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Degenerative processes within the nervous system are common
features in disease entities such as dementia of Alzheimer type
(DAT), Parkinson disease (PD), and amyotrophic lateral scle-
rosis (ALS). ALS is a neurodegenerative disease with unknown
etiology; widespread muscle wasting and respiratory failure
lead to death within a few years. Denervation can be detected
with electromyography and axonal deterioration monitored by
motor unit number estimates. Several suggestions about the
cause of ALS have emerged but no solid theory has yet
precipitated. Lead or mercury exposure has been suggested.
Exposure data alone cannot support this connection. Alter-
ations in metal kinetics may underlie the deterioration of motor
function observed in patients with ALS. In this review the role of
metals In motor neuron disease Is discussed. Both classic
studies on exposure and recent understanding of metal binding
proteins are considered. Aspects of peak exposure and
excretion are merged toward an understanding of metal
dynamics in ALS. An overview of chemical and electrophysio-
logical investigations is given in the context of neurodegenera-
tion. Exp Biol Med 231:1481-1487, 2006
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Introduction

Amyotrophic lateral sclerosis (ALS) can be considered
a model disorder for neurodegeneration. Deterioration of
anterior horn cells in the spinal cord leads to loss of muscle
strength and respiratory problems, with fatal outcome. Both
genetic and environmental etiologies to ALS have been
discussed. Animal models exist for genetic forms of ALS, as
well as evidence for various exposures in connection with
the disease. Oxidative damage to proteins has been
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proposed to cause ALS. Adverse effects of metals exhibit
symptoms similar to those of ALS. Genetic variations in the
metalloproteins and some enzymes responsible for handling
and excretion of metals may account for the differences in
disease development among individuals suffering from
similar metal exposure. The role of the small metal-
lothionein (MT) protein is discussed.

Clinical Features of ALS

ALS affects the spinal cord with an indolent and slow
degradation of anterior horn cells and, subsequently, brain
motor cortex cells. Progressive weakness and wasting of
limb muscles is followed by respiratory problems, and the
patient succumbs due to respiratory failure. Survival time
from diagnosis is around 30 months without artificial
ventilation, peak age of onset is 54 years, average time from
onset to diagnosis is 14 months, and the incidence of ALS
worldwide is 2/100,000. Verified epidemiologic data over 2
decades indicate an increasing incidence and prevalence of
ALS (1).

Theories of Proposed Etiologies of ALS

A disorder with an invariably lethal course that is
resistant to all possible forms of therapeutic intervention
evokes many theories conceming etiology. An electro-
physiological understanding of the pathological physiolog-
ical mechanisms underlying the disorder is necessary in
etiological discussions (2). Environmental causes have been
discussed for many decades (3). Despite a massive world-
wide scientific effort, few substantial clues have emerged
since the original description by Charcot more than a
century ago (4).

Genetic Factors. ALS has been described as a
number of illnesses defined from the time of onset to fatal
outcome. Familial ALS (FALS) seems to be the most
rapidly developing form, and a genetic factor has been
considered. Genetic alterations affecting the copper/zinc
(Cu/Zn) superoxide dismutase (SOD) protein accounts for
about 10% of ALS cases described as FALS. More than 90
individual mutations in SODI have been described as being
responsible for FALS (5). No evidence exists for genetic
causes of sporadic ALS, which has shown a steadily
increased mortality frequency throughout the century (6).
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This increase may reflect increased awareness and improved
access to diagnostic facilities such as electromyography
(EMG). The increase is, however, of a magnitude that
excludes genetic migration and has been interpreted from
epidemiologic data alone to support an environmental
etiology (1).

Viral. Viral etiologies have been thoroughly inves-
tigated. Herpes virus type 8 has been associated with ALS in
some studies, although these links remain to be proven.
Recent efforts to detect enterovirus, including poliovirus in
ALS by reverse transcription—polymerase chain reaction,
have failed. An association between some motor neuron
diseases and human immunodeficiency virus (HIV) infec-
tion is not coincidental, but pathogenetically related and
ALS-like disorders may perhaps be considered an HIV-
related neurological complication (7).

Inflammatory. Inflammatory etiologies, including
microglial activation, have been proposed. In particular,
the actions of cyclo-oxygenase-2 and prostaglandins in
central nervous system (CNS) inflammation have recently
gained much attention. Prostaglandins act as anti-inflam-
matory molecules to reduce the production of nitric oxide
and proinflammatory cytokines, and to increase the
expression of anti-inflammatory cytokines (8, 9). Similar-
ities between ALS and multiple sclerosis (MS) have been
emphasized by some authors who discuss common
mechanisms of axonal degradation (10). A high correlation
between mortality due to MS and ALS exist as judged from
Swedish epidemiological data (11); however, no common
etiopathological theory has emerged.

