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ABSTRACT: In recognition of the 100th anniversary of Charcot's death we have reviewed possible pathogenic 
mechanisms in amyotrophic lateral sclerosis (ALS). Advances in the last 5 years in molecular biology and genetics 
have identified mutations in the cytosolic dismutase (SOD1) gene in some patients with familial ALS raising the possi
bility that oxidative stress may be involved in the pathogenesis. An excitotoxic pathogenesis has been implicated based 
on elevated plasma and CSF levels of amino acids and altered contents of amino acids in the nervous system of ALS 
patients and changes in the number of excitatory amino acid receptors. ALS sera containing antibodies to L-type cal
cium channels and the development of immune mediated lower and upper and lower motor neuron models have revi
talized research efforts focusing on an immune basis for ALS. Other pathogenic mechanisms which have been the sub
ject of recent research include elemental toxicity, apoptosis and programmed cell death and possibly a deficiency or 
abnormality in growth factors. Pathogenic processes for ALS must account for an increasing incidence of ALS, male 
preponderance, and the selective vulnerability of the corticomotoneuronal system. 

RESUME: Mecanismes pathogeniques de la sclerose laterale amyotrophique sporadique. En I'honneur du cen-
tieme anniversaire de la mort de Charcot, nous avons revu les mecanismes pathogeniques possibles de la sclerose 
laterale amyotrophique (SLA). Les progres effectues en biologie moleculaire et en genetique au cours des 5 demieres 
annees ont permis d'identifier des mutations du gene de la dismutase cytosolique.(SODl) chez certains patients atteints 
de SLA familiale. Cette constatation souleve la possibility qu'un stress oxydatif soit implique dans la pathogenese de la 
maladie. L'hypothese repose sur l'observation de taux eleves d'acides amines dans le plasma et le LCR, d'un contenu 
altere en acides amines du systeme nerveux des patients atteints de SLA et de changements dans le nombre de recep-
teurs pour les acides amines excitatifs. La decouverte d'anticorps diriges contre les canaux claciques de type L et le 
developpement de modeles de la maladie par atteinte immunologique du neurone moteur central et peripherique ont 
ravive la recherche d'une cause immunologique de la SLA. Les autres mecanismes pathogeniques qui ont fait l'objet 
de recherches recentes sont la toxicite elementaire, l'apoptose et la mort cellulaire programmed, et possiblement une 
deficience ou une anomalie de facteurs de croissance. Le processus pathogenique de la SLA doit expliquer une 
incidence accrue de la SLA, la frequence plus elevee chez l'homme, et la vulnerability selective du systeme neuronal 
corticomoteur. 
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The cause of amyotrophic lateral sclerosis (ALS) is unknown 
despite the passing of more than 120 years since Charcot's origi
nal descriptions of the disease.1-2 It is 100 years since Charcot's 
death (1825-1893) and progress in ALS research has undergone 
rapid and often exciting advances in the last five years. It can be 
expected that the growth in understanding the disease will con
tinue to accelerate making it timely to review possible 
pathogenic mechanisms that have evolved. Many of the sug
gested causes for ALS have acquired very compelling evidence 
for a pathogenic role. Perhaps the real challenge in ALS 
research lies in elucidating a new mechanism to satisfactorily 
explain the disorder or to adopt a wider view to unite the seem
ingly disparate evidence into a more cohesive framework. 

ALS is devoid of a specific biochemical, or other, marker 
and diagnosis depends upon a clinical constellation which 

should include characteristic, but not specific, electromyographic 
abnormalities.3'6 An acceptable definition of ALS includes the 
following elements: 1) an essentially painless, progressive 
motor disease, involving both the upper and lower motor 
neurons; 2) seldom commencing before middle or later life; 3) 
occurring in the absence of a radiologically detectable structural 
lesion, and 4) that spares eye movements and sphincter function. 
There are obviously exceptions but isolated primary lateral scle
rosis (PLS) and primary muscular atrophy (PMA) are best con
sidered different diseases.7"9 The same is true of monomelic 
amyotrophy and postpoliomyelitis syndrome and ALS-like syn
dromes occurring within 12 to 24 months of a significant sys
temic disease, for example as has been described in association 
with lymphoma.10 The presence of multifocal motor conduction 
block, with or without anti-GMl ganglioside antibodies or other 
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antibodies clearly indicate a disease of the peripheral motor 
nerve and should be considered a different disorder." This 
review is directed to the pathogenesis of sporadic ALS. 

There has been increasing interest in recent years in "overlap 
syndromes" in which patients have features of ALS, Parkinson's 
disease or Alzheimer's disease. The many aspects shared by 
these neurodegenerative diseases have been detailed else
where.1215 The importance of overlap lies in the likelihood that 
insight into the pathogenesis of any one of these disorders will 
yield clues useful to the understanding of the others. 

