perox-
idase activity at physiologic pH only in the presence of HCO3

�

or structurally similar anions. In a later study, Elam and co-
workers (107) discovered that the bicarbonate ion enhances the
rate of inactivation of SOD1 by hydrogen peroxide, damaging
amino acid residues at the active site.

The relevance of SOD1 prooxidant activity in ALS pathol-
ogy is still widely debated. However, Zhang and colleagues
(434) showed that bicarbonate-mediated SOD1 peroxidase ac-
tivity induces covalent aggregation of human SOD1 in vitro
through a self-oxidation reaction. These data suggest a link be-
tween the oligomerization/aggregation hypothesis and the ox-
idative-damage hypothesis and provide a possible explanation
for SOD1-linked phenotype, because intracellular SOD1 ag-
gregation is a typical hallmark of pathology in several ALS
models, as well as in patients (415).

A tight correlation between exogenous oxidative stress with
in vivo formation of mutant SOD1 aggregates has been pro-
posed by Oeda and colleagues (276). These authors generated
transgenic Caenorhabditis elegans strains expressing three dif-
ferent mutant human SOD1 proteins, which retain wild-type–
like SOD1 activity. These transgenic strains showed greater vul-
nerability to oxidative stress induced by a superoxide genera-
tor than did a control strain that expressed wild-type human
SOD1. In the absence of oxidative stress, mutant SOD1s were
degraded more rapidly than the wild-type human SOD1 in C.
elegans. In the presence of oxidative stress, however, this rapid
degradation was inhibited, and the transgenic C. elegans ex-
pressing mutant human SOD1 in muscle tissues demonstrated
discrete aggregates in the adult stage (276).

The oxidative-damage hypothesis would require that cop-
per (or some other redox active metal ion) be bound to the
mutant SOD1 protein to promote the oxidation reaction. How-
ever, several ALS mutations affect the metal-binding capac-
ity of the enzyme, and therefore the role of copper-mediated
oxidative damage in neuronal SOD1-mediated toxicity has
been questioned. Subramaniam and colleagues (365) removed
the gene encoding the copper chaperone for SOD1 (CCS) in
transgenic mice expressing fALS-linked mutant SOD1; al-
though the absence of CCS led to a significant reduction in
the amount of copper-loaded mutant SOD1, it did not modify
the onset and progression of motor neuron disease in SOD1-
mutant mice. Further to test the Cu-dependent SOD1 toxicity
hypothesis, Wang and colleagues (398) made transgenic mice
expressing a mutant SOD1 characterized by the disruption of
active site through artificial mutation of four histidines
(SOD1-Quad). Although completely inactive, SOD1-Quad in-
duced a motor neuron disease similar in clinical and patho-
logic appearance to other mouse models of SOD1-linked fALS
(398), and histologic analysis of SOD1-Quad mouse tissues
revealed the presence of SOD1 aggregates similar to deter-
gent-insoluble forms of mutant SOD1 detected in cultured
cells and mice expressing fALS-SOD1 variants (104, 181,
352, 397). This strengthens the hypothesis that motor-neu-
ron–specific toxicity does not require copper bound to a nor-
mally configured active site and that the propensity of mutant
SOD1 to oligomerize or to form aggregates is the only com-
mon (toxic?) property of several investigated mutant SOD1s.

B. Misfolding of mutant SOD1

SOD1 accumulates in many neuronal populations and is par-
ticularly abundant in motor neurons, as described by Pardo and
collaborators (290). This evidence offered support for the view
that high levels of a toxic species of SOD1 (represented by ei-
ther mutant SOD1 or wild-type SOD1 under stress conditions)
may place motor neurons selectively at risk in this disorder. Hu-
man wild-type SOD1 is an exceptionally stable protein, char-
acterized by a melting temperature of 95°C, but physiologic
metal-catalyzed oxidation causes destabilization and aggrega-
tion of wild-type SOD1 in vitro [(see for review (312)]. The
propensity of oxidized wild-type SOD1 to form oligomers/ag-
gregates has been studied by the group of Chakrabartty (310),
which described the propensity of zinc-deficient wild-type
SOD1 and mutant SOD1s to form visible aggregates on oxida-
tion, as compared with the wild-type holoprotein (310) and that
oxidation of either mutant or wild-type SOD1 leads the enzyme
to dissociate into monomers before aggregation (311). Mutant
SOD1s displayed greater aggregation propensity than wild-type
holo-SOD1 when treated with oxidants (Fig. 4). On the whole,
these data imply that wild-type SOD1 may also be involved in
oxidation-mediated formation of aggregates, and thus may pro-
vide a link between sporadic and familial ALS. The relevance
of these processes in vivo comes both from the discovery of ox-
idized SOD1 in a mouse model of ALS (16, 298) and from the
presence of monomer/misfolded SOD1 (detected through an an-
tibody that recognizes a buried epitope in the SOD1 native ho-
modimer interface) in three different ALS mouse models and
in a human individual with an A4V SOD1 mutation (313).

In line with the notion that a mild oxidative stress increases
the propensity of mutant SOD1 to form aggregates, Tiwari and
Hayward (375) showed that different classes of mutant SOD1,
treated as holoproteins with reducing agents, exhibited greater
accessibility of cysteine residues to alkylation by iodoacetamide
with respect to wild-type SOD1, and that SOD1 cysteines in
tissue lysates from ALS transgenic mice exhibited increased ac-
cessibility to modifying agents. Furthermore, Furukawa and
O’Halloran (125) showed that on incubation in vitro with a low
ratio between reduced glutathione and oxidized glutathione
(GSH/GSSG), an immature state of wild-type SOD1 (charac-
terized by both metal depletion and reduction of the disulfide
bond between cysteine residues 57 and 146) formed oligomers,
which disappeared when samples were treated with thiolic re-
ductants. The same immature mutant SOD1 formed similar
oligomers when its concentration increased toward physiologic
conditions. These data suggest that SOD1 multimers are stabi-
lized through the formation of nonspecific intermolecular disul-
fide bonds, in a process involving the oxidation state of cys-
teine residues 57 and 146.

The presence in vivo of these immature states of mutant
SOD1 characterized by alterations in native disulfide bond and
prone to oligomerization has been confirmed by several recent
works. Marklund and co-workers (184) showed that most of
three different mutant SOD1s in the CNS of ALS transgenic
mice were inactive because of insufficient Cu charging, and all
contained subfractions with a reduced C57-C146 intrasubunit
disulfide bond (184). Furukawa et al. (126) demonstrated the
presence of insoluble disulfide-linked SOD1 multimers, which
can incorporate also wild-type SOD1, in the spinal cord of
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symptomatic ALS transgenic mice, but not in unaffected tissue
such as brain cortex and liver. The same disulfide-linked SOD1
multimers were observed in the mitochondrial fraction of both
spinal cord of ALS transgenic mice and cultured motor neu-
ron–derived cells (95, 119). As discussed in the next section,
these observations may be explained by the findings of Culotta
and colleagues (120) that only the most immature form of SOD1
(characterized by metal depletion and reduction of C57-C146
intrasubunit disulfide bond) is taken up into intermembrane
space of mitochondria.

The hypothesis that oxidative damage induces wild-type
SOD1 to misfold and form aggregates finds further support in
an article by Choi and collaborators (72). The authors showed
that SOD1 is a target of oxidative damage in Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD) brains, where it is se-
lectively accumulated as a carbonylated form. Moreover, Cys-
146, a cysteine residue of SOD1 that is mutated in familial ALS,
is oxidized to cysteic acid in AD and PD brains (72), suggest-
ing an involvement of misfolded wild-type SOD1 in other neu-
rodegenerative pathologies in which oxidative damage has been
widely described [see for review (315)].

Zinc binding to the protein appears to be an important event
that increases stability of both mutant and wild-type SOD1.
Binding of zinc to the enzyme compensates for the loss of sta-
bility caused by reduction of the disulfide bond and promotes

retention of the dimeric state (20), and zinc binding to metal-
depleted and cysteines-reduced proteins decreases the extent of
disulfide-linked multimerization of SOD1s (125). Thus, differ-
ent abilities of mutant SOD1 to coordinate zinc could favor the
steady-state levels of the reduced protein, leading to aberrant
protein–protein interaction via nonnative disulfide bond for-
mation. This condition, as shown by Furukawa and O’Halloran
(125), could favor abnormal interactions of mutant SOD1 with
itself or with other cellular constituents.

This hypothesis has been questioned by Shaw and Valentine
(347), who observed that five mutant SOD1s (E100K, D101N,
N139K, D90A, and N86S) among the many ALS-associated
SOD1 variants that have been purified and studied so far, al-
though closely similar to wild-type protein in terms of stabil-
ity and metal coordination properties, are prone to form aggre-
gates more readily than the wild type in different ALS
experimental models (42, 119, 383).