Oxidative Damage. Postmortem studies have pro-
posed oxidative injury by oxidative damage to proteins,
lipids, and DNA, although the initiating causes of these
events have not been identified (12).

Toxic Agents. Toxic substances of many kinds have
been suggested to cause ALS, including pesticides and
herbicides, rotenone, cocaine, amphetamine, and electrical
injury, as well as cockpit occupation (13). However, a recent
study by the ALS CARE study group could not confirm
heavy metal exposure at work as a significant risk factor for
ALS (13).

Several other etiological aspects have emerged, includ-
ing affections of cell organelles. In summary, the evidence
for persistent viral infection, glutamate-mediated excitotox-
icity, oxidative stress, altered neurofilament and peripherin
expression, disrupted axonal transport, neurotrophin defi-
ciency, and mitochondrial alterations may all need consid-
eration. As yet, no consensus has been achieved on the
mechanisms that lead to selective motor neuron death, and
the underlying causes are still unknown for the vast majority
of patients. Further clues about genetic susceptibility and
environmental triggers are urgently needed to increase
knowledge about the pathogenesis, which may help in the
development of prevention and more effective treatment for
ALS (14).

ROOS ET AL

Metal Metabolism in Dementia of Alzheimer-Type
and in Parkinson Diseases

Progressive cognitive impairment is characteristic in
dementia of Alzheimer-type (DAT). Pathological changes
include extensive neuronal loss and the presence of
neurofibrillary tangles and senile plaques in the brain. The
senile plaques contain amyloid fibrils derived from a 39- to
43-amino acid peptide referred to as beta-amyloid, or
Abeta. In some cases DAT is believed to be an accelerated
form of aging in which a number of specific sites of the
brain have in some individuals been damaged due to
production of free radicals formed during normal metabo-
lism impaired by metals. The brain would thus then be more
susceptible due to low concentrations of antioxidants.

Copper and iron levels both show marked increases
with age and may adversely interact with the Abeta peptide
causing its aggregation as well as production of neurotoxic
hydrogen peroxide (H,0,), contributing to the pathogenesis
of DAT. Amyloid precursor protein possesses copper/zinc
binding sites in its amino-terminal domain and in the Abeta
domain. In patients with DAT, a 3-fold increase in oxidative
damages of mitochondrial DNA compared with that of
healthy subjects has been noted. Influences from exposure
to certain metals such as aluminum and lead have been
suggested. Metals can cause reactive oxidative stress, which
can damage DNA, enzyme systems, and cellular mem-
branes. An increased concentration of copper in cerebro-
spinal fluid (CSF) but a normal concentration in plasma has
been found in some patients with Alzheimer disease (15).
Metal-protein interactions have been pointed out in the
discussion of DAT pathogenesis. Redox active metals such
as copper, iron, and zinc are involved in the pathophysiol-
ogy of Alzheimer disease. Transition metal imbalances in
the brain of patients with Alzheimer disease, such as
decreased copper and increased iron, zinc, and manganese
have been reported. Iron and copper concentrations increase
with normal aging in several tissues (e.g., brain), but zinc
levels show either a slight decrease or they remain
unchanged. Recent developments in magnet resonance
spectroscopy have been useful in measuring metal contents
in the human brain (16). This may contribute to a better
understanding of the roles of metals.

Parkinson disease has been suggested to be related to
disturbed metabolism of manganese. Parkinson-like symp-
toms have been described in association with an accumu-
lation in the brain of manganese from inhalation of
manganese-containing dust (17). [''C}-nomifensine was
reduced within the striatum of monkey following sc
injections of manganese oxide. This supports the suggestion
that dopaminergic nerve endings degenerate during man-
ganese intoxication (18). Iron dysregulation and deviations
in the metabolism of copper have also been discussed in
connection with Parkinson disease.
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Diagnosis of ALS by Electrophysiological Methods