A Genetic Component 

Familial ALS (FALS), inherited as an autosomal dominant 
trait, constitutes less than 10% of cases. Twin studies have not 
shown significant concordance for sporadic ALS.'6 It remains to 
be seen to what extent the pathogenesis of familial ALS is fun
damentally distinct. Nevertheless, a recent report has identified 
an abnormal gene in some families with ALS. This is possibly 
the most significant recent breakthrough in ALS research.1718 In 
several pedigrees (11/13) with FALS a gene that mapped to 
chromosome 2Iq showed a tight linkage between FALS and a 
gene that encodes a cytosolic Cu2+/Zn2+- binding superoxide 
dismutase (SOD1).'8 SOD1 mutations might result in failure of 
detoxification of superoxide resulting in oxidative stress from 
excessive free radical accumulation. This in turn raises the 
potential for useful therapy with antioxidants. The potentially 
lethal effects of formation of highly reactive oxidizing species 
(i.e., oxygen free radicals) are normally neutralized by protec
tive mechanisms that maintain cells in a reduced state, despite 
their aerobic environment. They include DNA repair enzymes, 
ant ioxidants , stress proteins and poly(ADP-ribosyl) 
polymerase.19 Age-related failure of their efficiency results in 
neuronal damage by shifting the cellular oxidation-reduction 
(redox) equilibrium toward oxidation. Oxidative stress may be 
important in the pathogenesis of a large variety of unrelated dis
eases and is presently a popular candidate hypothesis for the 
pathogenesis of Parkinson's disease.2" Formal trials in ALS 
patients using either vitamin E or deprenyl, which are commonly 
employed antioxidants in the therapy of Parkinson's disease, are 
lacking. However, in the authors' experience neither medication 
has been beneficial in ALS. We have encountered several 
patients developing ALS despite taking 400-800 iu of vitamin E 
for years prior to their first symptoms. 

Also of interest is the recent report by Eubanks and co-work
ers that the gene encoding the glutamate receptor subunit, 
GluR5, is located on human chromosome 2lq in the vicinity of 
the SOD1 gene.21 The significance of this finding is unclear as 
no study has established a linkage between this locus and a gene 
abnormality in FALS. There are a diversity of receptor subtypes 
through which synaptically released glutamate might produce 
insidious and progressive neuronal injury typical of ALS. The 
non-NMDA, AMPA/kainate subtypes are emerging as leading 
candidates.22 ALS cerebrospinal fluid contains a specific neuro
toxic factor which is AMPA/kainate-like which when added to 
rat neurons in culture significantly reduced their survival.22 

Epidemiological Clues 

Recent reports suggests that there is an increasing world 
wide incidence of ALS unrelated to an aging population. If this 
proves to be correct it would be consistent with an environmen

tal factor as being significant.23-27 A variety of possible risk fac
tors have been associated with an increased incidence of ALS. 
They include mechanical and electrical injuries and vigorous 
physical activity including regular practice of sports in adult
hood.27"32 Physical activity was also found to be a risk factor for 
one of a twin pair developing ALS.33 Physical activity is unlike
ly, in and of itself, to cause ALS. The disease probably com
mences some time before clinical deficits become overt making 
it difficult to determine the time of its real onset and thus any 
significant correlation to trauma, physical labour or surgery.34-35 

With the exceptions of Guam, Western New Guinea and the 
Kii Peninsula of Japan, it is generally accepted that the inci
dence of ALS is uniform throughout the globe. This may not be 
true and for example its incidence in Mexico and Harris County, 
Texas is significantly lower than elsewhere (< 0.3 per 100,000 
population).36-37 Confirmation of a geographic variation is 
important; it too would support a role for an agent in the envi
ronment linked to the development of ALS. Alternatively vari
ation in incidence might reflect differences in the susceptibility 
of populations to develop ALS. The previously high incidence 
of Guamanian ALS has steadily decreased over the last decade 
suggesting a reduced exposure to an environmental agent, possi
bly ingestion of cycad. ALS continues to be prevalent but 
patients are mostly long-term survivors (> 10 years disease dura
tion).38 The Guamanian disease shares many of the features of 
Western sporadic ALS. There are also enough differences to 
preclude the assumption that the Western and Guamanian dis
ease are the same. In the last 2-3 years research on the island of 
Guam has been intensified.39 

Clustering of ALS would be another factor supporting an 
environmental pathogenesis. Several clusters have been 
described but they have all been small and a statistically signifi
cant cluster of ALS has yet to be reported.27-40"42 

Pathological Clues 

Knowledge is lacking as to whether the descending corti
cospinal pathways (corticomotoneurons) or lower motoneurons 
are initially involved in ALS; or whether death of each occurs 
independently of the other. Convincing arguments favouring ret
rograde degeneration of the corticospinal tracts resulting from 
primary disease of the anterior horn cell have been put for
ward.43-44 This was not Charcot's view.45 He postulated that it 
was the upper motor neuron that was the first to be involved 
and that the demise of the anterior horn cell followed 
("corticomotoneuronal hypothesis"13). The idea that degenera
tion of the lower motor neurons in ALS is due to antegrade 
transneuronal events secondary to loss of corticomotoneurons 
has been recently revisited.I3-46-47 