To account for this apparent incongruence, Oliveberg and
collaborators (232) proposed an alternative mechanism by
which mutant SOD1 forms aggregates. Several ALS-associated
SOD1 mutations decrease the net negative charge of the SOD1
polypeptide, and this reduction in net charge could promote ag-
gregation regardless of mutant SOD1 affinity for metals. In-
deed, alterations of net charge are known to be a factor con-
tributing to protein aggregation (58, 71, 211), and the decrease
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FIG. 4. SOD1 protein folding and aggregation pathways. SOD1 is synthesized as a disulfide-reduced, metal-free monomer.
The sequential acquisition of a zinc ion, the formation of a disulfide bridge between cysteines in position 57 and 146 (human
SOD1 numbering), and the acquisition of a copper ion are the key events that make SOD1 a completely folded, dimeric, and ac-
tive enzyme. The two latter steps of the folding process are catalyzed by the copper chaperon for SOD1 (CCS) and require an
appropriate redox environment. Any alteration of these processes, due to mutation in the SOD1 polipeptide and/or in variation
of the redox environment, could result in the inability of the native protein to fold correctly, and hence in the accumulation of
immature forms of SOD1. Immature SOD1 molecules could undergo an oligomerization process mediated by the formation of
non-native disulfide bridges. Oligomeric SOD1 could be noxious per se, or could work as nucleation center for the formation of
larger multimers and ultimately of insoluble aggregates, which could represent the form of SOD1 that is actually toxic for cells.
Insoluble aggregates may be visualized by fluorescent antibodies against SOD1 in neuronal cells overexpressing mutant SOD1.
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in net charge of some pathogenic proteins seems to be impor-
tant in other familiar diseases associated with protein aggrega-
tion [see for review (347) and references therein].

C. Properties of SOD1 aggregates

The biochemical properties of mutant SOD1 aggregates have
been largely studied in several recent works, mostly in vitro.
For instance, DiDonato et al. (98) examined the propensity of
the structurally destabilized H43R and A4V mutant SOD1s to
form aggregates. Dynamic light-scattering and electron-mi-
croscopy studies indicated that both mutant proteins aggregated
at low pH values, with the greatest amount of aggregation oc-
curring at pH 3.5. Moreover, filamentous aggregates of mutant
SOD1s bind Congo red, suggesting the presence of amyloid-
like structures.

The aggregation process may occur through a multistep re-
action, as proposed by Kare and Dokholyan (200). The authors
described, through a dynamic simulation of wild-type SOD1
and three structurally diverse fALS mutants (A4V, G37R, and
H46R), that a common effect of mutations on SOD1 dimer was
the mutation-induced disruption of dynamic coupling between
monomers. Although these observations are in line with the pre-
viously mentioned model of aggregation induced by oxidation
(310, 311), the relevance in vivo of these aggregation processes
is debated, because both studies were carried out at nonphysi-
ologic pH, an experimental condition that may affect dimer sta-
bility (159).

Further evidence strengthening the relevance of SOD1 qua-
ternary structure in the aggregation process comes from the data
of Ray et al. (319). The authors demonstrated that a mutant
SOD1 (A4V) aggregates in vitro, forming amyloid pores struc-
tures, whereas wild-type SOD1 is stable. Furthermore, to test
the hypothesis that dimer dissociation may be necessary to the
first step of aggregation, an intersubunit disulfide bond between
symmetry-related residues was introduced at the A4V dimer in-
terface; this disulfide bond stabilized the A4V dimer and com-
pletely abolished aggregation.

An accurate description of crystal forms of mutant SOD1s
was given by Hart and collaborators (108). Mutant SOD1 crys-
tallized in three different forms that resembled amyloid-like fil-
aments and water-filled nanotubes. All of the described struc-
tures depended on aligned beta-sheet interactions that may be
promoted by nonnative conformational rearrangement in the
metal-depleted mutant enzyme.

Despite all of these studies, whether any of the oligomeric
structures described are similar to the SOD1 aggregates that
may be causative of ALS remains uncertain. Wang et al. (397)
reported the presence of ubiquitin immunoreactive inclusions
and intracellular fibrillar thioflavin-S-positive, suggesting the
presence of amyloid-like inclusions, in several ALS mouse
models. By using dynamic imaging analysis of living cells to
analyze the aggregation and growth properties of different path-
ogenic proteins, Matsumoto et al. (249) reported that mutant
SOD1 (G85R/G93A) forms a porous aggregate structure,
through which other nascent proteins may diffuse. Moreover,
such mutant SOD1 aggregates colocalized with HSP70, a chap-
eron protein that participates in the proteasome-mediated degra-
dation of proteins under stress conditions. The latter evidence
suggests a link between aggregates formation and the protein

quality control performed by protein-degradation machinery. In
this context, Bonetto and collaborators (30) recently character-
ized SOD1 isoforms in a detergent-insoluble fraction from
spinal cord of G93A SOD1 mice at different stages of the dis-
ease. The authors established that mutant SOD1 accumulates in
spinal cord of G93A SOD1 presymptomatic mice as detergent-
insoluble aggregates. Part of the insoluble SOD1 was recovered
as mono- and oligoubiquitinated forms at symptomatic stages
of the disease only. These data imply a central role for the de-
crease of proteasome activity during the course of the disease,
and the authors suggested that the short polyubiquitin chain may
have a protective role in limiting further aggregation or pro-
teasome overload or both.

III. MITOCHONDRIAL DYSFUNCTION: A
PRIMARY TARGET OF MUTANT SOD1

Mitochondria are “the powerhouse of the cell” because of
their ability to convert nutrients into ATP, and they also play
an essential role in intermediate metabolism and in maintain-
ing cellular Ca2� homeostasis. However, mitochondria are also
the main source of reactive oxygen species (ROS) and function
as gatekeepers in the intrinsic apoptotic processes. Thus, mito-
chondrial dysfunction can result in cell death, either by bioen-
ergetics failure or by apoptosis.

A common trait of many neurodegenerative diseases, in-
cluding ALS, is damage to mitochondria that contributes to the
degenerative phenotype (32). Indications that mitochondrial
dysfunctions may participate in the pathogenesis of ALS came
from studies conducted essentially in postmortem tissues from
sALS patients (242). Morphologic defects along with metabolic
deficits in the activities of the respiratory chain complexes have
been described in mitochondria from ALS patients, both spo-
radic and familial (51, 338, 354, 409, 410). Mitochondrial de-
generation was not immediately recognized as an important
component of motor neuron pathology in familial or sporadic
ALS. Only the evidence obtained from seminal studies on an-
imal models of the disease was able to catch the attention of
the scientific community on mitochondria as the core of the
processes that actually lead motor neurons to death [for a re-
view, see (242)].

In 1995, Wong and colleagues (414) showed that in four lines
of mice overexpressing the G37R SOD1 mutant, the most
prominent cellular abnormality associated with the clinical phe-
notype of motor neuron disease was the presence of membrane-
bound, intracytoplasmic vacuoles in neuronal processes (both
axons and dendrites) and soma of motor neurons, which ap-
peared to derive from degenerating mitochondria. Similar vac-
uolar abnormalities were not present in motor neurons of mice
expressing comparable levels of wild-type SOD1, nor in the
processes of the majority of nonmotor neurons and in adjacent
glial cells, further suggesting that mitochondria are implicated
in the tissue specificity of the cell-death process induced by mu-
tant SOD1. Mitochondrial abnormalities were concurrently de-
scribed in the G93A mouse model of the disease (90). A more
detailed analysis of the disease progression in this mouse model
indicated that mutant SOD1 toxicity and the resulting functional
decline in motor neurons is likely mediated by early damage to
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mitochondria. Jiming Kong and Zuoshang Xu (210) showed
that mitochondrial changes, including dilated and disorganized
cristae, leakage of the outer membrane, broken outer membrane,
and vacuoles clearly originating from mitochondria are evident
even at a presymptomatic stage, during which muscle strength
is normal. As long as the disease progresses, motor neurons un-
dergo a massive vacuolation, which is higher at the symptoms
onset and then declines as the disease reaches the end stage.
More-recent evidence has further sustained early alterations in
the morphology and deficits in the activity of mitochondria of
fALS-SOD1 mice (37, 185, 205, 247, 250), thus arguing for a
direct role of mitochondrial degeneration in the pathogenesis of
ALS. The possible mechanisms whereby SOD1 mutants cause
mitochondrial damage and the functional outcomes of this dam-
age are discussed in the following sections.

A. SOD1 localization into mitochondria

A major advance in our understanding of the mechanism of
mitochondrial damage induced by mutant SOD1 derived from
the observation that a small fraction of the wtSOD1, as well as
of the mutant SOD1s, associates with various mitochondria
compartments.

The subcellular distribution of SOD1 was first explored in
the early 1970s by Irwin Fridovich. Fractionation studies
showed that the cytosol from chicken liver contains Cu,Zn-SOD
activity, whereas the mitochondrial matrix has Mn-SOD activ-
ity. Cu,Zn-SOD activity was also reported in the intermembrane
space of mitochondria and in nuclei (405, 406), but lysosomal
contamination of subcellular fractions was advocated to ques-
tion these localizations (133). Almost 30 years later, the local-
ization of SOD1 was reinvestigated by the same group in rat
liver, and results were consistent with the previous reports
(278). Most recently, by electron-microscopy analysis and ex-
amination of fractions enriched for mitochondria derived from
models and a patient with ALS, both wild-type and fALS-re-
lated human SOD1s were found in the intermembrane space
and the matrix, as well as in both the inner and outer mem-
branes of spinal cord and brain mitochondria (42, 95, 169, 179,
235, 292, 394).