Early signs of axonal degradation can be detected with
electrophysiological methods. Both measurements of motor
nerve conduction velocities and motor amplitudes and EMG
are needed for proper diagnosis. In EMG, a 0.9-mm-
diameter concentric needle electrode is inserted into a
skeletal muscle. Muscle action potentials are amplified and
measured continuously during weak and strong muscle
contractions, and in the resting state. From the configu-
ration, frequency, amplitude, and duration of the muscle
action potentials detailed conclusions concerning muscle
and nerve function can be drawn. EMG confirms and
documents the existence of fibrillation potentials and
positive sharp waves as objective measures of denervation
in ALS. These potentials often can be documented many
months or even years before clinical onset of the disorder.
Fasciculation potentials may also be recorded and docu-
mented with EMG well before clinical fasciculation is noted
by the patient. Later in the course of ALS reinnervation
occurs simultaneously with denervation. Both denervation
and reinnervation can be documented and quantified with
EMG. For adequate diagnosis and exclusion of differential
diagnoses, sampling of several muscles from different levels
of the nervous system, including cranial nerve innervated
muscles, is necessary.

Motor nerve conduction velocities are unaffected, as are
motor amplitudes in early stages of the disease. Sometimes
the early anterior hom cell degradation can be spotted by
reduced persistence and prolonged latencies in the F
responses from motor nerves (19). Sensory nerve con-
duction velocities and amplitudes are unaffected throughout
the disease.

With disease progression motor amplitudes are reduced
in concert with visible muscle wasting and reduced muscle
strength. Clinical evaluation using the standardized Arlie-
House criteria of diagnosis (20) can define disease stages.
Torque measurements of muscle strength and respiratory
function evaluations may also be applied. Estimates of the
number of surviving motor units at a given time can be
calculated. Motor unit number index (Munix) (21) is useful
for monitoring disease progression and may to a limited
extent aid in prognostic considerations. Munix can also be
used to quantify effects of drug trials in ALS.

Among differential diagnoses, multifocal motor neuro-
pathy with conduction block (MMN), motor axonal
polyneuropathy, and late stages of myopathy are those
most often considered. No biochemical markers for the
disease exist and the diagnosis thus relies on combined
clinical and electrophysiological data.

ALS Is a Multisystem Disorder

In addition to the obvious muscle atrophy and signs of
denervation found in electromyographic investigations,
pathological changes from other organ systems have been
observed in ALS. The skin of patients loses elastic

1483

properties compared with that of controls. Dermal changes
with atrophy of the epidermal layer, separated collagen
fibrils, and accumulation of amorphous material between
collagen bundles have been observed in ALS and correlated
with aluminum exposure (22). Several authors report
changes in microglia activation and expression of cytokines
related to the immune system (9, 23). Alimentary problems
are not common among patients with ALS; however,
evidence exists of specific but mild liver dysfunction. At the
ultrastructural level changes in hepatocyte mitochondria and
the existence of paracrystalline inclusions have been found
in ALS (24). Psychiatric symptoms are not frequent in ALS
and depression is not found, neither at onset nor in late
stages of the disease. However, combined single photon
emission computed tomography and memory test studies
have unveiled subtle neuropsychological deficits in patients
affected by ALS without dementia. Selective impairment of
memory function has been reported, but the source of
memory impairment in ALS has yet to be defined (25).
Cognitive impairment is sometimes present in ALS and has
been described as a pathological continuum underlying a
multisystem disorder (26).

At a microscopic level several cell systems in different
organs seem to be affected in ALS, which lends support to
the concept of ALS as a multisystem disorder. Environ-
mental exposure to agents accumulating in tissues over time
sometimes gives rise to multisystem affections. Genetic
variations impairing metal ion absorption, distribution, and
excretion from cells may modify these accumulations. The
possibility of alterations of metalloproteins and disturbances
of their functions in hepatocytes warrants further inves-
tigations into hepatic metal kinetics in ALS.

Role of Metals in Neurodegenerative Disorders

Metals are key constituents of well-characterized
metalloproteins such as hemoglobin, ceruloplasmin, and
ferritin. They are often bound to protein via sulphydryl
groups of amino acids such as cysteine and methionine.
Body stores and the concentrations of metals such as zinc
and iron in cells and body fluids are well regulated and
essential to protein function, notably of enzymes. Barriers to
metal entry into the nervous system exist both at the Ievel of
the blood-brain barrier and the barrier between blood and
cerebrospinal fluid (CSF; Ref. 27). CSF may be considered
an ultrafiltrate of blood and thus contains extracellular fluid
surrounding the spinal cord, which is vital to the function of
anterior homn cells. Some data exist on the metal concen-
trations in CSF (15, 28). Metals without known physio-
logical functions in humans but with described neurotoxic
effects are mercury and lead.