In addition to cortical cell loss seen on routine pathology 
there are several other lines of evidence to implicate the motor 
cortex. For example, aberrations in brain ganglioside profiles 
have been detected in many (> 80%) patients.48 The same gan
glioside abnormalities are not seen in the spinal cord suggesting 
that the primary pathology is in the brain. Gangliosides are 
major membrane constituents whose carbohydrate residues 
establish structural configurations on the external face of the 
cell membrane. It is likely that aberrant ganglioside patterns 
reflect alterations in receptor structure and function which are 
inherently cell specific.48 
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Signal loss in the motor cortex on high-field magnetic reso
nance imaging in ALS is also of interest in the context of an 
upper motor neuron hypothesis. These radiological abnormali
ties have been interpreted as reflecting iron deposition sec
ondary to degeneration of the pyramidal tract.49-50 Kiernan and 
Hudson," who re-initiated the upper motor neuron hypothesis, 
failed to show a correlation between a loss of pyramidal cells of 
the foot and tongue area and corresponding anterior horn cells in 
ALS. However, this might have been anticipated given that 
there is not a one to one relation between corticomotoneurons 
and anterior horn cells.52 

There is no natural or experimentally induced animal model 
that completely mimics human ALS,53 the main difficulty being 
the failure to induce both upper and lower motor neuron 
deficits. The transgenic mouse model recently reported by Cote 
and colleagues has some characteristic elements of ALS.54 The 
disease is progressive and does not manifest until after the first 
few weeks of postnatal life, however, there is no evidence of 
upper motor neuron involvement. 

The complexity of the human corticomotoneuronal system 
compared to other animals is impressive and may be a clue to 
the etiopathogenesis of ALS. There are monosynaptic connec
tions to all motor neuron pools except the motorneurons of the 
extraocular and Onuf's nuclei.55 With rare exceptions these are 
spared in ALS.56-57 The main neurotransmitter of the corticomo
toneuronal system is likely to be glutamate or aspartate.58 The 
distribution of N-methyl - aspartate (NMDA) receptors in the 
normal human brainstem nuclei has been investigated using 
quantitative autoradiography with tritiated MK-801.58 Those 
nuclei subserving eye movements have significantly lower den
sities of specific MK-801 binding compared to other cranial 
nerve motor nuclei suggesting that they might receive less corti
comotoneuronal input.58 These findings support the corticomo
toneuronal hypothesis. 

Large proximal swellings (spheroids) which are continuous 
with the motor neuron perikaryon occur in about 70% of cases 
of ALS; they are particularly prominent when disease duration 
is brief.59-60 However, they are not specific to ALS. They are 
seen in the brain stem motor nuclei and corticospinal tracts but 
not the motor cortex.61 There is also a significant increase in the 
diameter of the axonal initial segment in ALS,62 which may rep
resent the earliest sign of spheroid formation. Spheroids consist 
of accumulations of neurofilaments which immunocytochemi-
cally have the epitopes of normal axons.63 It is unlikely that 
spheroids have a major pathogenic role in ALS but the disrup
tion they cause might influence the synthesis, degradation or 
transport of neurofilamentous subunits.6466 

Accumulations of neurofilaments are frequently observed in 
the neurons in ALS. Neurofilaments are neuron-specific 
cytoskeletal elements composed of 3 subunits of molecular mass 
200 kd, 145 kd and 68 kd (NF-H, NF-M and NF-H) respective
ly.67 Neurofilaments determine axonal caliber and are associated 
with axonal transport, which is abnormal in ALS.64 As neurofila
mentous changes became incriminated in ALS the effects of 
overexpression of their subunits was evaluated using transgenic 
mice.68 Transgenic mice are unique in that neurofilament 
expression can be linked to a phenotype suggesting a causal 
relationship between the overproduction of neurofilament pro
tein and the resulting clinical and pathological features. For 
example, recent studies in which increased amounts of NF-L 

were produced in peripheral neurons have resulted in a mouse 
model with clinical and pathological features having parallels 
to ALS.69 Other transgenic lines with increased expression of 
NF-L were smaller and less active than normal mice and died by 
3-4 weeks of age. Their motoneurons were chromatolytic with 
massive accumulations of neurofilaments.69 Affected mice also 
had axonal degeneration and proximal axonal swellings. Trans
genic mice with overexpression of NF-H protein also develop 
progressive weakness and gait difficulty associated with swollen 
perikaraya and proximal axons and atrophy of distal axons. 
Similar changes were noted in the dorsal root ganglia. The 
swellings were demonstrated to be abnormal accumulations of 
neurofilaments.54 

Cytoskeletal changes associated with clinical and pathologi
cal features of motoneuron death are seen in several well estab
lished mouse mutants, e.g., the wobbler mouse70 and the MND 
mouse.71 The nature of the underlying process producing the 
neurofilamentous change in ALS remains unclear. Simplistically, 
the accumulation of neurofilaments could be due to increased 
synthesis, decreased degradation or impaired axonal transport of 
a neurofilamentous subunit.69 

Microscopic pathology of the spinal cord and the motor cor
tex in ALS has suggested that a very early abnormality is deple
tion of dendritic neurofilaments leading to dendritic atrophy and 
breakage. This in turn might lead to shrinkage and preferential 
death of the perikaryon.72 Spinal, corticomotoneuronal and cor-
tico-bulbar neurons contain conspicuous bundles of neurofila
ments in their dendrites which could explain the selective vul
nerability of these neurons in ALS. Whatever it is that underlies 
neuronal degeneration in ALS it does not compromise the neu
ron's capacity for vigorous expression of growth-associated pro
teins such as GAP-43.73 