Whether fALS SOD1s accumulate to the same extent as wt-
SOD1 is an issue that is still debated. Liu et al. (234) studied
the localization of SOD1 in spinal cord mitochondria isolated
from symptomatic mice expressing various ALS-linked SOD1
mutants, as well as human wtSOD1. All mutant SOD1s ana-
lyzed, but not wtSOD1 or endogenous mouse SOD1, were pres-
ent in the spinal cord mitochondrial fractions. Moreover, even
though highly divergent as to their biochemical characteristics
and cytoplasmic levels of expression, all the mutant SOD1s an-
alyzed associated with similar amounts with mitochondrial frac-
tions, including an unstable SOD1 mutant found in human ALS
that accumulates only to trace cytoplasmic levels. These ob-
servations have recently been extended by us, analyzing 12 dif-
ferent fALS-mutant SOD1s that have all been found associated
with mitochondria of motor neuronal cells to a much greater
extent than wtSOD1 (119), suggesting that the specific associ-
ation of mutant SOD1s, but not wtSOD1, with mitochondria of
motor neuronal cells represents the common toxic property of
these mutants. Conversely, many works have shown that both
wt and mutant hSOD1s localize in mitochondria (169, 179, 250,

278, 394). This apparent contradiction may be explained by the
observation that mitochondria from mice and cultured cells ex-
pressing mutant and wild-type human SOD1 have different
shapes and sizes (169, 309) and may thus behave differently,
depending on the method used for mitochondrial purification,
as discussed in detail by Vijayvergiya et al. (394). Nonetheless,
all the cited reports agree that mutant SOD1 proteins localize
to mitochondria, consistent with an important contribution of
this phenomenon to pathogenesis. A word of caution must be
given about such a conclusion, because in a recent article,
Bergemalm et al. (42) proposed that the high expression rates
of hSOD1s in transgenic ALS models, like the G93A-express-
ing mice, may cause artificial loading of the hSOD1s into mi-
tochondria, and only small amounts of mutant SOD1s could be
found associated with mitochondria in mice expressing low-
level unstable mutants G85R and G127X. Interestingly, these
mice do not show the mitochondrial swelling and widespread
vacuolar pathology that characterize other transgenic ALS mice,
suggesting other primary locations of injury (42). In a well-
characterized neuronal cell model (NSC-34), however, mutant
SOD1s localize into mitochondria and cause mitochondrial im-
pairment even when a relatively low level of mutant protein is
expressed (119, 254).

The significance of the presence of wild-type SOD1 inside
mitochondria is unclear, considering that the dismutation of su-
peroxide generated by the mitochondrial respiratory chain is
provided by the matrix-associated Mn-SOD (SOD2). O’Brien
et al. (274) suggested that SOD2 and mitochondrial SOD1 may
have both unique and overlapping functions in protecting yeast
mitochondrial proteins from oxidative damage, and SOD1
downregulation by small interference RNA has been shown to
lead to severe damage of mitochondria of human neuroblas-
toma cultured cells (18, 274). These observations suggest an
important biologic role of SOD1 in the preservation of mito-
chondrial homeostasis.

Conversely, data indicate that mutant SOD1 toxicity de-
scends from its localization and deposits inside mitochondria.
For instance, the obligatory accumulation of two mutant
SOD1s (G93A and G85R), but not wild-type SOD1, in mi-
tochondria of mouse neuroblastoma cells was reported as sig-
nificantly more toxic than that obtained with the normal cy-
tosolic versions of the same mutants. No effects were
obtained when mutant SOD1s were specifically overex-
pressed in nuclei or in the endoplasmic reticulum. The lo-
calization of mutant SOD1 in the mitochondria triggers the
release of cytochrome c and a cell-death pathway that is de-
pendent on cytochrome c release and caspase activation, but
independent of Bcl-2 family proapoptotic proteins. Moreover,
overexpression of Dorfin, a RING-finger–type ubiquitin lig-
ase that enhanced the degradation of SOD1, significantly re-
duced the amount of mutant SOD1 in the mitochondria, the
release of cytochrome c, and the activation of the caspase
cascade, thus preventing neuronal cell death (368, 369). Cy-
tosolic CCS overexpression in G93A-SOD1 mice highly en-
riched the amount of mutant SOD1 within mitochondria. Im-
portantly, this effect strongly correlated with a dramatic
acceleration of neurologic deficits and enhancements of mi-
tochondrial pathology (360). Altogether, these observations
imply that the localization of mutant SOD1 in the mitochon-
dria is critical in the pathogenesis of fALS.
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How SOD1 enters mitochondria of mammalian cells is essen-
tially unknown, because of the lack of any obvious presequence
signal. By using in vitro mitochondrial import assays conducted
in yeast, the group of Culotta (120) proposed a model whereby
only a SOD1 polypeptide that is apo- for both copper and zinc
and reduced in the conserved disulfide can efficiently enter the
mitochondria. The retention of SOD1 within mitochondria is pro-
vided, according to this model, by the conversion of the imma-
ture polypeptide into an active holo- enzyme through the inter-
vention of CCS, which is highly expressed in the IMS of yeast
mitochondria (Fig. 5). Similar outcomes were obtained in exper-
iments in which mouse mitochondria were incubated with human
SOD1 (279) and are consistent with the cited observations from
CCS-overexpressing fALS mice (360). Interestingly, the IMS of
mitochondria has been recently shown to contain machinery con-
sisting of small Tim (translocase of the inner mitochondrial mem-
brane) proteins and the recently described Erv-1 and Mia40 pro-
teins. This system efficiently traps precursors incoming from the
Tom (translocase of the outer mitochondrial membrane) complex
by introducing disulfide bonds into newly imported precursor pro-
teins, thereby locking them in a folded conformation [reviewed
in (168)]. However, experimental evidence for a role of this ma-
chinery in the oxidative folding and retention of SOD1 inside mi-
tochondria is still unavailable.

B. Oxidative stress in mitochondria

Because oxidative phosphorylation is thought to generate
high levels of intracellular free radicals (286), the vulnerability

of mitochondria in ALS might arise from locally and aberrantly
generated free radicals because of dysfunctions in the activity
of respiratory complexes. Indeed, alterations in the mitochon-
drial respiration have been described in cellular and animal
models of ALS, and also in patients. In neuronal cultured cells,
we reported that the expression of mutant SOD1s induces a sig-
nificant loss of mitochondrial membrane potential, suggestive
of respiratory chain dysfunction (60, 82). Similarly, decreased
ATP levels, impaired function of respiratory chain enzymes,
and increased production of ROS have been reported in neuro-
blastoma and motor neuron–like NSC-34 cells expressing mu-
tant SOD1s (41, 119, 254). These effects have been shown to
be related to a shift in the mitochondrial redox balance
(GSH/GSSG ratio) toward a more oxidizing state, a condition
that could strongly enhance mitochondrial SOD1 accumulation
and toxicity (119). Mitochondrial respiratory chain dysfunction,
due to a decrease in the enzymatic activity of complex I�III,
II�III, and IV, was also evident in the G93A mouse model of
fALS (185, 250). These alterations seem to affect mitochondria
in the spinal cord more severely than in other tissues and to de-
velop at an advanced stage of the disease, although Kirkinezos
et al. (205) reported an early decrease in complex IV activity,
even before the disease onset.

Mitochondria are not only a major source of ROS genera-
tion, but they are also a sensitive target for the damaging ef-
fects of oxygen radicals (Fig. 6). Among the major targets, ROS
may affect sulfhydryl groups of mitochondrial proteins, caus-
ing intramolecular cross-linking and formation of protein ag-
gregates. Moreover, hydroxyl radicals can generate peroxi-
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FIG. 5. Models for SOD1 import
and accumulation into mitochon-
dria. SOD1 enters mitochondria
as a disulfide-reduced, metal-free
monomer. The retention of SOD1
within the IMS is likely provided by
the conversion of the immature
polypeptide into an active holoen-
zyme through the intervention of
CCS, accordingly to a “folding trap”
mechanism that has recently been
characterized for other IMS proteins.
In this mechanism (inset), an inter-
membrane space import and assem-
bly machinery consisting of Tom
(translocase of the outer mitochon-
drial membrane) and small Tim
(translocase of the inner mitochon-
drial membrane) proteins, and the re-
cently described Erv-1 and Mia40
proteins, catalyzes the import of pro-
teins into the IMS through an ox-
idative folding mechanism. This sys-
tem efficiently traps incoming
precursors through the introduction
of disulfide bonds into newly im-
ported precursor proteins, thereby locking them in a folded conformation. The presence of fALS mutation in SOD1 polipeptide
and/or the accumulation of oxidative stress in fALS mitochondria could direct the newly imported polypeptide to an oligomer-
ization/aggregation pathway, similar to that hypothesized for cytosolic SOD1, leading to the entrapment and accumulation of
mutated, misfolded SOD1 inside mitochondria. Recent in vivo and in vitro observations report evidence for oxidatively crosslinked
aggregates in mitochondria of ALS models.
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dation of membrane lipids and generate peroxyl-radical inter-
mediates. Oxidants are also known to increase the release of
calcium from mitochondria and to damage mitochondrial DNA
(mtDNA) easily.

