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Abstract Fifteen years ago, a role for excitotoxic damage in the pathology of amyotro-
phic lateral sclerosis (ALS) was postulated. This stimulated the development of
riluzole, the only available treatment for the disease. Since then, the identification
of abnormal forms of superoxide dismutase as the genetic basis of certain familial
forms of ALS has provided a huge impetus to the search for new effective treat-
ments for this devastating disease. Transgenic mouse models have been devel-
oped expressing these aberrant mutants that develop a form of motor neurone
disease the progress of which can be slowed by riluzole. Studies in these mice
have provided evidence for a role for excitotoxic, apoptotic and oxidative pro-
cesses in the development of pathology. The mice can be used for testing mole-
cules targeting these processes as potential therapies, to allow the most promising
to be evaluated in humans. Several such agents are currently in clinical trials.

Many previous clinical trials in ALS were insufficiently powered to demonstrate
any relevant effect on disease progression. This situation has been to some extent
remedied in the more recent trials, which have recruited many hundreds of pa-
tients. However, with the exception of studies with riluzole, the results of these
have been disappointing. In particular, a number of large trials with neurotrophic
agents have revealed no evidence for efficacy.

Nonetheless, the need for large multinational trials of long duration limits the
number that can be carried out and makes important demands on investment. For
this reason, surrogate markers that can be used for rapid screening in patients of
potential treatments identified in the transgenic mice are urgently needed.

Amyotrophic lateral sclerosis (ALS) is a pro-
gressive neurodegenerative disease, involving the
upper and lower motor neurones that control vol-
untary movement. The disease is characterised by
progressive muscle weakness with death, usually
resulting from respiratory failure, occurring 3–5
years from the first appearance of symptoms. The
disease can be either sporadic (SALS; 90%) or fa-
milial (FALS; 10%) in nature, with an average age
onset of 59 years, an incidence of 1–3 per 100 000
and a prevalence of 5–9 per 100 000.[1,2]

Although, at the present time, ALS is invariably
fatal, at least two major advances, made in the last
decade of the twentieth century, have opened up
new prospects for its future treatment and manage-
ment. Firstly, it was demonstrated that around 20%
of patients with the autosomal dominant FALS
have mutations in the anti-oxidant enzyme, Cu/Zn
superoxide dismutase (SOD-1).[3-6] Secondly, the
anti-glutamate drug, riluzole, which delays death
and/or time to tracheostomy in ALS patients, be-

came the first and still the only approved treatment
for the disorder.[7-11] The subsequent creation of
transgenic rodent models, over-expressing human
SOD-1 (hSOD-1) mutant enzymes, that can be suc-
cessfully treated with riluzole has provided the first
animal model of ALS. Studies in these animals
have provided evidence that glutamate-mediated
excitotoxicity, free radical-mediated damage, mito-
chondrial dysfunction and apoptosis may be in-
volved in the pathogenesis of ALS. In addition, the
availability of these transgenic models has pro-
vided an experimental system in which to test po-
tential therapeutic agents.[6,12-15]

Although there is still considerable debate on
the relative importance of the above mechanisms
in the pathogenesis of the disease, thanks to these
recent advances there is now a bewildering array
of molecules proposed as potential treatments for
ALS. It would therefore seem to be an appropriate
time to take stock of trials past to enable us to re-
flect on the best way forward for the future.
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1. Animal Models in Amyotrophic
Lateral Sclerosis (ALS)

1.1 Spontaneous Models

Several mouse strains, such as the Mnd, wob-
bler, wasted and pmn mouse, which spontaneously
develop motor neurone pathology, have been used
in the past as animal models for ALS. The advan-
tages and disadvantages of these models are re-
viewed by Doble and Kennel, 2000.[16]

1.2 Transgenic Animals

The discovery that a subset of patients with
FALS have point mutations in SOD-1, led to the
development of transgenic mice over-expressing a
mutated form of the human enzyme hSOD-1.[17,18]

Unlike mice expressing wild-type hSOD-1,[12]

those expressing mutated hSOD-1 enzymes de-
velop ALS-like clinical symptoms after an asymp-
tomatic period that varies with both the mutation
expressed and the transgene copy number.[18,19]

Cytopathological changes observed are similar to
those observed in human ALS.[20-24] The most
widely employed of the transgenic models are
mice expressing around 18 copies of hSOD-1 with
a glycine to alanine mutation at residue 93
(hSOD-1G93A).[17,18] These animals develop ALS-
like symptoms at around 3 months of age with
death normally occurring between 4 to 5 months,
while low expressor hSOD-1G93A mice have a life
span of around 8 months.[17-19]

A transgenic SOD-1 rat model of ALS has also
been developed, with the animals either expressing
hSOD-1G93A or a histidine to arginine mutation at
residue 46.[15] Again, these animals develop strik-
ing and selective motor neurone degeneration and
paralysis. It has been proposed that the larger size
of this model, as compared with the transgenic
mice, will facilitate studies involving manipula-
tions of spinal fluid and spinal cord.[15]

Oosthuyse et al., took a different approach to
produce another mouse model of ALS.[25] In this
instance, the hypoxia response element in the vas-
cular endothelial growth factor (VGEF) promoter
was deleted causing reduced expression of VGEF

in the spinal cord and late-onset progressive motor
neurone disease. This indicates that chronic vascu-
lar insufficiency and possibly insufficient VEGF-
dependent neuroprotection lead to the select de-
generation of motor neurones.

The availability of the transgenic animal mod-
els has facilitated investigations into the molecular
events that lead to motor neurone death as well as
providing a new model to evaluate potential treat-
ments for ALS.

2. Pharmacopathological 
Changes in ALS

Since the first descriptions of ALS, much data
has accumulated from post-mortem and biopsy
studies on biochemical or physiological abnormal-
ities in the disease. However, it has always been
difficult to establish whether these correspond to
consequences of the disease or potential aetiologi-
cal factors involved in the pathophysiological pro-
cess itself. The availability of transgenic animal
models of ALS has been of critical importance in
addressing these issues and in identifying the most
promising biochemical mechanisms at which po-
tential therapies could be directed. This following
section reviews the progress that has been made in
this field.