Ubiquitin is a highly conserved low-molecular-weight, heat 
shock protein implicated in the nonlysosomal degradation of 
short-lived and abnormal proteins.65 Ubiquitin-immunoreactive 
inclusions, which do not correspond to inclusions seen in light 
microscopic studies, are common, if not invariable in anterior 
horn cells in ALS. They may be most prominent early in the dis
ease74 and also occur in the cranial motor nuclei but rarely in the 
oculomotor nuclei. Somewhat different but related (skein-like or 
granular) ubiquitin-immunoreactive inclusions have also been 
seen in the motor cortex75"77 and specifically the giant cells of 
Betz in ALS.78 Ubiquitin-positive intraneural inclusions have 
also been seen in cortical regions outside of motor cortex in 
ALS patients79 and in patients with the Guamanian ALS-PD 
complex.80 It is not clear whether ubiquitin accumulates as part 
of a nonspecific "stress response" or reflects abnormalities of 
the ubiquitin pathway thereby contributing to neuronal damage. 

Clinical Clues 
The spread of ALS symptoms within spinal cord segments 

appears to be a function of the distance between the original site 
and sites of subsequent dysfunction. Time for contiguous areas 
to become involved is shorter than for non-contiguous areas.81 

Spread to non-contiguous areas is faster within the spinal cord 
than from the spinal cord to the bulbar region and the time to 
spread from the arm to the brainstem is shorter than from the leg 
to the brainstem. The mechanisms that underlie this pattern of 
spread in ALS are uncertain but might involve axonal trans
port.81 The pattern of spread might also reflect extrusion, by 
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dying neurons, of toxic materials that in turn affect neighboring 
neurons. 

There may also be a gender effect on the spread of symptoms 
in ALS.81 In men, spread to the limbs following bulbar onset is 
more rapid than for women. In women there is a more rapid 
onset of dysfunction in an opposite leg, either arm or bulbar 
involvement after leg onset. Male preponderance for ALS is 
universally observed27 and raises the possible role of sex hor
mones in the pathogenesis. Women developing ALS have a later 
menarche and earlier menopause so that the reproductive period 
is shorter.28 The role of androgens in motor neuron function is 
poorly understood but there is good experimental evidence that 
the motor neuron is an androgen target tissue and androgen 
accumulates in motor neurons that are preferentially affected in 
ALS.82-83 X-linked spinal and bulbar muscular atrophy (Kennedy's 
syndrome) is a motor neuron disease associated with androgen 
insensitivity,84 and causes androgen receptor gene mutations with 
an increased number of tandem CAG repeats in exon 1. A strong 
correlation between the number of CAG tandem repeats and 
clinical phenotypic expression has been recently demonstrated 
indicating that androgen gene mutation is directly involved in 
the degeneration of motor neurons.85 

A remarkable feature of ALS is the apparent resistance to 
bed sores even in the face of severe paralysis and muscle wast
ing. Recent studies have shown that there is an increase in 
immature soluble collagen in the tissue and the cross-linking 
pathway of skin collagen runs counter to its normal aging result
ing in a rejuvenation phenomenon in ALS.86-87 The finding 
appears to be specific for ALS and might be one future means of 
early detection. 

Excitotoxicity 

Glutamate, aspartate and possibly other acidic amino acids 
are thought to be neurotransmitters at the majority of excitatory 
synapses in the human nervous system including the cortico
spinal tracts.88 Synaptic responses evoked by these excitatory 
amino acids (EAA) are mediated by different EAA receptor 
subtypes named on the basis of the prototype agonist, e.g., 
N-methyl-D-aspartate (NMDA), kainate (KAI) and alpha-amino-
3-hydroxy-5-methylisoxazole-4-proprionic acid (AMPA), as 
well as other receptor subtypes.8991 There is considerable evi
dence from both in vivo or in vitro studies that administration of 
EAA to neurons with EAA receptors can lead to neuronal 
death.89 The mechanism of cell death depends on the EAA 
administered and its effects on the the various subtypes of EAA 
receptor. It is thought that KAI and AMPA cause an influx of 
Na+ and Cl+ leading to cell swelling which may be irreversible. 
Agonists acting at the NMDA receptor cause neuronal death by 
increasing the influx of calcium and other ions.89 The calcium 
influx leads to increases in intracellular free calcium concentra
tion which activates calcium-dependent proteases (calpains), 
phospholipases and other enzymes which may lead to neuronal 
death.92 Excitatory amino acid receptors are present on mam
malian motoneurons.93-94 Glial cells may play a role in modulat
ing the effects of EAA.95 

Excitatory neurotoxic compounds have been suggested as a 
possible cause of sporadic ALS,96-97 as well as for the ALS-
parkinsonism-dementia complex observed in the Mariana 
Islands.98 In sporadic ALS, concentrations of glutamic acid 
have been reported to be elevated in fasting plasma,96 and 

concentrations of glutamate, aspartate and N-acetylaspartate as 
well as the dipeptide N-acetylaspartylglutamate have been 
reported as increased in cerebrospinal fluid (CSF).99'00 Plasma 
cysteine concentrations have also been reported as increased in 
patients with sporadic ALS, and impaired sulfoxidation or sulfa
tion of toxic thiol products postulated to be involved in the 
pathogenesis of ALS.101 However, the results of other workers 
have not supported some of these claims.102105 Concentrations 
of quinolinic acid (QUIN), an endogenous NMDA agonist are 
not elevated in the CSF or in spinal cords from ALS patients. 