Indeed, robust oxidative damage to mitochondrial proteins
and lipids has been described in fALS mice (205, 247, 250),
and formation of disulfide-linked SOD1 multimers in mito-
chondria has recently emerged as a property of cellular and
mouse models of fALS (95, 119). Significantly higher levels of
mutant mtDNA were found in the spinal cord of ALS patients
compared with controls (410), and oxidative damage to mito-
chondrial DNA is indicated by the presence of 8-hydroxy-2-de-
oxyguanosine (8-OHdG), one of the best markers of the ox-
idative DNA damage, in the spinal cord of transgenic mutant
SOD1 mice (403). Transfer of mtDNA from ALS patients to
mtDNA-depleted human neuroblastoma cells recapitulated the
defects previously observed in ALS subjects, such as altered
electron-transport chain function, increases in free radical–scav-
enging enzyme activities, perturbed calcium homeostasis, and
altered mitochondrial ultrastructure (366). Conversely, mtDNA
from platelets of ALS patient was able to restore normal res-
piratory function in mitochondria-depleted non-neuronal cells,
indicating that the link between mtDNA mutations and impaired
mitochondrial respiration is limited to a neuronal background
(128).

An increase in cytoplasmic calcium levels was reported in
neuroblastoma cells expressing the mutant SOD1 (60), and sus-
tained elevations of intracellular calcium levels have also been
reported in cultured primary motor neurons from G93A trans-
genic mice (214). Perturbation of calcium metabolism, besides
linking mitochondrial dysfunction to glutamate excitotoxicity,
could be relevant to the issue of oxidative stress, because it has
been shown that exposure to elevated Ca2� concentrations in-
duces production of free radicals in isolated mitochondria, thus
making this process self-sustaining (105).

Consistent with the view that mitochondria-dependent ox-
idative stress contributes to the pathologic mechanisms of ALS,
molecular approaches aimed at increasing mitochondrial an-
tioxidative activity have been significantly successful in pro-

tecting NSC-34 motor neuron–like cells against mutant SOD1-
induced cell death (237), and oral administration of creatine,
which protects from the increase of oxidative damage, produced
an improvement in motor performance and extended survival
in G93A transgenic mice (207).

C. Mitochondria-dependent cell death

Mitochondria-dependent cell death represents another poten-
tial connection between ALS pathology and the physiology of
mitochondria. Mitochondria are central in the mechanisms un-
derlying cell survival, with mitochondrial ROS being crucial in
the regulation of the apoptotic process. ROS are very well
known inducers of cell death: they regulate early and late steps
of apoptosis, and inhibition of ROS production also protects
against apoptosis [(122) and refs. therein]. Conversely, ROS are
also byproducts of the apoptotic process, because caspases ex-
ert their cleavage activity also on complex I and II in the elec-
tron-transport chain, thus damaging mitochondrial function and
generating ROS (322) (Fig. 7).

However, whether apoptosis is the leading mechanism of
death of spinal cord motor neurons in ALS is still an open ques-
tion. The uncertainty originates mostly from morphologic data,
which could never report reliable evidence about the numeric
relevance of this phenomenon (37, 246, 247, 255), probably be-
cause of the paucity of apoptotic dying motor neurons at a given
time point. Indeed, it has been estimated that in end-stage trans-
genic G93A mice, with �50% of their anterior horn motor neu-
rons lost, about two apoptotic cells are present per tissue sec-
tion of 1/25 mm of the lumbar spinal cord, with the majority
of these apoptotic cells no longer exhibiting definite phenotypic
characteristics allowing their identification as neurons or glia
(302). Nevertheless, a great body of biochemical evidence has
been provided about the recruitment of mitochondria-dependent
programmed cell death in ALS (146). In particular, the process
has been carefully detailed at the molecular level in the G93A
model of the disease. A sequential cascade of Bax transloca-
tion from the cytosol to the mitochondria, cytochrome c release
from the mitochondria to the cytosol, where it binds the scaf-
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FIG. 6. Generation of oxidative
stress in mitochondria. Respira-
tory complexes leak electrons to
oxygen generating mainly superox-
ide anions (O2

�). These anions are
converted to H2O2 and oxygen by
superoxide dismutases, which are
present in the intermembrane space
(IMS) of mitochondria (SOD1) and
in the matrix (SOD2). Superoxide
anions may reduce transition met-
als, which in turn react with H2O2,
producing hydroxyl radicals (OH�),
or may directly react with nitric ox-
ide (NO) to produce peroxynitrite
(ONOO�). OH� and ONOO� are
strongly reactive against many sub-

strates: they may oxidize mitochondrial proteins, causing intramolecular cross-linkings and formation of protein aggregates, gen-
erate peroxidation of membrane lipids, increase the release of calcium from mitochondria, and damage mitochondrial DNA
(mtDNA). CI-CIV, respiratory complexes I-IV; Ub, ubiquinone; cyt c, cytochrome c.
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fold protein Apaf-1, activation of the initiator caspase9 and the
executor caspase3 and caspase7, and cleavage and inactivation
of the inhibitor of apoptosis XIAP have been described in the
spinal cord of transgenic G93A SOD1 mice during the pro-
gression of the disease by the group of Przedborski (145). Sim-
ilar mechanisms participate in the apoptotic cell death that oc-
curs when mutant SOD1s are expressed in cultured cells (83,
307). Consistent with the relevance of these events, preven-
tion of cytochrome c release from mitochondria extends the 
life span of transgenic G93A mice (440), and the broad-range
caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp(O-methyl)-
fluoromethylketone (zVAD-fmk) has a modest but significant
effect on the survival of the same animals (226). The Bcl-2 fam-
ily seems to be widely involved in the cell-death process, with
members of the pro- and antiapoptotic subtypes coordinately
deregulated, in both transgenic mice and human cases (302).
Bcl-2a1, another member of the Bcl-2 family, is upregulated
selectively in spinal motor neurons of mice transgenic for
G93A-SOD1, already at the asymptomatic stage. Interestingly,
Bcl-2a1 has protective effects against mutant SOD1-induced
caspase3 activation when overexpressed in neuronal cells, sug-
gesting an antiapoptotic significance of the upregulation ob-
served in transgenic mice, but its overexpression increases the
level of cell death after exposure to TNF-� in the same cells,
consistent with a reinforcing role of Bcl-2a1 in the progressive
loss of motor neurons occurring in ALS (86, 305). Pasinelli et
al. (292) provided evidence of a direct link between SOD1 and
an apoptotic pathway by demonstrating that both wtSOD1 and
mutant SOD1 bind the antiapoptotic protein Bcl-2 in ALS mod-
els and patients, possibly impairing Bcl-2–dependent regulation
of the mitochondrial membrane potential and the binding and
inhibition of proapoptotic protein. Yet, interfering with the
apoptotic cascade through Bcl-2 overexpression or caspase in-
hibition is unable to rescue motor neurons completely in fALS
mutant mice (23, 192, 226, 396). A plausible interpretation is
provided by recent data suggesting that clinical symptoms in
the mice model of ALS might result specifically from damage
to the distal motor axon and not from activation of the death

pathway. By crossing Bax-deficient mice with mice expressing
mutant SOD1, Gould et al. (138) showed that Bax deletion
failed to prevent neuromuscular denervation and mitochondrial
vacuolization, although motor neurons were completely rescued
from mutant SOD1-mediated death. Thus, therapeutic strate-
gies aimed at disrupting common mechanisms of denervation
should be used along with those aimed at blocking cell death
to be more effective.