2.1 Excitotoxicity

2.1.1 Human Studies
Abnormally high synaptic concentrations of

glutamate, the major excitatory amino acid in the
nervous system, result in prolonged neuronal
depolarisation leading to elevated intracellular
Ca2+ concentrations that in turn can lead to mito-
chondrial damage, and the activation of enzymatic
and nuclear mechanisms of cell death.[26-29] In
ALS there is evidence, albeit indirect, that a defect
in glutamate turnover leads to increased extracel-
lular glutamate levels with resulting deleterious
consequences.[29-33] The nature of the defect(s)
that leads to excitotoxicity in ALS has yet to be
elucidated, although there are indications that it
may be mediated through the activation of Ca2+-
permeable alpha-amino-3-hydroxy-5-methyl-4-
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isoxazole propionic acid (AMPA) glutamate re-
ceptors.[32,34] Transporter proteins that remove glu-
tamate from the extracellular space[35] have also
been implicated, with the selective loss of the dom-
inant transporter, the astroglial-specific excitatory
amino acid transporter 2 (EAAT2 or glutamate
transporter [GLT]-1), in the motor cortex and spi-
nal cord of ALS patients.[36,37] However, although
alternative splicing of EAAT2 mRNA was initially
proposed to account for this protein loss,[38,39] sub-
sequent studies showed that this was not ALS-
specific.[40-44] Likewise, mutations in the EAAT2
gene are infrequent.[45]

The notion of an excitotoxic process in ALS is
also supported by the beneficial effect on disease
progression of riluzole. Although the precise
mechanism(s) of action of this drug is unknown, an
anti-glutamate mechanism has been put for-
ward.[10] Riluzole has anti-convulsant and sedative
properties in vivo; in vitro it inhibits glutamate re-
lease and appears to be an indirect antagonist of
NMDA (N-methyl-D-aspartate) glutamate recep-
tors. In addition, riluzole may also have neuro-
trophic or anti-apoptotic properties in certain ex-
perimental paradigms.

2.1.2 Animal Models
Compared to controls, the hSOD-1 transgenic

mice show signs of glutamate toxicity[22] with ele-
vated levels of extracellular cortical gluta-
mate,[46,47] and decreased glutamate transport in
cerebral cortex[48] and spinal cord[49] preparations.
In line with the results of the clinical tests,[7,8] treat-
ment of the hSOD-1G93A mouse with riluzole pro-
longed survival time by 12%[50] and, in a separate
study, was also found to preserve motor func-
tion.[51] Another anti-glutamate drug, gabapentin
also increased survival, although to a lesser extent
(6%).[50] More recently, an antagonist of AMPA
glutamate receptors, RPR-119990, has been re-
ported to improve muscle strength and increase
survival as well as preserving glutamate uptake in
spinal cord preparations from hSOD-1G93A

mice.[52]

In the transgenic rat model, the hSOD-1G93A an-
imals showed focal loss of the EAAT2 glutamate

transporter in the ventral horn of the spinal cord
that coincided with gliosis, appeared before motor
neurone degeneration and exceeded 90% at end-
stage disease.[53]

2.2 Oxidative Stress

2.2.1 Human Studies
Oxidative stress occurs when cells are damaged

by exposure to highly reactive free radicals, such
as superoxide (O2

–), the hydroxyl radical (OH) and
the nitronium radical, peroxynitrite (ONOO–) that
irreversibly damage cellular components.[54-58]

Under normal circumstances the levels and activity
of these radicals are controlled by enzymatic de-
fence mechanisms, such as the superoxide dis-
mutases, glutathione peroxidase and catalase, and
non-enzymatic defence mechanisms, such as
ascorbic acid, α-tocopherol (vitamin E) and gluta-
thione.[54] Oxidative damage arises when an imbal-
ance occurs in the system allowing the free radicals
to react with lipids, protein and DNA, often caus-
ing irreparable damage that can lead to cell death.
Free radical-induced damage has been implicated
in the aging process,[59] and has also been hypo-
thesised to be involved in other neurodegenerative
diseases such as Alzheimer’s disease,[60-62] Parkin-
son’s disease[61,63] and Huntington’s disease.[61,62]

The first indications that oxidative damage
might play a role in the pathogenesis of ALS came
with the demonstration that a subgroup of patients
with FALS had point mutations in the ubiquitous,
cytosolic enzyme, SOD-1[3,4] and, to date, around
100 different mutations have been detected in the
enzyme from between 14–23% of patients with
FALS.[64] Epidemiological studies have also shown
SOD-1 mutations in 3–7% of patients with appar-
ently SALS, although some of these latter patients
may be misdiagnosed FALS patients possibly due
to low penetrance.[64]

SOD-1 is a homodimer, with each subunit bind-
ing a catalytically essential copper ion and a
stabilising zinc ion, and protects against oxidative
damage by converting O2

– to hydrogen peroxide.
However, many of the mutations observed in
FALS neither abolish nor decrease this dismutase
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activity and their deleterious consequences are
thought to be due to a ‘gain-of-function’ rather
than a loss-of-function. The hypotheses advanced
for this gain of function include conformational
and stability changes leading to enhanced free rad-
ical generation, possibly due to aberrant metal
chemistry[65-77] and/or the formation of toxic ag-
gregates.[78-82] This is further reviewed by Julien,
2001.[83]

Although there is no evidence that SOD-1 func-
tion is altered in the majority of patients with ALS,
the similarity of the familial and sporadic forms in
terms of clinical symptoms and disease course sug-
gested that oxidative damage might be important
in all patients with ALS. In line with this, evidence
for oxidative damage has been found in SALS pa-
tients and FALS patients with or without mutations
in SOD-1.[84-97]