Metal accumulation may cause symptoms in the
nervous system. Known examples are copper accumulation
in the liver and nervous system in Wilson disease (28) and
increased iron concentration in the brain in hemochroma-
tosis (16). Such changes in metal concentrations may be
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secondary to disturbed metal kinetics and protein binding.
Excess lithium causes epileptiform discharges. Parkinson
disease has been associated with exposure to manganese.
Metalloproteins such as lactotransferrin are present in
pathological lesions in some neurodegenerative disorders
such as DAT, ALS, and also Down syndrome (30).
Lactotransferrin binds and transports iron; aluminum may
partly substitute iron, and in this context it may be noted that
iron is essential for myelin formation. Feeding mice excess
aluminum in the diet has been shown to cause neuronal loss
in the spinal cord and brain (31). Intrathecal administration
to rabbits of low doses aluminum produced ultrastructural
changes in the spinal cord that were indistinguishable from
those found in ALS (32). Copper and iron, both redox active
metals, play important roles in many enzymes. Reactive
oxygen species production will result in cellular toxicity if
the concentrations of these metals are not strictly regulated.
Such regulation is known as homeostasis, and provides
stable concentrations of metal in cellular compartments over
time. Proteins involved in Abeta production have binding
sites for some of the mentioned metals and may interact
with copper homeostasis.

Role of Metallothionein

MT is a low-molecular-weight protein (6-7 kDa)
capable of binding seven metals such as zinc, cadmium,
mercury, and copper through 20 cysteinyl groups per
molecule. MT thus has an unusually high metal binding
capacity. MTs consist of four major forms. MT-1 and MT-2
are present in most tissues, and MT-3 is specifically present
in parts of the brain, whereas MT-4 is found in stratified
epithelium. MT is an excellent biomarker for excessive
uptake and exposure to metal (33).

MT-1 and MT-2 have been suggested to act as a zinc
donor in biological functions. It seems probable that metal
ions are exchangeable, and ions with higher affinity to MT
cysteinyl residues may substitute for the already bound
metal jons. Such dynamics may in pathogenesis account for
some of the effects of metal multiexposure. The influence of
MTs in the kinetics of metals such as cadmium, zinc, and
copper is well known (34). Zinc translocated from proteins
into the extracellular space may be toxic to neurons (35).
However, the importance and role of MTs in the nervous
system for zinc homeostasis (35) and for other metals needs
to be further investigated.

MT-3 has so far only been identified with zinc as a
metal component. MT-3 has not been shown to be
inducible, in contrast to the other MTs. MT-3 decreases in
patients with DAT and its specific role could be involve-
ment in the formation of plaques observed in subjects with
DAT. Abeta interacts with copper, iron, and zinc, and
increased concentrations of reactive oxygen species can
result from this interaction.

MT is a small protein with proposed functions in metal
detoxification and metal storage by sequestering metals. In a
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mouse model of experimental inflammatory encephalitis
MT has anti-inflammatory properties (36). MT production is
induced by metals such as cadmium and zinc, preventing the
acute toxic effects of these metals. MT messenger RNA
(mRNA) concentration is accordingly a useful marker for
metal toxicity (37). In brain tissue, MT concentrations are
low in the uninduced state; however, metal exposure and a
variety of other inducers, including cortical injury, cause an
increase in MT immunoreactivity in rat neocortex (38).
Enhanced immunoreactivity to MT is found at the edges of
scratches in astrocyte cultures.! MT seems to have a
protective role in the CNS (39). In animal models these MT
responses to neuronal injury are paralleled by an increase in
MT activity in neurodegenerative states (40).

The homeostasis of metals in the nervous system is
regulated by numerous metal-inducible genes. About 1500
such genes have been identified, including the genes
regulating MT synthesis. The cascades that control metal-
inducible transcription of genes coding for MT have
recently been identified (41). Metals of the groups 1B, 2B,
and 5A in the periodic table of elements are inducers of the
MT gene response, with cadmium being the most powerful
one. A universal gene-response to metal exposure seems to
be present and important for metal homeostasis.

Routes of Metal Uptake into the Nervous System

Metals may enter the nervous system by many routes
such as inhalation, digestion, skin absorption, and retrograde
axonal transport.

