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Introduction

Who was Henry Louis Gehrig? “Lou” Gehrig (Fig. 1) was
one of the all-time “great” baseball players. His retirement
from the New York Yankees in 1939 gave prominence and
notoriety in America to the neurologic disorder that still is
associated with his name. His retirement, after playing in
2,130 consecutive games was a national event; he died
2 years later at the age of 37. Despite its prominent
eponymic association with Gehrig in America, the condi-
tion had been recognized previously and was most
prominently described by Charcot in France.

Gehrig’s presentation and clinical course were typical of
the disorder now known as amyotrophic lateral sclerosis or
ALS. In his case, it began with reduced muscle strength and
difficulties running that moved relatively rapidly to gener-
ally reduced muscle strength. ALS usually begins with
difficulties with fine movements and reduced motor
strength, often in the hands. The progression extends to
the arms and usually to the legs. Associated with increased
tendon reflexes, there is no sensory component to the
clinical picture. Involvement of the muscles of the
oropharynx and tongue can cause poor speech articulation
and problems with swallowing. Although Gehrig was
relatively young, about 10% of patients develop symptoms
before 40 years of age. As with Gehrig, reduced function
generally leads to death in 2–3 years. No treatment is
available and the disorder has been discussed as a
justification for assisted suicide (Ganzini et al. 1998).

ALS is not uncommon (an Italian study – Piemonte and
Valle d’Aosta – gave an incidence of 2.5/100,000 [2001])
and large clinical studies have dissected its clinical
manifestations. In general it is a strictly motor neuron
disorder. Pathologic changes include loss of neurons in the
anterior horns of the spinal cord and motor nuclei of the
lower brainstem (larger neurons are generally affected
earlier). In studies of large clinical populations it became
clear that subsets of individuals cluster in families and
several extensive pedigrees have been identified.

Inheritance patterns are varied in ALS populations but
the most prominent transmission pattern is autosomal
dominant and is seen in about 10% of families (FALS1 -
OMIM # 105400). In 1991 Siddique et al. (1991)
demonstrated linkage of FALS1 to chromosome 21 markers
and Rose et al. (1993) found multiple heterozygous
mutations in the gene for superoxide dismutase 1 (SOD1)
in 13 different families (site 21q22.11). Later, Andersen et
al. (1995) found other SOD1 mutations in affected
individuals in a homozygous pattern (their populations
included families with consanguinity). Although multiple
mutations have been identified, Cudkowicz et al. (1997)
found the A4V mutation in 50% of affected kindreds in a
large study.

Other genes have been associated with the clinical
picture of ALS. Elden et al. (2010) found an association
between intermediate-length expansions (27–33) of a
polyglutamine repeat in Ataxin1 in some individuals
(longer expansions correlated with spinal cerebellar ataxia
type 2). Further clinical dissection of affected individuals
has implicated other loci but none has reached the
frequency of the SOD1 data and at least some of the other
types are likely different disorders sharing myopathic
features. For example, a distinctly different disorder often
includes ALS-type myopathy with frontotemporal dementia
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(Vance et al. 2009, ALS6 - OMIM #608030). A useful
review of the genetic complexity of this phenotype is
presented by Kunst (2004).

Pathophysiologic studies

A simple defect in SOD1 activity as an explanation for the
changes in ALS appeared unlikely because an SOD1 knock-
out mutation in the mouse was not associated with a motor
defect. Studies of human SOD1 transgenic mutants in mice (e.
g. G37R) showed little change in motor function and
suggested that a toxic effect of the mutant was important
(Borchelt et al. 1994). Subsequently, ultrastructural studies
showed abnormal mitochondrial morphology and aggrega-
tions in ALS neurons (Siklos et al. 1996; Sasaki and Iwata
1996). Liu et al. (1998) used transgenic mice expressing
mutant human SOD1 and found increased free radical
production in the spinal cord (but not in the brain). These
important observations (as well as many others) emphasized
mitochondrial physiology as a central area for study.