2.2.2 Animal Models
Increased signs of oxidative damage have also

been observed in hSOD-1 transgenic mouse mod-
els[48,67,98-104] and a number of anti-oxidant treat-
ments have been tested, such as the free-radical
scavenger α-tocopherol administered with sele-
nium. This combination delayed disease onset, al-
though not progression or survival of the SOD-
1G93A animals,[50] while carboxyfullerenes, which
also act as free-radical scavengers, both delayed
onset and increased survival time (6.4%).[105] Cat-
alase is responsible for hydrogen peroxide removal
and this enzyme, when modified with polyamine
to increase its blood-brain barrier permeability,
delayed onset and increased survival time
(10.8%),[106] although putrescine-modified cata-
lase had a significant effect on onset but not sur-
vival time.[107] The SOD/catalase mimetics, EUK-
8 and EUK-134, increased survival time (7.7% and
10.4%, respectively) and reduced markers of oxi-
dative stress in low-expressor hSOD-1G93A

mice.[108]

Acetylcysteine (N-acetyl-L-cysteine) increases
plasma levels of cysteine, the rate-limiting precur-
sor for glutathione synthesis, which in turn is the
principle substrate for the detoxification of hydro-
gen peroxide and lipid peroxides. Although in one

study acetylcysteine was found to have no effect
on disease onset or death,[109] in another it was
shown to improve motor performance and increase
survival time (9.6%).[110] Thioctic acid (α-lipoic
acid), a mitochondrial coenzyme also reported to
enhance the activity of the glutathione system and
increase ascorbic acid levels,[111] improved motor
performance, delayed weight loss and increased
survival time (6%),[112] while lysine acetylsalicy-
late delayed the appearance of motor deficits with
no effect on the onset of paralysis or survival
time.[113] Panax quinquefolium (American gin-
seng), which is thought to have anti-oxidant prop-
erties, delayed onset and increased survival time
by 5.3%.[114] Results with inhibitors of neuronal
nitric oxide synthase (NOS) have been variable. A
selective inhibitor, ARR-17477, significantly in-
creased survival time in both high and low ex-
pressor hSOD-1G97A mice, while other less selec-
tive molecules had no beneficial effect.[115,116] In
addition, reduced neuronal NOS expression had no
effect on disease onset, progression or survival
time.[115] However, this does not rule out a role for
inducible NOS (iNOS), which is upregulated in the
spinal cord of the transgenic mouse.[117] Ginko
biloba extract increased survival but this only
reached significance in male hSOD-1G97A mice.[118]

Copper chelators have also been tested for po-
tential beneficial effects in the transgenic mice
model. Penicillamine delayed onset and increased
survival time,[119] as did trientine, alone[112] or in
combination with ascorbate.[120] In line with these
results, metallothioneins I and II, which maintain
intracellular concentrations of metals such as cop-
per and zinc, are increased 2-fold in the spinal cord
of low-expressor hSOD-1G93A mice compared with
controls,[121] and a combination of reduced met-
allothionein expression and hSOD-1G93A over-
expression led to both accelerated disease onset
and a decrease in survival time.[121] However, ab-
lating CCS, the copper chaperone for SOD-1 and
necessary for the efficient incorporation of copper
into the enzyme in motor neurones, in the transge-
nic mice had no effect on disease onset or progres-
sion.[122]
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Thus, although the evidence for oxidative dam-
age in the transgenic mice expressing mutated
hSOD-1 has mounted over the last few years the
precise mechanism by which this is brought about
is still far from clear.

2.3 Links Between Excitotoxicity and
Oxidative Damage

The excitotoxic and oxidative stress theories
of ALS are not mutually exclusive. Free radical-
mediated damage could sensitise neurones to glu-
tamate-mediated excitotoxic mechanisms and,
conversely, the increase in intracellular Ca2+ con-
centrations that accompanies excitotoxicity can in-
crease free radical production.[17,29,32,123] In addi-
tion, two of the SOD-1 mutant enzymes found in
FALS with, respectively, an alanine to valine
change at residue 4 or an isoleucine to threonine at
residue 113, in vitro selectively inactivate the glial
glutamate transporter EAAT2[124] that, as dis-
cussed in section 2.1.1, has been implicated in ex-
citotoxicity.[36,37]

2.4 Mitochondrial Dysfunction

2.4.1 Human Studies
Both glutamate neurotoxicity and oxidative

stress can lead to mitochondrial dysfunction[29] and
mitochondrial damage that might result from one
or a combination of both mechanisms has also been
reported in patients with ALS[91,94,125-129] and re-
viewed by Beal, 2000[130] and Swerdlow et al.,
2000.[131]

2.4.2 Animal Models
Both hSOD-1G93A and hSOD-1G37R mice show

mitochondrial vacuolisation and swelling,[12,132]

and it has been suggested that massive mitochon-
drial degeneration is an early event in the develop-
ment of the disease in the hSOD-1G93A animals.[133]

The animals also show increased vulnerability to
mitochondrial toxins,[134] oxidative damage to spi-
nal motor neurone mitochondrial DNA[104] and in-
creased mitochondrial complex 1 activity.[126] A
partial deficiency of manganese SOD, the main
scavenger of oxygen radicals in the mitochondria,

exacerbated the clinical phenotype and shortened
survival time (7.9%).[135]

Both co-enzyme Q and creatine have been
tested in the hSOD-1G93A mouse for their potential
to improve mitochondrial function. Co-enzyme Q,
an electron transport chain cofactor and an anti-
oxidant with neuroprotective effects,[136,137] in-
creased survival time by 4.6%,[136] while in two
separate studies creatine both improved motor per-
formance and increased survival time by 18%[138]

and 14.6%,[112] respectively. Creatine acts as an
energy buffer by increasing muscle and brain phos-
phocreatine levels. It may also stabilise mitochon-
drial creatine kinase and inhibit the opening of the
mitochondrial transition pore, and has been
hypothesised to be of value in a variety of neuro-
logical disorders.[139]

2.5 Apoptosis

2.5.1 Human Studies
There is increasing evidence that motor neurone

demise in ALS occurs via apoptosis (reviewed in
Sathasivam et al.[140]), a programmed mechanism
of cell death involving a variety of different, inter-
active pathways.[141,142] Some of the key events of
apoptosis detected in susceptible tissue from pa-
tients with ALS compared with controls include:
(i) cytochrome C release from mitochondria;[143]

(ii) up-regulation of the tumour suppressor protein,
p53;[144,145] (iii) modulation of the pro-apoptopic
and anti-apoptopic Bcl-2 oncoprotein family;[146-151]