Intrathecal injections of excitotoxins such as kainic acid and 
NMDA into rats can induce degenerative neuronal changes in 
spinal cord.106107 Although NMDA effects occur both in the 
dorsal and ventral grey matter, intrathecal kainic acid produces 
grey matter lesions which are mainly located in the ventral horn 
of the spinal cord and these lesions include motoneuron degen
eration with swollen cytoplasm and proximal neurite enlarge
ments.107 

Strong evidence that ALS or other human motor neuron dis
eases could arise from the action of excitotoxin(s) comes from 
clinicopathological observations of patients following the inges
tion of mussels contaminated with the neurotoxin, domoic 
acid.108 Domoic acid has similar properties to kainic acid and 
binds to kainic acid receptors in rat hippocampus.109 Among the 
consequences of domoic acid intoxication were electromyo
graphic features suggestive of acute denervation in patients who 
had been intoxicated and these changes were observed within 
one month after ingestion. These electromyographic abnormali
ties could be detected in milder forms for more than I year after 
intoxication and were interpreted to indicate a non-progressive 
motor neuronopathy or axonopathy.108 This might indicate that 
EAAs could produce motor neuronopathies in humans. No neu-
ropathological abnormalities were found in the brain stem or 
thoracic spinal cord motor nuclei in the one patient in whom 
these regions were examined. 

Four independent studies"01'3 of the amino acid contents of 
autopsied spinal cords from patients who have died with ALS 
have demonstrated decreased contents of glutamate in cervical 
segments,110 or of both glutamate and aspartate in cervical and 
lumbar spinal cords regions."2"3 Contents of glutamate and 
aspartate are reduced in most brain regions in patients dying 
with ALS,"0112 while brain taurine contents are increased. As 
glutamate and aspartate contents largely reflect the amount of 
these substances in the intracellular compartment, the reduced 
levels of glutamate and aspartate might indicate a reduced neu
ronal pool of these substances. Two possibilities for a reduction 
of neuronal aspartate and glutamate contents could be neuronal 
death or excessive synaptic re lease . 9 7 1 1 2 Plaitakis and 
colleagues"2 have attributed the reduced brain and spinal cord 
contents of glutamate and aspartate to increased release of EAA 
from nerve terminals with possible consequent neuroexcitotoxic 
damage to motoneurons. To explain the specific regional pathol
ogy of ALS, Plaitakis has further suggested that a potentiation 
of NMDA effects may be mediated by glycine on spinal moto
neurons and bulbar sites in ALS patients.97 

One possible mechanism which might produce excitotoxic 
damage is deficient transport of a normally released, endoge
nous EAA out of the synaptic cleft. As the major mechanism 
which is thought to limit the action of EAA on synapses is 
removal from the extracellular space by sodium-dependent 
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transport systems it is possible that deficient transport would 
raise synaptic concentrations of EAA and produce excito-
toxicity. EAA transporters are present on neuron and glial cells, 
however, it is not clear whether uptake is primarily by neurons 
or glial cells and how prevalent other mechanisms are for EAA 
uptake in the mammalian nervous system. 

Evidence for defective transport of EAA by the high-affinity 
glutamate transporter has recently been reported to be present in 
the brains and spinal cords of ALS patients, but not in patients 
with Alzheimer's disease, Huntington's disease or in normal 
controls."6 In ALS patients there is a decrease in the velocity of 
transport of high-affinity uptake in synaptosomal preparations 
from affected regions such as spinal cord, motor cortex and 
somatosensory cortex but not in unaffected brain regions such as 
visual cortex, striatum or hippocampus. No differences in the 
velocities of sodium-dependent transport of either gamma-
aminobutyric acid or phenylalanine were detected in tissue from 
ALS patients."6 

A recent study by Allaoua and colleagues"4 has demonstrated 
that in ALS the distribution of binding for the radiolabeled lig-
ands pHjTCP/NMDA, pHjAMPA and [3H]KAI in the cervical 
and thoracic segments of spinal cord is unchanged compared to 
controls. The densities of [3H|TCP/NMDA receptors were 
decreased both in the dorsal and ventral horns while the density 
of [3H|AMPA receptors were normal. The selective reduction in 
[3H|TCP/NMDA receptor number in ALS suggests that should 
an excitotoxic mechanism be involved in the pathogenesis of 
ALS, then NMDA receptors may be the target of this effect."5 

These findings are of considerable interest as they could explain 
how normal synaptic concentrations of an NMDA receptor ago
nist could lead to reductions in NMDA receptors or NMDA 
receptor down regulation. Potentially, excitotoxicity could 
develop if uptake of an excitotoxin was impaired. For instance, 
if the putative excitotoxin producing ALS was a selective ago
nist at one of the subtypes of EAA receptor, a specific reduction 
in receptor subtype might be observed as a consequence of neu
ronal death subsequent to receptor activation. 