Inhalation of labeled mercury vapor (2°3Hg°) in a dose
of 8.5 pmol/kg body weight in primates leads to absorption
and distribution to internal organs. The metal is absorbed at
around 80% and passes the blood-brain barrier. It has been
detected by autoradiography in tissue slices with uneven
distribution in the nervous system with uptake in the cortical
brain, the spinal ganglia, and peripheral nerves (42). Recent
re-evaluations of autoradiography documentation (42) with
a new focus on the spinal cord has unveiled that after
inhalation of mercury vapor the metal accumulated not only
in the intemal organs including liver and kidneys, but also in
the spinal cord. It was more abundant in the central parts of
the cord. Metal atoms inhaled in very low concentrations
entering the blood from the lung could, in addition, be found
at the location of the anterior hom cells in the spinal cord.?
The distribution of metal ions differs from that of atomic
metals, Mercury is rapidly absorbed into many tissues and
may undergo oxidation to divalent ions. These ions are
bound to sulfhydryl groups of various enzymes and other
proteins including blood albumin (43).

Intranasal administration of ionized manganese in
microgram doses to rats and subsequent analysis of various
markers for astrocytic protein damage indicated that

! West AK. Personal communication.
2 Roos PM. Inhaled metal vapor can reach anterior hom cells in the spinal cord. In
preparation.
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astrocytes are initial targets of manganese toxicity in the
CNS (44). Administration of ions of nickel or mercury or
cobalt through the same olfactory pathway showed
distribution of metal in the brain (45-47). It seems to be a
difference in the penetration of these different metals in that
mercury sticks in the olfactory bulbs, whereas manganese
passes transneuronally to secondary and tertiary olfactory
neurons in the brain. Exposure of the olfactory epithelium to
cadmium ions results in induction of MT in the primary
olfactory neurons and a transport of the metal in these
neurons as a cadmium-MT complex (48). Pulmonary
exposure to metal dust containing manganese may lead to
Parkinson-like symptoms (17).

The enteric uptake of metal is highly variable for
different metals. Exposure often includes food with elevated
metal content such as fish. Dental fillings with mercury have
been shown to release mercury to the gastrointestinal tract
with swallowed saliva. Accumulation of methyl mercury in
seafood chains ultimately arriving in the astrocytes of our
CNS is also well described (49).

Methy] mercury applied as a liquid locally to the skin
spreads to the CNS and causes cerebellar symptoms. Minute
amounts of methyl mercury can result in devastating
neurological damage and death (50).

Retrograde axonal transport has been demonstrated for
horseradish peroxidase and central projections of axons are
thoroughly studied by this method. The same entry route is
open for metal jons as demonstrated by applying 1 ul of
mercuric chloride solution to the exposed coronal pulp and
detecting the metal by autometallography from the trigemi-
nal ganglion (51). Radioactively labeled nickel is trans-
ported at a speed of 0.13 mm/hr in primary olfactory
neurons (48). By retrograde axonal transport at this slow
speed metal may accumulate in remote projections originat-
ing from metal deposits in various tissues.

Noxious substances might be taken up in skeletal
muscle through the motor end plates and transported
through retrograde axoplasmic flow to the lower motor
neurons. This entry route was investigated in experiments in
humans in which the transcapillary escape of ['**I]labeled
albumin was determined in patients with ALS and compared
with controls. No elevated escape was detected. Neither did
the binding of lead to albumin differ between patients with
ALS and controls. However, elevated concentrations of lead
have been found in CSF and blood plasma compared with
concentrations in controls (52).

One single metal may gain access to the nervous system
from several routes simultaneously (53).

In a limited study we performed detailed interviews of
patients with ALS and controls concerning significant metal
exposure. A well-defined cohort (n = 14) using the
standardized Arlie House criteria (20) was studied. The
results indicated increased metal exposure during the
lifetime in subjects suffering from ALS compared with
controls (54). This study will be expanded.
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Variations in Metal Metabolism and Excretion

Most toxic metals form covalent bonds with proteins.
Such metals are excreted via kidneys or liver (or both)
bound to protein. Measurements of free metal ions in blood
in cases of neurodegenerative disorders are often negative.
Such studies typically have measured metal concentrations
in whole blood or serum. Blood samples often show low
metal concentrations in the red blood cell fraction, and even
lower in the plasma fraction where metal is bound to plasma
proteins, notably albumin.

Concentrations of MTs in the liver are induced in
response to metal exposure. MT is present in elevated
concentrations in kidney and liver of patients with ALS
compared with controls (55). MT immunoreactivity is
increased in the spinal cord of patients with ALS (56).
MT mRNA is also expressed in cerebral cortex and the
spinal cord (57).