(iv) increased levels of prostate-apoptosis re-
sponse-4;[152] and (v) increased DNA fragmenta-
tion[147-150] and caspase activation. Caspases are
intracellular cysteine proteases, synthesised as in-
active pro-enzymes, primarily responsible for the
morphological and biochemical changes associ-
ated with apoptosis.[141,153,154] Initiator caspases
are activated in the early stages of cell death with
effector caspases, responsible for proteolytic
events that lead directly to apoptosis, being acti-
vated at a later stage. In patients with ALS, initiator
caspase-1, formerly known as interleukin-1β-con-
verting enzyme and responsible for inflammatory
cytokine maturation, is activated in muscle fi-
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bres,[147] spinal cord[155] and serum,[156] with the
effector enzyme, caspase-3, being activated in the
spinal cord anterior horn and motor cortex.[148]

2.5.2 Animal Models
Although there have been reports to the con-

trary,[157] a large number of studies have detected
the signs of apoptopic cell death in the SOD-1
transgenic mice. These include: (i) DNA ladder-
ing;[158] (ii) a decrease in the anti-apoptopic sur-
vival signal proteins phosphatidy-linositol 3-kinase
and Akt/protein kinase B in spinal motor neurones
of pre-symptomatic animals;[142] and (iii) cleavage
of the apoptosis inhibitor XIAP by caspases in end-
stage disease.[143] There are also changes to the Bcl
family of oncoproteins in symptomatic, but not
asymptomatic hSOD-1G93A mice;[159] furthermore,
over expression of the apoptosis suppressor Bcl-2
in these animals delayed disease onset and in-
creased survival time by 12.5%.[160] In addition,
intraspinal injection of Bcl-2 encoded in an adeno-
associated virus led to an improvement in motor
performance and a significant increase in the num-
ber of surviving motor neurones at the end-stage
of disease, although there was no effect on survival
time.[161]

Further evidence that cell death in the transge-
nic mouse models proceeds via apoptosis comes
from several studies demonstrating the activation of
caspase-1,[162,163] -9,[143] -3[155,158,162,163] and -7[143]

in regions affected by neurodegeneration in ALS
in hSOD-1G93A,[155,158,163] hSOD-1G37R[162] and
hSOD-1G85R[162] mice. The processing is sequen-
tial, with the initiator caspase-1 and -9 being acti-
vated before the effector caspase-3 and -7.[143,162,163]

In addition, the expression of a dominant negative
inhibitor of caspase-1 in hSOD-1G85R mice increased
survival time by 8.3%,[164] while administration of
N-benzoyloxycarbonyl-Val-Asp-fluoromethylketone,
a general inhibitor of caspase enzymes, increased
survival time of hSOD-1G93A mice by 22%.[155]

Even more impressive results were achieved
with WHI-p13, an inhibitor of the tyrosine kinase
janus kinase-3, which increased survival time of
the hSOD-1G93A mice by 49%.[165] It is thought that

inhibition of this kinase might suppress expression
of the proto-oncogene, c-jun.[166]

Another putative anti-apoptotic drug is cyclo-
sporin, which is hypothesised to stabilise mito-
chondrial membranes, preventing the release of
apoptogenic factors and assembly of mitochon-
drial permeability transition pore, increased sur-
vival time by 12 days in SOD-1G93A mice.[167]

Minocycline is a tetracycline antibiotic that in
vivo inhibits caspase-1, caspase-3, iNOS and p38
mitogen-activated protein kinase, and mediates
neuroprotection in a variety of experimental mod-
els.[168,169] Inhibition of these enzymes is indirect
and is mediated by inhibition of cytochrome C
translation from the mitochondria, one of the key
events in apoptosis and a potent stimulus for
caspase activation.[169] In line with this, minocyc-
line delayed disease onset and increased survival
(10.3%) in the hSOD-1G93A mice.[169] This is also in
agreement with a previous observation that cyto-
chrome C is translated from the mitochondria to
the cytosol during disease progression in these an-
imals.[143]

However, not all putative, anti-apoptotic strat-
egies have had a beneficial effect in the transgenic
mice. As discussed in section 2.5.1, levels of the
transcription factor p53, thought to be involved in
neuronal apoptosis, are increased in human ALS
and a similar observation has been made in hSOD-
1G86R mice.[170] However, crossing knockout p53
mice with hSOD-1G93A mice had no effect on dis-
ease progression in the offspring.[171,172] Similarly,
CGP-3455 and desmethylselegiline, which have
anti-apoptotic effects in vitro by preventing nu-
clear translocation of glyceraldehyde-3-phosphate
dehydrogenase, had no effect on disease develop-
ment or progression in the hSOD-1G93A mice.[112]

It should also be noted that the anti-necrotic agent,
5-iodo-6-amino-1,2-benzopyrone, an inhibitor of
poly (ADP-ribose) polymerase that is activated as
a consequence of oxidative damage to DNA, also
had no significant effect in these animals.[112]
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2.6 Inflammation

Differential gene expression studies in the trans-
genic mice have shown the upregulation of genes
involved in inflammatory processes. In addition,
mRNA expression and activity of the inducible
form of cyclooxygenase (COX)-2, the rate-limit-
ing enzyme in the production of prostaglandins,
increase in parallel to disease progression in these
animals.[173] In line with this, a selective COX-2
inhibitor SC-236 prolonged survival (20%) but had
little effect on disease onset in hSOD-1G93A

mice.[174]

2.7 Neurotrophic Factors

As discussed in section 3.3, clinical trials in-
volving neurotrophic factor have had little success
and there have been few published reports on the
effects of these factors in the SOD-1 transgenic
mice. Intramuscular grafts of myoblasts geneti-
cally modified to secrete glial cell line-derived
neurotrophic factor (GDNF) delayed disease onset
and muscle deterioration in hSOD-1G93A ani-
mals,[175] while intramuscular injection of an adeno-
viral vector encoding cardiotrophin-1 delayed the
onset of motor impairment.[176] However, fibro-
blast growth factor had no beneficial effect.[177]