IV. NON–CELL-AUTONOMOUS 
DEATH OF MOTOR NEURONS

One of the most striking features of ALS is the cell speci-
ficity: motor neurons are selectively affected in patients,
whereas mutant SOD1 is expressed ubiquitously. However, the
neurotoxic effect of mutant SOD1 may be not just a direct con-
sequence of its expression inside the neuron, but may require
functional alteration of non-neural cells (47). This hypothesis
has been demonstrated by several independent groups with ALS
mouse models. To study the contribute of astrocytes to motor
neuronal degeneration in ALS, Elliott and co-workers (136)
generated multiple lines of transgenic mice expressing G86R
mutant SOD1 restricted to astrocytes. Mice expressing mutant
SOD1 under the control of an astrocyte-specific promoter
(GFAP-mutant SOD1 mice) exhibited significant astrocytic hy-
pertrophy and GFAP reactivity, increasing with age. However,
GFAP-mutant SOD1 transgenic mice developed normally and
experienced neither spontaneous motor deficits with increasing
age nor alterations in neuronal and microglial morphology.
These data indicate that mutant SOD1 expression in astrocytes
alone is insufficient to evoke motor neuron degeneration in
mouse, but is sufficient to cause at least some degree of astro-
cytosis that is not reactive but primary. The evidence that the
expression of mutant SOD1 restricted to neurons of transgenic
mice is not sufficient to produce the typical neurodegeneration
of ALS comes from the work of Pramatarova et al. and Lino
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FIG. 7. Mitochondria-dependent cell
death. According to a general model, death
signals converging on mitochondria induce
the release of cytochrome c, which partici-
pates, together with the scaffold protein Apaf-
1 and the caspase9 enzyme, in the formation
of the apoptosome in the cytosol. Apoptosome
drives the activation of effector caspases, such
as caspase3, leading to apoptosis. Cleavage
activity of caspase3 may also feed back on
mitochondria, contributing to damage mito-
chondrial function and to generate reactive
oxygen species (ROS). The intermembrane
space (IMS) of mitochondria also contains
proapoptotic factors that participate to cas-
pase-independent mechanisms of cell death.
Mutant SOD1s might hinder mitochondrial
function and activate the apoptotic program
directly, because of their localization in the
IMS, or indirectly, by interfering with the an-
tiapoptotic activity of Bcl-2 or through the
generation of ROS.
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et al. (233, 301). The authors showed that transgenic mice ex-
pressing mutant SOD1s in neuronal compartment developed
regularly and did not experience motor neuron deficits. More-
over, the accumulation of mutant SOD1s in postnatal motor
neurons failed to induce fALS-associated pathology in motor
neurons or neighboring cells in the spinal cord (233). More de-
finitive evidence for an active role of neighboring cells in the
ALS neurodegenerative process comes from an elegant work
of Clement and co-workers (75). The authors constructed and
analyzed chimeric mice that were mixtures of normal cells and
cells expressing mutant human SOD1 and observed that non-
neuronal cells that do not express mutant SOD1 delay degen-
eration and significantly extend the survival of mutant-ex-
pressing motor neurons. The hypothesis of an interaction
occurring between motor neurons and glia cells in ALS was
supported also by the observation, in glia/neurons cocultures,
that ROS produced by motor neurons inactivate glial glutamate
transport (428). After these articles, several studies explored the
role of glial cells in the ALS pathogenesis and thus the in-
volvement of the neuroinflammatory processes in the pathol-
ogy [see later and (47) for review].

Finally, signals from the muscle may interfere with the cas-
cade of events that leads to motor neuron degenerations (99,
228). On the whole, these data establish the relevance of a com-
plex interplay among different cell types in the pathogenesis of
ALS, where the integration of intercellular cross-talk may cre-
ate a paracrine milieu inconsistent with healthy neural function.

A. Microglial cells: dictating disease progression

Microglia in the CNS are immunologically active and capa-
ble of responding to events associated with the formation of the
neuronal–glial environment. In response to a variety of insults,
microglia transform from a resting state into active, phagocytic
cells that release several factors governing the inflammatory re-
sponse.

Evidence that microglial cells are involved in the course of
ALS pathogenesis emerged from several works. Activated mi-
croglia are typically found in ALS patients and in the mouse
models of ALS as well [see for review (47)]. The group of
Friedlander (440) reported that treatment of ALS mice with the
antibiotic minocycline delays both disease onset and mortality
of animals. Minocycline is a second-generation tetracycline, ca-
pable of inhibiting microglial activation, with distinct antibiotic
and antiinflammatory properties (13, 407). Minocycline appears
to act both on the microglia, where the upregulation of iNOS
is inhibited, and on motor neurons, where the release of mito-
chondrial cytochrome c (and thus the initiation of a proapop-
totic pathway) is prevented (213, 431, 432).

The role of microglia expressing mutant SOD1 in the nox-
ious cellular cross-talk that leads to neurodegeneration of ALS
mice has been recently clarified by elegant work from the group
of Cleveland (48). By using mice carrying a deletable (“floxed”)
mutant SOD1 gene that can be excised by the action of the Cre
recombinase, the authors identified differential contribution of
mutant SOD1 within motor neurons and microglial cells in trig-
gering disease onset and progression. The expression within
motor neurons is involved in the determination of disease on-
set and of an early phase of progression, whereas diminishing
the levels of mutant SOD1 in microglia had almost no effect

on the early phase but significantly slowed disease progression.
These results prompt the hypothesis that the action of mutant
SOD1 within different cell types regulates distinct ALS phases,
onset, and progression, to generate non–cell autonomous killing
of motor neurons.

Similar results were obtained by Beers and co-workers (34),
by using a different approach. They crossed PU.1�/� mice,
which are unable to develop myeloid and lymphoid cells be-
cause of deletion of the transcription factor PU.1, with mutant
SOD1 mice (mutSOD1G93A), and the entire myeloid lineage of
mutSOD1G93A/PU.1�/� mice was replaced by transplantation
of bone marrow from wild-type mice or from mutSOD1G93A

mice. Transplantation at birth with mutSOD1G93A mutant–ex-
pressing myeloid cells produced onset and survival typical of
the SOD1-G93A mutant strain. Replacement of the microglial,
monocyte, and macrophage lineages with normal cells from
wild-type mice had no effect on disease onset but slowed dis-
ease progression after onset, and transplantation of microglial
cells expressing mutant SOD1 into PU�/� mice did not induce
an ALS-like disease, demonstrating that macrophages/micro-
glial cells expressing mutant SOD1 are not sufficient to cause
motor neuron death by themselves (34).

On the whole, these results demonstrated that mutant SOD1
within macrophages/microglial cells modifies disease progres-
sion, whereas expression of mutant SOD1 within the motor neu-
rons is a primary determinant of onset and early disease (Fig.
8). However, pharmacologic or genetic approaches to inhibit
microglial activation may be still relevant for therapy in ALS
patients in whom onset has occurred (long) before the time of
diagnosis, and slowing the progression would undoubtedly be
a major success.

In this scenario, several studies focused on the cross-talk be-
tween neurons and glial cells to unmask the molecular signals
that evoke the activation of microglia [see for review (166)].
These cells produce increased quantities of pro-inflammatory
cytokines, reactive nitrogen species (RNS), reactive oxygen
species (ROS), and glutamate, in response to stimuli from neu-
rons and astrocytes such as pro-inflammatory cytokines and
neurotrophic factors [see for review (263)].

Surprisingly, mutant SOD1 is able to induce microgliosis in
vitro. As shown by Julien and colleagues (385), cultured BV2
microglial cells became active, producing TNF, COX2, and in-
ducible nitric oxide synthase (iNOS), when mutant SOD1 is
present in the cellular medium (385). Mutant SOD1 localized
into the endoplasmic reticulum and was secreted into the ex-
tracellular space both in spinal cord from ALS mice model and
in cultured cells, and vaccination with mutant SOD1 delayed
disease onset and mortality in G37R mice, a strain character-
ized by a low transgene expression (386). Altogether, these data
indicate that the secreted fraction of mutant SOD1 may con-
tribute to the intercellular signaling involved in the pathogene-
sis of ALS.

B. Astrocytes: inducing excitotoxicity

Astrocytes represent a different class of glial cells that be-
comes reactive in areas of motor neuron degeneration in ALS.
These cells play a central role in supporting and sustaining
proper neuronal function through the regulation of extracellu-
lar glutamate levels.
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Astrocytosis is a typical hallmark of the neurodegenerative
process in several ALS experimental models, as well as in pa-
tients (156, 225, 341). Midfrontal, inferior parietal, temporal,
cingulate, and occipital cortices, as well as the motor cortex
from ALS patients, are affected by a widespread astrogliosis
(215). Evidence for a functional role of astrocytes in the neu-
rodegenerative process of ALS came from a study on the G85R
mouse model (55) (Fig. 9). In these animals, the first signs of
damage were observed in the astrocytes, where the authors re-
ported a 50% decrease in the astrocyte-specific glutamate trans-
porter GLT-1 (homologous to human EAAT2), which is the
major glutamate transporter in the spinal cord, in parallel with
neuronal loss and astrogliosis. A focal loss of GLT-1 was also
observed in the ventral horn of the spinal cord from a rat model
of ALS, where gliosis paralleled with a 90% decrease in GLT-
1 at end stage of disease (173).

Boston-Howes and co-workers (50) reported that a constitu-
tive, nonlethal activation of caspase-3 in astrocytes from the
previously mentioned rat model is responsible for cleavage and
inactivation of GLT-1.

Although the evidence is controversial (see earlier), levels of
glutamate transporter EAAT2 are also reduced in the motor cor-
tex and spinal cord of ALS patients, possibly decreasing gluta-
mate transport and subsequently increasing extracellular gluta-
mate concentration. Besides having a role in glutamate
metabolism, astrocytes play a role in neuroinflammation. Like
microglia, reactive astrocytes express inflammatory markers
and can produce pro-inflammatory mediators, participating di-
rectly in inflammatory reactions (263). The evidence that con-
centrations of MCP-1 (monocyte chemoattractant protein-1), a
factor critical for the migration of monocytes in areas of injury,
are increased in both serum and CSF from ALS patients, sug-
gests that astrocytes play an important role in mediating the in-
flammatory response to injury in ALS (29).