Mammalian motoneurons possess NMDA receptors"5 and 
since all of the spinal cords from ALS patients had motoneuron 
loss, reductions in NMDA receptor binding in the ventral horn 
could be interpreted as reflecting death of NMDA receptor-
bearing motoneurons. Surprisingly however, an equally pro
nounced reduction in NMDA receptor binding has also been 
found in the dorsal horn. Since afferent pathways are typically 
spared in ALS, both clinically and pathologically, it appears 
unlikely that the reduction in receptor binding is due to cell loss 
in the dorsal horn. A more likely explanation is that a down-
regulation of NMDA receptor number could occur in ALS, pos
sibly due to the continued presence of increased amounts of an 
NMDA agonist in various spinal cord regions."4 

If the NMDA receptor depletion is confined to motoneurons 
and intemeurons, then a possible mechanism for this different 
pattern of NMDA receptor loss could be a potentiation of the 
neurotoxic effect of an NMDA agonist by concurrently released 
glycine.97 The glycine receptor which modulates NMDA action 
is insensitive to strychnine antagonism and is distinct from the 
well established strychnine-sensitive inhibitory action of 
glycine."7 Previous studies of strychnine-sensitive glycine 
receptors using quantitative receptor autoradiography in spinal 
cords from patients dying with ALS have demonstrated reduced 
numbers of receptors especially in lamina 9 (the motoneuron 

containing regions) compared to controls. The reductions in 
strychnine-sensitive glycine receptors were highly correlated 
with the degree of motoneuron loss found in the ALS patients."8 

Despite the attraction of glutamate excitotoxicity, NMDA 
receptors are widespread in the nervous system, making it diffi
cult to explain the selective vulnerabilty of upper and lower 
motoneurons characteristic of classical ALS. In the event that 
neuroexcitotoxic compounds are involved in the pathogenesis of 
ALS, administration of antagonists acting at EAA receptors 
might arrest or slow the clinical course of ALS. Presumably to 
be optimally effective, EAA receptor antagonists would have to 
be given early in the disease before motoneuron losses became 
extensive. In a recent study, mutant mice having a spinal muscu
lar atrophy-like syndrome (wobbler mice) were treated with the 
NMDA antagonist, MK-801 for 12 weeks, in high doses but 
there was no clinical evidence for an arrest of the motoneuron 
losses which occurs in this mouse model."9 

ALS: An Immunopathy? 

A group of dysimmune-motor neuronopathies, associated 
with multifocal motor conduction block, and which mimic PMA 
have been identified. Some may respond to immunosuppression. 
Multifocal motor conduction block is essential for the diagnosis 
of dysimmune neuropathy and high titers of IgM anti-GM I anti
bodies are commonly but not invariably found.120 Although the 
possibility of an immune mechanism has been raised in ALS 
many of the features of conventional autoimmune disorders are 
lacking. They include: 1) a lack of inflammatory infiltrate on 
pathological examination. 2) normal levels of the cytokines such 
as interleukin-6, which would reflect a tissue response to 
inflammation121 and 3) a failure of improvement following 
immunosuppressive therapy.122 Nevertheless, several recent 
developments suggest that immunological dysfunction may play 
an important role in ALS.122 

McGeer and colleagues detected abundant reactive microglia 
expressing the major histocompatibility glycoproteins HLA-
A,B,C and HLA-DR in the spinal cord and motor cortex of ALS 
patients.123 Similar observations have been made by others.124"126 

The same immunological abnormalities have been identified 
in Parkinson's and Alzheimer's diseases so that they are not spe
cific to ALS.123 Related to these observations is a unique pattern 
of astrocytosis in ALS motor cortex noted in all of 22 patients 
who had upper motor neuron signs.127 The astrocytosis was 
characterized by multiple clusters of astrocytes, some of which 
showed a close association with macrophages. Intriguing as 
these observations are they may only reflect secondary changes. 

Appel and colleagues have developed animal models of 
immune-mediated lower motor neuron destruction128 and gray 
matter disease, a model of both upper and lower motor neuron 
degeneration.129 High titers of antibodies to motoneurons are 
present, and result in enhanced release of acetylcholine from 
axon terminals at the neuromuscular junction. Long-term neuro
muscular dysfunction in the mouse has also been induced by 
passive transfer of ALS immunoglobulin.130 Axonal degenera
tion and denervation was observed in most of the treated muscles; 
these effects could reflect an early stage in the immune-mediat
ed pathogenesis of ALS. The effect of ALS immunoglobulin 
(IgG) on dihydropyridine-sensitive Ca++ channels in mammalian 
skeletal muscle fibers, has also been studied and been found to 
produce a reduced Ca++ current J31 
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Electrophysiological studies have demonstrated that 
immunoglobulins from patients with ALS alter synaptic release 
by acting on presynaptic calcium channels.132 Antibodies to 
L-type calcium channels are present in the sera of patients with 
ALS and antibody titres correlate with the rate of disease 
progression. However, serum antibodies to voltage-dependent 
calcium channels (VDCC) are not specific for ALS since they 
are found in sera from patients with Lambert-Eaton syn
drome.1-12 It is not clear whether L-type channels are the sole tar
get of ALS immunoglobulin and what the relation is between 
this antibody and motoneuron death. Three possible explana
tions for the increased frequency of miniature endplate poten
tials (mepp) and the partial blockade of L-type VDCC are: 1) an 
increase in intracellular calcium; 2) a modification of existing 
VDCC and, 3) internal calcium release by antibody.132 

The presence of immunoglobulin to VDCC in the sera of 
patients with ALS might suggest that involved neurons would 
not be confined to motoneurons and corticomotoneurons but 
that involvement would be more widespread.133 A factor which 
might confer selective vulnerability on motoneurons and corti
comotoneurons is a relative paucity of calcium binding proteins. 
Immunocytochemical studies have demonstrated that motoneu
rons have only small amounts of calbindin D28K and para l 
bumin immunoreactivity suggesting that their ability to buffer 
calcium using these calcium binding proteins is limited.134 

Another possibility is that the distribution and type of VDCC 
may be different between corticomotoneurons, motoneurons and 
other neuronal types. 