2.8 Cytoskeletal Defects

2.8.1 Human Studies
Neuropathological studies of the spinal cord of

ALS patients have revealed the presence of spe-
cific inclusion bodies not commonly observed in
other pathologies. These inclusion bodies are be-
lieved to represent aggregates of cytoskeletal pro-
teins, raising the possibility that cytoskeletal pa-
thology may be involved in the aetiology of
ALS.[178] Moreover, mutations in genes encoding
neurofilament proteins have been identified in a
few patients with apparently sporadic ALS.[179,180]

2.8.2 Animal Studies
Transgenic mice have been bred that express

human neurofilament genes,[181,182] either the hu-
man neurofilament heavy chain gene (NF-H), the
human neurofilament light chain gene (NF-L), or

the human NF-L gene carrying a L394P point-
mutation. Although all these mice present, to a
greater or lesser degree, cytological changes in an-
terior horn cells and clinical manifestations of mo-
tor neurone impairment, only in the NF-L[L394P]
strain has loss of anterior horn cells been demon-
strated unequivocally. Taken as a group, these
transgenic models show that neurofilament accu-
mulation can disrupt the functional and morpho-
logical integrity of motor neurones. Mice over-
expressing the intermediate filament protein
peripherin also develop a late-onset motor neurone
disease.[183] Potential therapeutic interventions
have not yet been evaluated in the neurofilament
transgenic mice.

2.8.3 Consequences for Therapy
Although there have been suggestions that

cytoskeletal abnormalities may be a consequence
of oxidative stress,[78-83] and thus be corrected by
antioxidant drugs (see section 2.2), it is not clear
how cytoskeletal defects themselves could be a po-
tential target of therapeutic interventions. The im-
portance of cytoskeletal proteins in ALS is dis-
cussed in several reviews.[179,184-187]

2.9 Other Mechanisms

Other treatments that have been tried in the
transgenic mice include intravenously adminis-
tered mononuclear cells from human umbilical
cord to animals that have received either a le-
thal[188] or sublethal[189] dose of irradiation that in-
creased survival time by 31.6% and 16.3%, respec-
tively. It was suggested that these results indicate
that ALS is an autoimmune disease; however, the
immunosuppressant tacrolimus (FK-506) had no
effect on disease progression or survival.[190] As in
other neurodegenerative diseases, the use of em-
bryonic stem cells may hold promise for the re-
placement of degenerated motor neurones but
there have been no specific studies carried out in
the SOD transgenic mice.
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3. Clinical Trials: Past

3.1 Anti-Glutamate Agents

Drugs that have been investigated in clinical tri-
als for ALS are listed in table I. To date, the only
trials that have led to the licensing of a treatment
for ALS are those carried out with riluzole, which
showed that the drug increased survival time/time
to tracheostomy. (Bensimon, 1994;[7] Lacomblez,
1996;[8] Meininger, 1997;[9] Miller, 2001[11]). An-
other anti-glutamate drug gabapentin showed
promise in phase II trials with the suggestion that
it slowed the rate of decline of patients with
ALS.[191] However, a phase III trial employing a
higher dose, a longer duration and a larger sample
size, showed no evidence of a beneficial effect on
either disease progression or symptoms.[192] Sim-
ilar negative results have been reported for other
potential anti-excitotoxic drugs, although in most
cases small numbers of patients were employed.
The compounds tested include threonine[193,194] and
other branched-chain amino acids,[195,196] the glu-
tamate-release inhibitor lamotrigine,[197] the gluta-
mate-receptor antagonist dextromethorphan,[198-200]

and the calcium channel antagonists nimodip-
ine[201] and verapamil.[202] However, it should be
pointed out that in the case of dextromethorphan
at least, this compound is rapidly and completely
metabolised by more than 90% of the population.

3.2 Anti-Oxidant Agents

In general, clinical trials with anti-oxidants have
yielded similar negative results. The molecules
tested include acetylcysteine,[203] reduced gluta-
thione[204] and selegiline, a monoamine oxidase in-
hibitor with anti-oxidant properties.[205-207] How-
ever, promising results were obtained in a study
looking at the effect of α-tocopherol in patients
taking riluzole. There was no significant differ-
ence between treatment groups on survival or on
the Norris scale. However, after 12-months treat-
ment a statistically significantly higher proportion
of patients receiving tocopherol plus riluzole re-
mained in a milder ALS health state compared
with those who received riluzole plus placebo.[208]

In addition, after 3-months treatment, plasma
malondialdehyde levels in the group receiving α-
tocopherol plus riluzole fell to below those of
young adults and this was coupled with a signifi-
cant increase in plasma glutathione peroxidase
activity.[95,208] The feasibility of intrathecal ad-
ministration of recombinant human superoxide
dismutase has also been investigated,[225] but no
efficacy data are available.

3.3 Neurotrophic Agents

Several neurotrophic factors that might stimu-
late surviving motor neurones into compensating
for the function of lost neurones have undergone
clinical trials as potential ALS treatments. Brain-
derived neurotrophic factor (BDNF) promotes mo-
tor neurone survival in a number of animal mod-
els,[226,227] and in particular slows the loss of motor
function and motor neurones in the wobbler
mouse.[228-230] In a phase I–II study, subcutaneous
recombinant human methionyl BDNF appeared to
increase survival and retard loss of pulmonary
function in patients with ALS.[209] Although a
phase III study did not confirm these findings,[210]

the results were thought promising enough to con-
tinue trials with either higher subcutaneous doses
or intrathecal administration. However, both these
trials have since been discontinued, since no evi-
dence of efficacy was obtained.[231]

Ciliary neurotrophic factor (CNTF) also showed
potential as an ALS treatment in two animal mod-
els, the pmn mouse[232] and the wobbler mouse.[228]

However, negative results were obtained with sub-
cutaneously administered, recombinant human
CNTF in two large double-blind, placebo-control-
led trials with significant adverse effects being ob-
served in each case, including an increase in the
death rate.[211,212]

Mecasermin (recombinant insulin-like growth
factor 1) promotes motor neurone survival in an
excitotoxic model of neurodegeneration and im-
proves muscle strength in the wobbler mouse.[214,233]