The first evidence that an active exchange of inflammatory
cytokines between glia and neurons occurs in ALS, leading to
a non–cell autonomous death of neurons induced by fALS-
SOD1, came from the work of our group conducted in an in
vitro cellular model (118). By using the U373 astrocytoma cell
line as a model system for astrocytes, we devised a model of
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FIG. 8. Contribution of microglial
cells. In response to signals originating
from damaged neurons and the surrounding
astrocytes, microglia downregulate the pro-
duction of neurotrophic factors (NTFs),
which sustain neurons in resting condition,
and start to produce proinflammatory cyto-
kines. As long as microglia activation pro-
ceeds, inflammatory cytokines accumulate,
together with reactive oxygen (ROS) and
nitrogen (RNS) species, and glutamate. The
resulting inflammatory environment con-
tributes to the degeneration of motor neu-
rons and to the progression of the disease.

FIG. 9. Contribution of astrocytes. Alterations in
the expression levels and/or inactivation of astrocyte
glutamate transporters EAAT2 decrease glutamate re-
uptake and subsequently increase extracellular gluta-
mate concentration, thus leading to excitotoxicity.
Astrocytes also play a role in neuroinflammatory pro-
cesses. In response to signals originating from neigh-
boring motor neurons, reactive astrocytes express 
inflammatory markers and can produce proinflam-
matory mediators, participating directly in inflamma-
tory reactions.
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human origin, in which interactions occurring in co-cultures of
neuroblastoma cells and glioblastoma cells, both expressing
mutant SOD1 at a low level, have been studied thoroughly. The
co-culture condition, mimicking the situation in SOD1-linked
fALS patients, triggered a cascade of events in both cell types.
Expression of mutant SOD1 induced activation of fALS-
glioblastoma cells, as indicated by an increase in expression of
GFAP, which responded by increasing the level of intracellu-
lar inflammatory markers (e.g., COX2), inducing nNOS activ-
ity and releasing NO and IFN-� into the culture medium. Both
released factors acted on neuroblastoma cells expressing mu-
tant SOD1, inducing activation of caspase1 and release of 
IL-1�. This cytokine diffused to glioblastoma cells inducing
NF-�B–mediated upregulation of COX2 and nNOS, thus con-
tributing to the inflammatory response elicited by the expres-
sion of mutant SOD1. Sequentially, NO-dependent caspase3 ac-
tivation and apoptotic death of neuroblastoma cells were
triggered. In line with these results, two articles were recently
published strengthening the indication that an active cross-talk
between astrocytes and motor neurons is generated in ALS, in
which diffusible factors from both cell types induce neurons to
enter the apoptotic pathway (97, 268). These articles reported
that astrocytes expressing ALS-linked mutant SOD1 kill murine
motor neurons derived from embryonic stem cells or primary
mouse spinal motor neurons. This effect was increased by the
simultaneous expression of mutant SOD1 in motor neurons; no
indication of which diffusible factors were involved in the cel-
lular cross-talk was provided.

C. Muscle involvement in ALS

Functional evidence for an active role of muscle in the
non–cell autonomous motor neuron degeneration comes from
studies by Dobrowolny et al. (99). The authors generated trans-
genic mice expressing in skeletal muscle a specific isoform of
insulin-like growth factor-1 (IGF-1), which is locally active and
does not enter the bloodstream. Crossing these mice with mu-
tant SOD1 mice yielded offspring characterized by a remark-
able increase of life span. These results were recently ques-
tioned in a study demonstrating through muscle-specific
silencing that mutant SOD1-mediated damage within muscles
was not a significant contributor to non–cell autonomous patho-
genesis of ALS (258). In addition, enhancement of muscle mass
and strength provided no benefit in slowing disease onset or
progression (258). The authors concluded that most likely the
synthesis of IGF-1 by muscle primarily benefits SOD1 mu-
tant–mediated disease by affecting the innervating neuron at the
neuromuscular junction, where IGF-1 can have profound ef-
fects (258).

Thus, the relations between muscles and motor neurons and
the contribution of muscle to ALS pathogenesis are still de-
bated. Studies from Loeffler and colleagues (113) on the pro-
tein Nogo-A have brought new insights into this subject. Nogo-
A is a well-known repellent for axonal regeneration and is
synthesized by oligodendrocytes in the CNS (113, 342). Knock-
ing out Nogo-A increased mutant SOD1 mouse life span and
protected motor neurons, whereas overexpressing Nogo-A in
adult mouse muscle fibers led to neuromuscular junction insta-
bility and nerve terminal retraction (183). In patients, Nogo-A
is selectively expressed in muscle, and the expression level is

correlated with the functional status of the patients (103, 182)
(Fig. 10). More recently, muscle expression of Nogo-A has been
proposed as a marker of ALS. In patients with pure lower mo-
tor neuron syndrome (LMNS) in whom typical ALS later de-
veloped, the detection of Nogo-A before the onset may predict
progression to ALS (300). These data suggest that Nogo-A
might be a molecular player underlying neuromuscular junc-
tion destabilization in ALS, revaluing the role of muscle in
non–cell autonomous pathogenesis of ALS.

V. THERAPEUTIC APPROACHES

A. Pharmacologic therapies in ALS

Studies in transgenic animals expressing mutant SOD1 have
provided a wealth of information about the pathologic mecha-
nisms of SOD1-linked fALS and possible explanations for the
selective vulnerability of motor neurons in this disease (Fig.
11). Because sporadic ALS clinically overlaps with familial
ALS (both SOD1-linked and non-SOD1 linked), and because
evidence suggests that pathways altered by mutant SOD1 are
activated in sALS by other toxic factors, over the past 10-year
period, many clinical trial using drugs belonging to different
categories (e.g., antioxidants, antiapoptotics, antiinflammato-
ries, antiexcitotoxic, and neurotrophic factors) have been based
on successful experimentation in mutant SOD1 transgenic mice.
This choice was dictated by the obvious consideration that those
mice (and, more recently, mutant SOD1 transgenic rats) were
the only animal model available and that clinical and basic re-
search had pointed out to several possible mechanisms for the
pathogenesis of ALS.
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FIG. 10. Muscle involvement in ALS. Retraction of motor
axons from synaptic connections to muscle is among the earli-
est presymptomatic events of ALS, suggesting that muscle is a
likely primary source for toxicity. The relations between mus-
cles and motor neurons and the contribution of muscle to ALS
pathogenesis are, however, still controversial. In ALS, affected
muscles may be impaired in their ability to support motor neu-
rons through the production of neurotrophic factors (NTFs).
Moreover, the decrease in respiration and in production of ATP
may be responsible for significant muscle energy defects. Nogo-
A, a well-known repellent for axonal regeneration that is up-
regulated in ALS muscles, might be another molecular player
in the destabilization of neuromuscular junctions.
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Unfortunately, all past attempts to translate evidence in mice
to benefit in patients has failed. One reason may be that tests
in animal models have limited predictive value because of an-
atomic, genetic, and physiologic differences between humans
and mice and because most, but not all, features of human ALS
are reproduced in the mutant SOD1 rodents (61). Another rea-
son may be that those drugs may work in SOD1-linked fALS
cases, but not in all other non–SOD1-linked ALS cases that
constitute the vast majority of patients (36). In this view, the
recent reports that, under certain conditions (e.g., oxidative
stress, metal deprivation), wild-type SOD1 behaves “aber-
rantly,” like a mutant SOD1 (28, 112) and that it is possible to
show a common molecular signature in SOD1 for both sporadic
and familial ALS (144) strengthen our hopes that what is found
in mutant SOD1 models will ultimately prove true in all ALS
patients.

Most probably, however, the main reason for the failure to
move from bench to bedside is that many clinical trials under-
rated the fact that ALS is a multifactorial disease, and several
alterations work together in contributing to its pathogenesis.
Furthermore, as described earlier, ALS is also a multisystemic
disease that affects several cell types. In this light, ALS thera-
pies should be aimed at the simultaneous interception of mul-
tiple aspects of the pathogenesis, rather than at a single-drug
treatment.

This view is supported by the observation that �700 com-
pounds have been proposed for single pharmacologic treatment
of ALS, and almost 100 reached therapeutic trials (http://www.
als.net/). All drugs have failed so far, regardless of the cate-
gory, except one (riluzole, the only compound approved for use
in ALS), which prolongs survival by 3 months only, and it does
not evidently improve the quality of life of patients (257).