The status of intracellular calcium is critical in both
neuronal termini and muscle cells. In muscle, calcium is

central to coupling excitation and contraction. Following
depolarization, calcium entry leads to release of calcium
stored in the sarcoplasmic reticulum bathing the myofila-
ment contractile apparatus. Damiano et al. (2006) noted
altered calcium uptake in mitochondria from spinal cord
neurons of FALS mice. Martin (2011) reviews detailed
genetic contributions as well as important aspects of
mitochondrial physiology in ALS. In particular, the
contributions of apoptosis, calcium transport and reactive
oxygen species are described in detail. The value of animal
models also is noted. Barrett et al. (2011) review the status
of calcium in motor nerve termini. In the normal system,
repeated stimulation leads to striking calcium uptake by
mitochondria where it is buffered by phosphate (an
interaction assisted by an increasingly alkaline environ-
ment due to proton extrusion). They show that in mice
transgenic for G93A or G85R SOD1 mutations there is
defective mitochondrial calcium uptake early following
repeated stimulation. Mitochondrial membrane potential is
reduced (i.e. depolarized) in response to stimulation (a
phenomenon that increases with age). The net effect of this
is to reduce total mitochondrial calcium uptake following
stimulation. Interestingly, cyclosporin A reduces stimulation-
induced membrane depolarization and inhibits the mitochon-
drial permeability transition pore.

Faes and Callewaert (2011) address the question of a
toxic effect of mutant SOD1 in a different system.
Recalling earlier evidence for distorted mitochondrial
morphology in ALS and ultrastructural evidence for
often close apposition between the endoplasmic reticu-
lum (ER) and mitochondria they examine the voltage-
dependent anion channel 1 (VDAC1) with which mutant
SOD1 had been shown to associate. VDAC1 appears
multifunctional and also has been isolated from the ER. The
underlying notion is that VDAC1 is at least a part of the
coupling between mitochondria and the ER and that in ALS
the effectiveness of this coupling is reduced. Their study
system uses N2a neuroblastoma cells expressing mutant
SOD1. They report reduced calcium uptake into mitochondria
and increased cytosolic calcium. Cytosolic ATP levels are
decreased as well, possibly reducing critical cellular functions.

Another perspective on SOD1 in ALS is provided by
Carri and Cozzolino (2011) who evaluate data on SOD1 in
mitochondria. They note that the enzyme is mostly found in
the intermembrane space but some is in the matrix as well
as on the cytoplasmic face of the outer membrane. An
important question is how SOD1 reaches the internal spaces
since it lacks either an N-terminal or internal targeting
sequence. It is likely that the copper chaperone CCS enters
the mitochondrion first followed by SOD1 through the
Erv1/Mia40 oxidative folding mechanism. (SOD1 has 4
cysteine residues.) The level of SOD1 mutant protein is
increased in mitochondria. This could either reflect

Fig. 1 Metallic photograph of Baseball Legend Henry Lou Gehrig
purchased by the editor (Peter L. Pedersen) of this journal (Journal of
Bioenergetics and Biomembranes) from the National Baseball Hall of
Fame and Museum, Cooperstown, New York. It should not be
replicated for distribution, and all requests for a Metallic copy should
be made directly to the National Baseball Hall of Fame and Museum
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increased transport in or trapping inside. In the latter
situation, alternative folding of the mutant protein could
decrease its mobility once inside and subjected to oxidation.
Such SOD1 accumulation (and likely dysfunction) could then
lead to altered mitochondrial function, altered structure and
even apoptosis. An additional possibility is that this could
cause altered transcription and/or mRNA splicing of a select
group of proteins essential for neurons.

The centrality of mitochondrial dysfunction in ALS now
opens several pathways for more detailed analysis. To date,
no successful therapeutic strategies have emerged but
clarification of details in this important subset of individ-
uals (those whose ALD reflects SOD1 mutation[s]) is a
promising area for further study.
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