Subcutaneous mecasermin showed promising re-
sults in a US trial,[213] however, the results of a
similar European trial were negative[214] and
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Table I. Clinical trials for amyotrophic lateral sclerosis (ALS)

Drug Phase No. of pts Duration
(mo)

Trial design Evaluation criteria Results Reference

Anti-excitotoxic

Riluzole II 155 12 DB, PC Survival, functional status Significant increase in survival 7

Riluzole III 959 18 DB, PC, 4 arms Survival Significant increase in survival 8

Gabapentin II 152 6 DB, PC Muscle strength Non-significant positive trend 191

Gabapentin III 204 9 DB, PC Muscle strength No beneficial effect 192

Threonine II 23 12 DB, PC Norris scale No beneficial effect 193

Threonine II 30 12 OL, R Norris scale No beneficial effect 194

BCAA II 126 12 DB, PC, 2PG MMT, Norris & Appel scales, FVC No beneficial effect 195

BCAA/threonine II 95 6 DB, PC, 3PG MMT & Z scores No beneficial effect 196

Lamotrigine II 67 18 DB, PC Survival No beneficial effect 197

Dextromethorphan II 14 7 (+6) DB, PC, CO (OL) Norris & bulbar scales, Electrophysiological
parameters

No beneficial effect 198

Dextromethorphan II 45 12 DB, PC Survival, FVC, ALS severity scale No beneficial effect 199

Dextromethorphan II 49 12 DB, PC Norris scale No beneficial effect 200

Nimodipine II 87 3+1 DB, PC, CO FVC, TQNE No beneficial effect 201

Verapamil II 72 12 OL, HC Pulmonary & limb function No beneficial effect 202

Anti-oxidant

N-acetylcysteine II 110 12 DB, PC Survival No beneficial effect 203

Reduced glutathione II 32 37 R, OL, CO Norris & bulbar scales, FVC, muscle strength No beneficial effect 204

Selegiline II 111 6 DB, open control Survival, disability score, treatment withdrawal No beneficial effect 205

Selegiline II 10 6 DB, PC, CO Appel score No beneficial effect 206

Selegiline II 133 9 DB, PC, CO Norris score No beneficial effect 207

α-Tocopherol III 289 12 DB, PC Norris limb scale and survival Non significant positive effect
on progression

208

Neurotrophic factor

BDNF I/II 283 6 DB, PC Survival 209

BDNF III 1135 9 DB, PC, 3 arms Survival No beneficial effect 210

CNTF II/III 730 9 DB, PC, 3 arms Muscle strength No beneficial effect 211

CNTF II/III 570 6 DB, PC, 4 arms MVIC, pulmonary function No beneficial effect, Increased
mortality

212

Mecasermin (rhIGF-1) II/III 266 9 DB, PC, 3 arms Appel scale Decreased rate of decline 213

Mecasermin (rhIGF-1) II/III 183 9 DB PC Appel scale No beneficial effect 214

Growth hormone II/III 75 12-18 DB, PC Survival, TQNE, MRC score No beneficial effect 215



mecasermin has not been approved as a treatment
for ALS. The results of a phase II/III trial of growth
hormone that acts through mecasermin also
showed no beneficial effect[215] and neither did the
synthetic growth hormone protropin.[234]

Some of the problems encountered above may
be due to the fact that BDNF, CTNF and
mecasermin do not cross the blood brain barrier.
Interest is therefore being shown in orally active
compounds that can mimic the actions of the neu-
rotrophic factors, possibly by stimulating their
synthesis or release. One of these molecules is
xaliproden, (SR-57746A), a 5-HT1A receptor ago-
nist, that stimulates BDNF, CDNF and nerve
growth factor (NGF) synthesis by an undetermined
mechanism. Xaliproden also promotes mouse mo-
tor neurone survival in vitro,[235] and in vivo in the
axotomised developing rat spinal cord[236] and
pmn mice.[237] Two double-blind, placebo-control-
led trials were undertaken in 1997 to evaluate
safety, tolerability and effectiveness either with
xaliproden in monotherapy (n = 800) or in combi-
nation with riluzole (1000). Although, a prelimi-
nary analysis showed that xaliproden is well toler-
ated,[238] no further details are available.

3.4 Immunomodulators

No clinical benefit was observed with immuno-
suppression by total lymphoid irradiation[220] or
treatment with interferon β-1α.[217] In one uncon-
trolled study, cyclophosphamide treatment was re-
ported to lead to a mild, although transient, im-
provement in bulbar and motor function in a subset
of patients,[218] whereas, in another study, it was
found to have no beneficial effect[219] (table I).

4. Clinical Trials: Present

4.1 Anti-Glutamate Drugs

Anti-glutamate drugs reported to be undergoing
evaluation as potential ALS treatments at the pres-
ent time include topiramate (Topamax 1) cur-

Table I continued

1 Use of tradenames is for product identification only and
does not imply endorsement.
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TRH II 36 13 DB, CO Motor unit loss No beneficial effect 216

Immune modifier

Interferon β-1α II 61 12 DB, PC MRC, Norris bulbar, FVC No beneficial effect 217

Cyclophosphamide II 44 3 OL Bulbar and motor scores Inconclusive, mild, transient
improvement

218

Cyclophosphamide II 18 6 OL, HC Muscle strength, motor co-ordination,
pulmonary function

No beneficial effect 219

Lymphoid irradiation II 61 24 DB, PC Motor function No beneficial effect 220

Immunoglobulin II 7 3 OL MRC, bulbar & Rankin scores No beneficial effect 221

Immunoglobulin II 9 3 OL Muscle strength No beneficial effect 222

Anticholinergic

3,4-diaminopyridine II 9 1.5 DB, PC, CO FIM, nerve conduction, speech assessment,
motor impairment

No beneficial effect 223

Methylcobalbumin II 24 1 DB, OL, 2 arms CMAP CMAP increased at high dose 224

BCAA = branched chain amino acids; BDNF = brain-derived neurotrophic; CMAP = compound muscle action potential; CNTF = ciliary neurotrophic factor; CO = cross-over; DB =
double blind; FIM = functional independence measurement; FVC = forced vital capacity; HC = historical controls; MMT = manual muscle testing; MRC = Medical Research Council;
MVIC = maximum voluntary isometric contraction; OL = open label; PC = placebo controlled; PG = parallel group; R = randomised; rhIGF = recombinant insulin-like growth factor;
TQNE = Tufts quantitative neuromuscular exam; TRH = thyrotropin releasing hormone; Z score = maximal voluntary isometric contraction.