Neurotrophic Factors 
Cells are continuously exposed to a variety of internal and 

external stressors (UV and gamma radiation, heat, oxygen free 
radicals, glucose, bacteria and viruses). Interconnected mecha
nisms which constitute a network of cellular defences have 
evolved to counteract these deleterious agents; they include 
DNA repair enzymes, heat shock and other stress proteins, 
enzymatic and non-enzymatic antioxidant defence systems and 
poly (ADP-ribose) polymerase activation. Age-related failure of 
these mechanisms may have profound effects on cell prolifera
tion and cell death, two phenomena that are tightly linked and 
regulated.135136 

Apoptosis (programmed cell death) is part of the normal phe
nomenon in developing and possibly in some pathological set
tings. Many motor (and sensory and sympathetic) neurons die 
during a critical stage of development; their survival depends 
upon the presence of neurotrophic factors. Growing axons may 
compete for a limited amount of neurotrophic factors and those 
that fail to obtain a sufficient supply may die. Deprivation of 
growth factors induces an active process of programmed cell 
death. In contrast to necrosis, apoptosis is gene-directed.137138 

The dying cell is usually characterized by an increase in cytoso-
lic Ca2+ which activates a non-lysosomal Ca2+ and Mg(2+) -
dependent endonuclease activity resulting in DNA fragmenta
tion.139 Stewart and Appel140 have hypothesized that although 
the primary insult in the degenerative diseases (ALS, Parkin
son's disease and Alzheimer's disease) may be multifactorial, 
the secondary effect is the result of retrograde degeneration 
occurring because of impaired trophic factor function. 

The regulation of motoneuron number during development 
appears to be controlled by retrograde trophic factors from mus
cle.141142 For example, in vertebrate embryogenesis the extent of 

naturally occurring cell death of the motoneuron pool may be 
modified by changing the amount of embryonic muscle avail
able for innervation (the peripheral field) or by administration of 
agents which interfere with the capacity of the neuron to func
tionally innervate muscle, such as botulinum toxin.143 Results 
from these studies have been interpreted as supporting a compe
tition by motoneurons for a limited quantity of trophic sub
stance. 

Further evidence for this hypothesis has been based on stud
ies usually involving the survival of cultured neurons or 
motoneurons,144 in the presence of muscle extracts, muscle con
ditioned media or purified neurotrophic molecules.145"147 A num
ber of substances have been identified which support the growth 
of spinal cord neurons or motoneurons in vitro. Among the puri
fied proteins which produce motoneuron survival in vitro are 
basic fibroblast growth factor (bFGF);146 CNTF146 and choliner
gic differentiation factor (CDF) which is identical to leukemia 
inhibition factor (LIF) (CDF/LIF).147 

Evidence has accumulated demonstrating that the neu
rotrophic effects of CNTF are observed not only in cultured 
motoneurons but during the embryogenesis of vertebrate 
motoneurons148 and in murine models of motor neuron disease 
(see below). Both CNTF and CDF/LIF act on the same receptor, 
which has homology to the receptor for the cytokine, inter-
leukin-6.'49 The CNTF;CDF/LIF receptor has been cloned and 
is expressed almost uniquely within the nervous system. CNTF 
receptor activation leads to signalling though a transduction 
pathway involving a component associated with the inter-
leukin-6 (IL-6) receptor (gpl30) producing tyrosine phosphory
lation reactions which differ from those induced by IL-6.150 The 
CNTF receptor appears to share several receptor components 
with CDF/LIF, however is also associated with activation of a 
third receptor component CNTFR-alpha which is largely 
restricted to tissues of the nervous system .'5I 

The CNTFR-alpha gene appears to be necessary to permit 
CNTF activation of signalling pathways.151 The pathways 
involved in CNTF signalling are poorly understood at present. 
mRNA for CNTF has been reported to be absent from skeletal 
muscle, initially casting doubt on whether CNTF could be a 
retrogradely-transported neurotrophic agent.152 Recent studies 
have indicated that small amounts of CNTF transcripts are 
detectable in muscle.151 

CNTF has been shown to slow the progression of neuromus
cular dysfunction in several mutant mice strains including the 
progressive motor neuron disease mouse,153154 and the wobbler 
mouse.155156 In the wobbler mouse CNTF increases the mean 
grip strength. Phase 1 and 2 trials in humans using recombinant 
CNTF are ongoing in North America and have shown that sub
cutaneous CNTF administration can achieve presumptive thera
peutic levels without toxicity.157 

Basic fibroblast growth factor (bFGF) has some motoneuron 
survival effects in vitro, but appears to be less effective than 
CNTF or CDF/LIF.148 It has not been clarified whether all the 
survival-promoting activity of muscle extract for cultured 
motoneurons resides in the activities of CNTF, LIF/CDF and 
bFGF, or whether other presently uncharacterized muscle-
derived factors are also involved.158 