In a recent study (36), the question of the utility of preclin-
ical data in mice to identify therapeutic agents for further study
in humans has been raised, and data from the literature have
been subject to a meta-analysis of 167 published studies to iden-
tify the most promising agents. This study remarked the exis-
tence of a “publication bias” (i.e., that small negative studies
fail to be published, whereas small positive studies are far more
likely to be published). Despite the observation that “most treat-
ment trials in the mouse model of ALS are of limited method-
ologic quality” (36), among those studies reporting outcome in
terms of both survival and the survival interval, beneficial ef-
fects were consistently greater for agents with an antioxidant

or neurotrophic mechanism of action, especially when used in
combination with some other compound.

Indeed, studies in animals have shown that combination ther-
apies often have synergistic effects (61) and that compounds
that have more than one activity and therefore target multiple
mechanisms operating in ALS may be worth consideration. This
is well exemplified by the beneficial effect of minocycline, a
drug that effectively crosses the blood–brain barrier and is neu-
roprotective in a number of experimental paradigms for neu-
ronal injury (66, 417, 431, 432). Minocycline inhibits microglia
activation and the apoptotic cascade through mechanisms that
include inhibition of caspases, mitochondrial cytochrome c re-
lease, iNOS activity, and protein tyrosine nitration (373, 374,
407, 440), and its effect in ALS mice is greater when it is ad-
ministered together with creatine, which improves energy me-
tabolism (436).

Multifunctional drugs may allow overcoming a well-known
problem with the design of multidrug therapies (i.e., the possi-
bility of negative interactions between drugs). In this context,
it may be noticed that simultaneous treatment with different
molecules could be safer and even more effective if they are
delivered selectively to their target-cell type instead of system-
ically.

B. Growth factor therapies in ALS

As mentioned earlier, it is believed that lack of neurotrophic
support might contribute to the pathogenesis of ALS, because
several attempts have been successful in the mouse model. For
instance, it is known that VEGF overexpression prolongs sur-
vival by 30% in mutant SOD1 transgenic mice and rats (24,
363, 402, 438). These findings suggest that VEGF may even-
tually be used as a therapy for ALS. Normally, growth factors
do not cross the blood–brain barrier, but spinal cord motor neu-
ron axons and nerve terminals lie outside the barrier and thus
may be targeted by systemic administration of protein growth
factors. Ciliary neurotrophic factor (1, 256), growth hormone
(357), thyrotropin-releasing hormone (54, 59, 178, 261), in-
sulin-like growth factor (218), and brain-derived neurotrophic
factor (2) have been tested, but evidence in humans is that none
of the growth factors tested has succeeded in altering the out-
come of the disease.

One practical problem when using trophic factors as a ther-
apy in patients is that cells produce several types of these fac-
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FIG. 11. Vulnerability of motor neurons. As other
neuronal populations, motor neurons are very suscepti-
ble to oxidative and nitrosative stress because of a low
level of some antioxidant enzymes, a high content of eas-
ily oxidized substrates (e.g., membrane polyunsaturated
fatty acid, PUFA), and an inherently high flux of ROS
generated during neurochemical reactions, such as do-
pamine oxidation and inability to replace lost neurons
(although synaptic plasticity may partially help to over-
come damage). The functionality of motor neurons is
highly dependent on membrane integrity, axonal trans-
port, support from exogenous trophic factors, and energy
supply. Low levels of calcium-binding proteins may con-
tribute to decreased ability to counteract calcium load-
ing due to excitotoxic mechanisms.
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tors, and it is not always clear which type, or which combina-
tion of these types, is required for a beneficial action.

This is well exemplified by the treatment with insulin-like
growth factor (IGF-1), which was attempted because IGF-1 was
found to reduce the apoptotic death of motor neurons in vivo
after axotomy or spinal transection and to increase motor neu-
ronal sprouting and muscle endplate size in rodents. Further-
more, IGF-1 levels were found to be significantly reduced in
serum of ALS patients (378), and free IGF-1 was also found to
be much lower in spinal motor neurons (411), possibly because
of specific increases in some, but not all, IGF-binding proteins
that are represented in the spinal cord and play an important
part in regulating the bioavailability of IGF-1. Interestingly, it
has been proposed that oxidative stress–induced neuronal death
due to hydrogen peroxide overload may act through inhibition
of IGF-1 signaling and may constitute an additional pathway
contributing to ROS neurotoxicity (439).

In mutant SOD1 transgenic mice, retrograde delivery of re-
combinant adeno-associated virus IGF-1 injected into muscle
increased the life span, helped to maintain the integrity of mo-
toneurons, and decreased gliosis (195). However, randomized
clinical trials with the recombinant circulating form of human
IGF-1 in ALS have yielded conflicting results (49, 218, 260).
A possibility, as yet to be explored, is that better results could
be obtained by treatment with the muscle-specific form of this
factor, as suggested by the previously mentioned study in mu-
tant SOD1 mice in which expression of local IGF-1 reduced in-
flammation in the spinal cord and enhanced motor neuronal sur-
vival, thus delaying the onset and progression of the disease
(99).

Another problem with the clinical use of NTFs in ALS is that
method of delivery may be limiting the efficacy of treatment
with this class of molecules. For instance, muscle-derived
GDNF had profound effects on muscle innervation and axonal
degeneration in the transgenic mutant SOD1 mice, whereas
overexpression of GDNF in astrocytes in the CNS failed to dem-
onstrate any neuroprotective effects. These data suggest that ret-
rograde transport and signaling of GDNF is more physiologic
and effective for ALS treatment than anterogradely transported
GDNF (228) and indicate that the effectiveness of this NTF
may depend significantly on its route of delivery to motor neu-
rons.

Little or no benefit has been reported for IGF-1 when ad-
ministered subcutaneously (49, 218). However, high-dose in-
trathecal infusion of IGF-1 extended survival in mice (269), and
a phase I clinical trial using the same strategy showed some
benefit to patients with no adverse effects (270).

C. Gene therapies in ALS

1. Silencing toxic genes. A nonpharmaceutical ap-
proach to the interception of damage is to silence the synthesis
of specific genes coding for proposed mediators in the patho-
genesis of ALS. Small interfering RNAs (siRNAs) provide a
powerful tool to decrease or abolish the expression of a single
gene (Fig. 12). This approach has given very promising results
in experimental models. For instance, intraspinal injection or
muscle injection of a lentiviral vector for the expression of in-
terfering RNA molecules specifically targeting the human
SOD1 gene resulted in an efficient and specific reduction of

SOD1 expression in transgenic ALS mice and improved sur-
vival of vulnerable motor neurons in the brainstem and spinal
cord, thus resulting in improved motor performance, consider-
able delay in the onset of ALS symptoms, and extension in sur-
vival (314, 317, 418). Furthermore, antisense oligonucleotides
to SOD1 significantly slowed disease progression in the mouse
model of ALS by reducing both SOD1 protein and mRNA lev-
els throughout the brain and spinal cord when continuously in-
fused intraventricularly (358).

In the case of dominant, gain-of-function human diseases
such as ALS, siRNAs should be designed specifically to silence
the mutant disease allele (e.g., mutant SOD1), while leaving
expression of the wild-type allele unperturbed. This approach
is feasible in vitro (343).

One major drawback of this system is the existence of the
“shutdown phenomenon” of transgenic siRNA. In the case of
mutant SOD1, this phenomenon has been prevented in trans-
genic mice, and a stable knockdown effect of siRNA on SOD1
expression has been obtained for more than four generations
(334).

RNA interference has been used effectively in the transgenic
mutant SOD1 mice to silence the gene coding for the proapop-
totic protein prostate apoptosis response-4 (Par-4), a protein that
was found to be enriched in synaptosomes and postsynaptic
density from the ventral horn of the spinal cord and increased
significantly during declining stages of muscle strength in those
mice (419). Silencing of Par-4 inhibited mitochondrial dys-
function and caspase-3 activation and protected spinal motor
neurons from apoptosis.
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FIG. 12. Mechanisms of siRNA. RNA silencing has been
established as a strong research tool, with potentially powerful
therapeutic implications. This technique is based on the use of
small interfering RNAs (siRNAs), which promote the degrada-
tion of selected target mRNAs, thus affecting the steady-state
expression levels of a protein. Viral vectors expressing short
hairpin RNAs, which are processed into functional siRNAs,
have been proved useful in downregulating the expression of
G93A mutant SOD1 in mouse models of the disease.
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Similar results were obtained by administration of antisense
peptide nucleic acid targeting either the death-signalling p75
neurotrophin receptor (382) or GluR3, a subunit of glutamate
receptors (321), which are upregulated in the transgenic mouse
model.

In other cases, the silencing of genes suspected to play a role
in familial ALS has given unexpected results, because of our
incomplete knowledge of the real function of their protein prod-
ucts. For instance, silencing of dynactin resulted in apparently
normal amounts of dynein associated with membrane com-
partments, but anterograde and retrograde organelle movement
in axons was completely disrupted (154).