rently used to treat epilepsy[239] and a dextrometh-
orphan derivative. Although, as discussed in sec-
tion 3.1, dextromethorphan itself has previously
shown no beneficial effect in clinical trials (table
I), this may have been due to its rapid metabolism
and a derivative that is more stable in vivo is being
evaluated for efficacy in the control of emotional
lability in ALS patients. Inhibitors of N-acety-
lated-α-linked acidic dipeptidase (NAALADase),
the enzyme responsible for the hydrolysis of N-
acetylaspartylglutamate (a major peptidic compo-
nent of the brain) into N-acetylaspartate and glu-
tamate, are still in the preclinical stage of
development.[240]

4.2 Anti-Oxidants, Anti-Apoptotic Agents
and Energy Stimulators

Following the publication of the encouraging
results obtained with creatine in the transgenic
mice,[138] several studies are underway to assess its
safety and efficacy, and a preliminary report has
indicated that it may have a temporary benefit in
situations such as high intensity activity.[241] How-
ever, creatine is freely available as a dietary sup-
plement and is likely to be taken by a large percent-
age patients with ALS, whether prescribed or
not.[185] Similar studies are under way with coen-
zyme Q that also had a beneficial, although
smaller, effect in the transgenic mouse.

A 6-month study of minocycline in 20 patients
with ALS has been undertaken to investigate
safety, tolerability, and its effect muscle strength
and breathing capacity. As discussed above (in sec-
tion 2.5.2), minocycline extends survival in the
transgenic SOD-1 mice, probably by inhibiting a
key stage in apoptosis.[169]

4.3 Neurotrophic Agents

Molecules under investigation for ALS that
may cross the blood brain barrier and stimulate
neurotrophin-like action include buspirone and
leteprinim potassium (AIT-082; Neotrofin). Bu-
spirone is a 5-HT1A receptor agonist and a com-
monly used anxiolytic agent that may mimic or
stimulate the activity of neurotrophins such NGF

and BDNF,[242] and leteprinim potassium is a lead
compound of a series of purine derivatives that is
currently in phase II/III clinical trials for Alz-
heimer’s disease.[243]

4.4 Other Investigations

An ALS-like syndrome has been described re-
cently as an HIV-related neurological compli-
cation.[244] Following reports of the successful
treatment of this syndrome with antiretroviral ther-
apy,[244,245] a study is underway to look at the ef-
fects of the protease inhibitor indinavir in patients
with ALS.

Other clinical trials currently or shortly to be
underway include: (i) a phase II trial to look at the
effect of androgen suppression; (ii) an epidemio-
logical study to look at the incidence of ALS
among Gulf-war veterans; (iii) an observational,
retrospective study looking at exogenous toxicants
and genetic susceptibility and factors that influ-
ence disease severity; and (iv) a screening/diag-
nostic study looking at determinants of disease se-
verity, including changes in free radical damage
and anti-oxidant defences.

Further details on current clinical trials in
ALS can be found at www.clinicaltrials.gov and
www.alsa.org.research/drug.

5. Clinical Trials: Future

Since the first reported clinical trial 1944, over
50 compounds have been documented as having
been tested as potential treatments for ALS[246,247]

(table I), while, undoubtedly, many others have not
reached publication stage. If the success of these
trials is judged by the licensing of a drug to treat
the disease then only those carried out with riluzole
can be said to have achieved their objective.[7,8]

However, there has been a great deal of recent de-
bate and criticism over the design and aims of
many past clinical trials for ALS.[247-251] A recent
survey of those trials carried out in the 1990s
showed that approximately half involved 18 pa-
tients or less with a mean duration of 24 weeks,
evaluation criteria varied widely and, in many
cases, the data reported were scant.[249] It has also
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been estimated that to obtain any meaningful re-
sults the minimum number of participants should
be 120,[248] although even this may be an underes-
timate, and in our opinion an effective clinical trial
for a potential disease-modifying drug should in-
volve at least 400 patients per group and last for a
minimum of 1 year with survival as the primary
endpoint to demonstrate any significant effect that
is additional to riluzole. The use of such a large
number of patients in a disease that is relatively
rare poses significant logistical problems and ne-
cessitates large multi-national trials. Although ex-
pensive, the successful execution of recent trials
with riluzole and certain growth factors demon-
strates that it is possible to carry out such large
trials with sufficient statistical power to demonstr-
ate effects on the evolution of the disease. Trials
for a putative symptomatic treatment may require
fewer patients and should be designed following
the hypothesis that a functional and not survival
effect is expected.

However, it is difficult to make hard and fast
rules, as improving the quality of life of patients
with ALS is just as important as extending life. A
molecule that does not have an impact on survival
but ameliorates muscular force could, in the ab-
sence of any aggravating effects, be a suitable can-
didate for symptomatic treatment. Therefore, clin-
ical trials should not necessarily be stopped if
survival is not increased.

There has also been an appeal for the full pub-
lication of all results, as a negative result in a well
designed trial may give vital information.[249] The
need for a consensus in choosing endpoints as well
as in design is inescapable and in an attempt to
rectify these problems, consensus guidelines for
clinical trials in ALS have been drawn up by the
World Federation of Neurology[252] and are avail-
able at their website.[253]

6. Methodological Issues

6.1 Need for Early Diagnosis

The mean time from onset of symptoms to a
confirmed diagnosis of ALS is currently around

16–18 months.[254,255] The importance of early di-
agnosis and its associated problems, both ethical and
technical, are addressed in several articles.[256-260]

The transgenic mouse models suggest a long, clin-
ically silent period for the disease,[261,262] al-
though, as pointed out,[258] this does not necessar-
ily imply a similar time course in humans.
However, electromyographic measurements have
shown that altered patterns of muscle innervation
appear long before clinical weakness becomes ap-
parent[263,264] and it has been suggested that up to
80% of neurones have to fail for clinical signs to
become overt.[265] In line with this, the effect of
riluzole in preserving motor function in the trans-
genic mouse was greater the earlier treatment was
started.[51] Similarly, the beneficial effects of ly-
sine acetylsalicylate on motor performance in the
transgenic mice were observed if treatment was
started at 5 weeks of age, before the onset of motor
neurone dysfunction, but not if it was started at 13
weeks at the onset of motor neurone death.[113]

Early treatment of patients with ALS, preferably
during the non-symptomatic stage, might therefore
prove advantageous. This of course needs to be
balanced against the consequences of false diagno-
ses, with all the attendant consequences, both so-
cial and economical, that at present may seem to
outweigh any potential benefits. However, as a
strategy for the future, early accurate diagnosis and
early effective treatment should surely be amongst
our goals.