Viruses and ALS 

A number of different viruses have been related to human 
motor neuron syndromes but none have been definitively isolated 
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from classical ALS.159 Attempts to extract a "slow transmissible 
agent" akin to that of Creutzfeldt-Jakob disease has also been 
unsuccessful.160 Reports that ALS is a consequence of prior 
poliomyelitis have largely been anecdotal and have not been 
substantiated. Recent evidence argues against the hypothesis 
that poliovirus persists in patients with postpolio syndrome.161 

The mouse leukemia virus and the human T-cell lympho-
tropic virus, both retroviruses, can cause lymphoma. There has 
been a recent report of the association of lymphoma in 9 patients 
with motor neuron disease.10 However, only 2 patients and 4/25 
others from the reviewed literature had ALS, i.e.; both upper 
and lower motor neuron features. Therefore a cause-effect rela
tion remains to be proven. 

Elemental Toxicity and ALS 

Many naturally occurring elements have attracted interest at 
various times as being important in the pathogenesis of ALS.162 

However, with few exceptions results of studies reporting 
abnormal elemental levels in ALS tissue have not been con
firmed. The relationship between calcium and magnesium defi
ciency and resulting aluminum and possibly manganese toxicity 
remains of interest. A chronic dietary deficiency of calcium and 
magnesium with an excessive intake of aluminum and man
ganese has been implicated in the pathogenesis of high inci
dence ALS in Guam and the Kii Peninsula of Japan.163165 

Calcium-magnesium dysmetabolism with resultant deposition of 
aluminum and manganese has also been reported in cases of 
sporadic ALS.166'168 Aluminum may induce a calcifying degen
eration in ALS tissue leading to calcium-hydroxyapatite forma
tion as the final chemical compound.165 Monkeys fed a diet low 
in calcium and high in aluminum developed pathological 
changes in the spinal cord, brain stem, substantia nigra and 
spinal cord similar to those seen in ALS-PD on Guam. These 
pathologic changes far exceeded those found in normal aged 
monkeys.169 Intracisternal inoculation of rabbits with low-dose 
(100 )ig) aluminum induces aggregates of phosphorylated neu
rofilaments that mimics the intraneuronal inclusions of ALS.170 

Conclusions and a Note on Therapy 

This review underscores that pathogenic mechanisms in ALS 
are complex, multifactorial and often inter-related. Despite the 
immense amount that has been accomplished in recent years 
realistically it will take time to piece together the bits of the puz
zle. Based upon the pathogenic mechanisms discussed above 
several rational strategies are worthy of consideration. They 
include therapy with growth factors, glutamate antagonists and 
antioxidants. Even though conventional immunosuppression has 
not been beneficial in ALS there are several experimental 
immunosuppressants that may be effective. 

We have alluded to the CNTF trial now underway in North 
America.157 CNTF is probably the most potent of available 
growth factors in terms of motor neuron protection and survival. 
Preliminary studies suggest that it is safe in assumed therapeutic 
doses but may have unforseen side effects. 

Lamotrigine [3,5-diamino-6(2,3 dichlorophenyl)-l ,2,4-
triazine] is a phenyltriazine compound originally synthesized as 
one of a sequence of folic acid antagonists which has been 
recently licensed for use in the U.K. and Ireland as an anticon
vulsant in refractory epilepsy.171 It acts mainly to inhibit excita
tory amino acid (glutamate) release and stabilizes neuronal 

membranes via blockade of voltage-sensitive sodium channels. 
It is completely absorbed after oral administration and a sug
gested maintenance dose for adults with epilepsy is 200 - 400 
mg twice daily.171 Eisen et al. have recently used lamotrigine in 
a double blind, placebo controlled trial of 67 patients with ALS 
in a dose of 100 mg/day.172 There was no significant improve
ment in survival, which was the chief end point. The dose may 
have been too small and repeat trials using up to 400 mg/day are 
warranted. There has also been one recently reported negative 
trial using dextromethorphan, an NMDA receptor antagonist.173 

Fourteen patients were treated with 150 mg or placebo in a 
double-blind crossover trial with a wash out period of 4 weeks 
between the two treatment periods. Thereafter, surviving 
patients were treated with 300 mg dextromethorphan daily for 
up to 6 months in an open trial. Others trials with dextromethor
phan are underway. Riluzole (amino-2-trifluoromethoxy-6-
benzothiazine) is another glutamate antagonist which probably 
inhibits glutamate release. Given in a dose of 100 mg/day it has 
been shown to have significant effect on survival in a prelimi
nary trial of 155 patients with ALS. The effect was greatest in 
patients with bulbar onset (V. Meininger - Personal 
Communication). A larger multinational, multicentre trial is 
presently underway. 

Therapy with antioxidants has not undergone controlled tri
als. However, there are ongoing controlled trials with deprenyl 
5-10 mg/day. It and vitamin E 400-800 iu are presently the only 
antioxidants used for these studies. 

Therapeutic approaches to ALS have invariably used single 
therapy. Single therapy is important to determine the efficacy of 
a specific remedy. However, in a disease as complex as ALS it 
might be more pragmatic to approach therapy in terms of what 
is understood of its pathogenic mechanisms. This would require 
multitherapy, an approach that has been successful in other dis
orders, especially cancer. 
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