2. Delivering trophic factors. Another problem with
trophic factors is that their delivery to the CNS is often hin-
dered by the toxic side effects that result from oral administra-
tion of recombinant proteins and from a scarce bioavailability
(25). In an attempt to overcome this problem, Guillot et al. (147)
used lentiviral vectors to deliver GDNF by facial nucleus or in-
traspinal injection in the mutant SOD1 transgenic mice. These
vectors allowed the sustained expression of GDNF in motor
neurons. GDNF expression induced a significant rescue of de-
generating cells in the facial nucleus; intriguingly, it failed to
prevent the loss of spinal motor neurons and muscle denerva-
tion of transgenic mutant SOD1 mice. This may be interpreted
as an indication that facial nucleus versus spinal motor neurons
have different vulnerability in ALS or that GDNF has differ-
ential effects on the two populations, but also that the method
of delivery may be important if the correct population is to be
reached. In this context, it must be noted that treatment with
IGF-1 or VEGF, retrogradely transported in motoneurons
through viral vectors that were injected into muscles, produced
two of the best results obtained in the transgenic mutant SOD1
mouse model, even when these NTFs where delivered after on-
set of symptoms. In the previously mentioned study, Kaspar et
al. (195) used the retrograde transport ability of AAV in the
G93A mouse model of ALS to test the efficacy of IGF-1. By
injecting an AAV engineered to express IGF-1 into respiratory
and motor limb muscles, they were able to target the affected
motor neurons directly. In the same mouse model, a single in-
jection of a VEGF-expressing lentiviral vector into muscles de-
layed onset and slowed progression of the disease. The thera-

peutic efficacy of late IGF-1 or VEGF delivery is particularly
significant for human disease, opening potential applications
for clinical trials. Unfortunately, therapy with viral vectors (Fig.
13) in humans is still made complicated by the difficulty in
choosing the right vector to target the relevant tissue or cell
type and to obtain a prolonged expression of the gene, making
the gene-therapy approach with viral vectors still remote from
the clinic (25).

D. Stem cell therapies in ALS

Cell therapy has been widely suggested as a treatment for
multiple diseases including ALS. In some experimental sys-
tems, such as in models of diabetes (208), Parkinson’s disease
(149, 359), Huntington’s disease (102, 391), Alzheimer’s dis-
ease (281, 400), and muscular dystrophy (336), cell therapy has
been successful, although translation to patients has sometimes
yielded unexpected effects. A variety of donor cells have been
tested for treatment of motor neuron diseases, including iso-
lated preparations from bone marrow and embryonic spinal
cord, and the issue of the number of cells to be transplanted has
been addressed.

The rationale is to replace lost cells or to support the func-
tion of damaged cells and prevent further loss. Stem cells are
thus used as a source of neuroprotective proteins and function
as “nurse cells” (Fig. 14).

In ALS, replacement of lost motor neurons is quite unfeasi-
ble, not only because of the difficulty of finding out which pop-
ulation of stem cells should be used, but also because of the
time required for axon growth and muscle reinnervation and
because of the rapid progression of the disease. Therefore, ef-
forts have been focused on discovering appropriate nurse cells
to implant in patients. This treatment may reinforce a natural
response to degeneration of motor neurons that is known to pro-
mote proliferation and migration in the spinal cords of neural
progenitor cells (NPCs) in ALS mice (70), although the popu-
lations of NPCs and neural stem cells (NSCs) that are normally
present in mammalian forebrain may be altered in ALS trans-
genic mice (238).

We have demonstrated that NPCs can be efficiently engi-
neered to inhibit apoptosome activation, and that in this condi-
tion, they retain their potential to differentiate and are able to
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FIG. 13. Gene therapies in ALS. Vi-
ral particles are injected into muscle,
taken up by motor neurons synapses, and
retrogradely transported to the cell body.
The viral genome, coding for either
trophic factors supporting motor neurons
or siRNA targeting specific mRNAs, such
as mutant SOD1 mRNA, is then tran-
scribed in the nucleus. Viral particles may
be also injected into the spinal cord, pos-
sibly extending the efficacy of gene ther-
apy also to nonneuronal cells surrounding
motor neurons.
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resist neurodegenerative inducers such as amyloid-� peptide
and mutant SOD1 (82).

In the SOD1 transgenic mouse model, implanted neuron-like
cells derived from a human teratocarcinoma cell line (131), tes-
ticular Sertoli cells (162), or intravenously administered human
umbilical-cord blood cells (132) had a significant neuroprotec-
tive benefit to vulnerable motor neurons, most probably as the
result of secreted neurotrophic factors. Klein and collaborators
(206) demonstrated that human NPCs isolated from the cortex
could be expanded in culture and modified by using lentivirus
to secrete GDNF. These cells were then transplanted into the
lumbar spinal cord of the mutant SOD1 rat model of ALS, and
they survived, integrated, and released GDNF within the region
of cell survival, but not outside this area. In these studies, neu-
ron survival was increased in proximity to the site of implan-
tation, but this did not modify progression of the disease or the
animal life span. Only more recently, Corti et al. (80) showed
that a subpopulation of neural stem cells that can generate
cholinergic motor neuron–like cells on differentiation in vitro
was able to modify disease progression in transplanted trans-
genic mice.

A known problem with cell therapy is the number of cells to
be transplanted, and their ability to persist in time. In principle,
this may be overcome through genetic engineering of NSC clon-
ally derived and immortalized via a retroviral vector encoded
with v-myc oncogene, which would provide a limitless supply
of neurons for treatment for patients, a strategy that has been
found feasible in mice (203), but not yet tested in humans.

Adverse reaction to stem cell therapy may also constitute a
problem. For instance, use of this approach in Parkinson pa-
tients was complicated by the development of dyskinesia that
persisted after discontinuation of levodopa (359).

Preliminary stem transplantation trials have already been
performed in ALS patients. The feasibility and safety of intra–
spinal cord implantation of autologous mesenchymal stem cells
(MSCs) was evaluated in seven ALS patients, and no patient
was reported to manifest major adverse events. Reportedly, a
significant slowing of the linear decline of the forced vital ca-
pacity was evident in four patients 36 months after MSCs trans-
plantation (252), but no evidence of the fate of the implanted
cells has been provided.

VI. CONCLUDING REMARKS

The last decade has witnessed three major advances in our
understanding of ALS.

First, a wealth of new evidence on experimental models based
on mutant SOD1 has allowed deeper insights into the mecha-
nisms leading to degeneration of motor neurons and of other
genes and factors that participate to the pathogenesis of spo-
radic ALS. Oxidative stress may play diverse roles, acting both
directly, through damage of crucial molecules, and indirectly,
modulating the level of expression and/or the bioavailability of
other important players in the mechanisms of signal transduc-
tion that dictate motor neuron survival.

Second, ALS has been recognized as multisystemic disease,
and the contribution of signals originating in cells other than
motor neurons to the progression of the disease has been clearly
assessed. This has changed our perspective on therapeutic
strategies worthy of consideration in the near future. In partic-
ular, the concept of multidrug approaches has been strongly
supported by a number of studies in which interception of neu-
ronal waste has been addressed.

Last, but not the least, a significant step forward has been
made in our knowledge of how motor neurons may be targeted
through gene therapy, both for the silencing of noxious genes
and for delivering trophic factors, whereas stem cell therapy is
still an attractive, albeit difficult, option for support to damaged
neurons.
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ABBREVIATIONS

AAV, Adeno-associated virus; ALS, amyotrophic lateral
sclerosis; ANG, angiogenin; BDNF, brain-derived neurotrophic
factor; CNTF, ciliary neurotrophic factor; CCS, copper chap-
erone for superoxide dismutase; Cp, ceruloplasmin; COX2, cy-
clooxygenase2; CSF, cerebrospinal fluid; 8-OhdG, 8-hydroxy-
2�-deoxyguanosine; EAAT, excitatory amino acid transporter;
fALS, familial amyotrophic lateral sclerosis; Ft, ferritin; GDNF,
glia-derived neurotrophic factor; GLT-1, glutamate transporter
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FIG. 14. Stem cell therapies in ALS. Un-
differentiated or transdifferentiated neural
stem cells (NSCs) and neural precursor cells
(NPCs), either genetically manipulated for the
release of trophic factors or not, could be a can-
didate source for local or systemic cell thera-
pies in ALS. The injection of precursor cells
may reinforce a natural response to degenera-
tion of motor neurons that is known to promote
proliferation and migration in the spinal cords
of neural progenitor cells.
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1; GSH, glutathione (reduced); GSSG, glutathione (oxidized );
Hfe, hemochromatosis gene; iNOS, inducible NO-synthase;
IFN-�, interferon �; IL, interleukin; IGF-1, insulin-like growth
factor 1; IREs, iron regulatory elements; IRP, iron regulatory
protein; MAPK, mitogen activated protein kinase; NGF, nerve
growth factor; NPCs, neural precursor cells; NSCs, neural stem
cells; NT, neurotrophin; NTF, neurotrophic factor; ROS, reac-
tive oxygen species; seRNAs, silencing RNAs; SOD, superox-
ide dismutase; sALS, sporadic amyotrophic lateral sclerosis;
SMN, survival motor neuron; Tf, transferrin; TfR, transferrin
receptor; TNF, tumor necrosis factor; VEGF, vascular endo-
thelial growth factor.
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