6.2 The Need for Biological Markers

So far no reliable biological marker has been
established for ALS,[266] although several indica-
tors of oxidative damage have been proposed as
potential candidates. One of these is nitrotyrosine,
formed by the interaction of peroxynitrite with the
side chains of tyrosine residues and found to be
elevated 7-fold in the cerebrospinal fluid from
ALS patients compared with controls.[92] How-
ever, as pointed out,[267] determining the levels of
a marker in the cerebrospinal fluid (CSF) would
involve a lumbar puncture and thus would not be
suitable for routine screening. Perhaps more prom-
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ising is malondialdehyde,[267] a measure of lipid
peroxidation,[54] the levels of which are signifi-
cantly higher in the plasma of ALS patients than in
age-matched controls or young adults.[89,208] In ad-
dition, a significant positive correlation has been
found between malondialdehyde levels and scores
for fatigue and stiffness whilst a negative correla-
tion was found with muscle testing scores.[208]

Another advantage is that measuring plasma
malondialdehyde levels in is a relatively simple
laboratory procedure.[267] Another indicator of ox-
idative damage proposed as a possible ALS marker
is the concentration of protein-associated carbonyl
groups in red blood cells that shows a positive cor-
relation with the onset of clinical symptoms.[89]

Imaging techniques also have a potential role in
detecting ALS markers.[268] For instance, measur-
ing metabolic changes in N-acetylaspartate, cho-
line and creatine by magnetic resonance imaging
has also been proposed as a surrogate marker for
ALS that might aid early detection and monitor
progression and treatment response.[269] These ini-
tial results are promising but the technique requires
validation before it’s full potential can be assessed.

The identification of markers that could detect
the disease in either its pre-clinical or early clinical
stages would aid early diagnosis of ALS as well as
clinical trials and epidemiological studies. The
ideal marker should be measurable by a test that is
inexpensive, reliable and simple to perform, mak-
ing it easy to incorporate into clinical trials. The
advantages of such a test are clear. At present, large
numbers of patients are required to see an effect
using survival, clinical rating scales, positron
emission tomography etc. A marker would allow
rapid screening of potential treatments before ini-
tiating huge clinical trials with clinically important
endpoints. As discussed earlier in this section, one
promising candidate is plasma malondialdehyde.
The results obtained with this indicator of lipid per-
oxidation suggest that pre-screening of peripheral
malondialdehyde levels, or similar markers of ox-
idative damage, in an ‘at risk’ population might
increase the chances of successful early diagnosis.
However, it should be borne in mind that oxidative

damage is not likely to be specific to ALS and, for
instance, increased malondialdehyde levels have
been reported in the erythrocytes of patients with
Alzheimer’s disease.[270] Indeed, oxidative stress
seems to be a general feature of a number of de-
generative neurological disorders.[32,60-62,271,272]

However, coupled with other diagnostic tech-
niques it could provide a useful early indication of
a problem.

6.3 Reliability of the Transgenic 
Mouse Model

Very few of the drugs tested in SOD-1 mice
have been used in clinical trials so it is difficult to
ascertain the reliability of the animals as an effec-
tive model. The fact that gabapentin had no effect
in human trials, while it increased survival in the
hSODG93A mice, has led to the suggestion that the
mice are not a reliable screening vehicle for ALS
drugs.[185] However, it has been pointed out that the
effect of gabapentin in the transgenic mice was less
pronounced than that of riluzole (6% increase in
survival versus 13%, respectively).[192] In addition,
the effects of α-tocopherol in the SOD mice in de-
laying onset but not increasing survival were mir-
rored in the clinical trial where patients receiving
α-tocopherol supplements stayed in a milder
health state for a longer period.[208]

No data have yet been published on the effects
of BDNF, CNTF and mecasermin in the SOD-1
transgenic mice, although it has been reported that
these studies have been carried out with negative
results.[251] If this is the case, then the SOD-1 ani-
mal model would seem to reflect the human situa-
tion better than the pmn and wobbler mice models,
where promising results were reported with the
neurotrophic factors.[214,228-230,232,233]

As pointed out,[16] no animal model can be ex-
pected to reproduce human disease with total ac-
curacy. Nevertheless the SOD-1 transgenic mouse
model would seem to have advantages over pre-
viously used animal models and may point the way
to new agents for clinical trials, such as anti-
apoptotic drugs.
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7. Conclusions: The Way Forward

Prevention of ALS may seem a utopian dream,
as the only currently known cause of the disease is
point mutations in SOD-1, which occurs in around
only 2% of patients. However, genetic linkage
analysis has shown that there are at least five FALS
genes to be found,[273] the identification of which
will be crucial to our further understanding of the
disease. Thus, progressive genetic advances will
point the way to new potential therapies that will
need to be tested by classical pharmacological
methods as outlined in this review. In addition, ge-
netic advances, coupled with the development of
reliable disease markers, should also enable the
benefits of treatment in the pre-symptomatic phase
to be tested, in at least potential FALS patients.
Although it is early days, advances in stem cell
research may also one day offer hope for patients
with ALS.[187,274]

What we can safely conclude today is that the
pathology of ALS is a complex interaction of more
than one factor and combination therapy is un-
doubtedly the way forward. This could include
molecules that mitigate the deleterious effects of
glutamate and free radicals combined with neu-
roprotective agents and/or anti-apoptotic drugs.
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