It seems possible that genetic variation in inducibility
and functions of these and other metalloproteins contribute
to variations in excretion of metal from cells within the
nervous system.

We propose that ALS is caused by adverse metal effects
toward motor axons within the nervous system in a situation
with altered protective function from some metalloproteins,
notably MTs. This proposal is based on classic studies on
metal exposure in ALS as well as recent data on MT
function as indicated in this review.

Further studies on metals in ALS etiology should be
directed toward the role of MTs and metal metabolism and
excretion from different cells within the nervous system.

Metal Multiexposure and Synergistic Effects

Along with the rising awareness that certain metal ions
may be toxic to the nervous system, some ions have been
proposed as the causative agent in ALS. Evidence exists
linking ALS to excess exposure to aluminum (58), cadmium
(59), copper (60), iron (61), lead (52), manganese (62),
mercury (51), and silica (63). These elements may be found
in the air, soil, drinking water, dental fillings, food, and
through occupational exposures of various kinds. They have
different ways of entrance into the nervous system.
Considering the complex nature of environmental and
occupational metal exposure in the industrial world it is
less likely that one single element could be responsible for
all the diverse types of tissue damage in ALS, both at the
cellular level and at the ultrastructural level, described in
this review. A multimetal exposure situation may more
accurately describe damage to nerve cells. Synergistic
effects from many elements and failure of natural protection
need attention. The MT dynamics allow for exchange of
metal ions in MT molecules that regulate storage and
distribution of metals (64). The proteins involved in
binding, distribution between tissues, and storage and
excretion of metals include SODI1, MT, glutathione,
lactotransferrin, and many others, quite specific for each
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element. Taken together they account for considerable
normal variation within the tissue and cell distribution of
metal as well as metal excretion efficiency. Genetic
variation may also cause disturbances in metal kinetics as
shown in the copper/zinc SOD1 models and in the variable
induction of MTs in response to different metal ions. If the
protective function of MT is decreased, vulnerable neurons
may become open to damage from adverse effects by certain
metals. The normal variation in metalloprotein function
needs consideration and may account for the fact that ALS
is still a rare disorder despite large parts of the global
population being exposed to many metals from occupational
and environmental sources.

Conclusions

Neurodegenerative disorders account for an increasing
morbidity worldwide. Our interest is in ALS as a model for
neurodegeneration. Its etiology is unknown despite consid-
erable scientific effort. Genetic variations in metal metab-
olism and Kinetics as well as environmental and
occupational exposure to metals need attention in unveiling
the etiology of ALS. Recent findings in chemistry and
biological functions of metalloproteins are of interest in this
context. Neurophysiological methods combined with bio-
chemical studies provide data for proper understanding of
the pathogenesis of ALS. Determination of metal concen-
trations in CSF is needed for an improved understanding of
axonal damage in neurodegenerative disorders. Studies on
proteins, notably MTs, in CSF, may give important
information in motor neuron disorders.

1. Lilienfeld DE, Chan E, Ehland J, Godbold J, Landrigan PJ, Marsh G,
Perl DP. Rising mortality from motoneuron disease in the USA, 1962-
84. Lancet 1:710-713, 1989.

2. Eisen A. Amyotrophic lateral sclerosis is a multifactorial disease.
Muscle Nerve 18:741-752, 1995,

3. Mitchell JD. Amyotrophic lateral sclerosis: toxins and environment.
Amyotroph Lateral Scler Other Motor Neuron Disord 1:235-250, 2000.

4. Charcot. Sclerose de cordons lateraux de la moelle epinere chez femme
hysterique atteinte de contracture peranemte des quatre membres. Bull
Soc Med Hop Paris 2:24-42, 1865.

5. Valentine JS. Do oxidatively modified proteins cause ALS? Free Radic
Biol Med 33:1314-1320, 2002.

6. Kurtzke JF. Epidemiology of amyotrophic lateral sclerosis. Adv Neurol
36:281-302, 1982.

7. Moulignier A, Moulonguet A, Pialoux G, Rozenbaum W. Reversible
ALS-like disorder in HIV infection, Neurology 57:995-1001, 2001.

8. Tzeng SF, Hsiao HY, Mak OT. Prostaglandins and cyclooxygenases in
glial cells during brain inflammation. Curr Drug Targets Inflamm
Allergy 4:335-340, 2005.

9. Holmoy T, Roos PM, Kvale EO. Amyotrophic lateral sclerosis:
cytokine profile of cerebrospinal fluid T cell clones. In; Amyotrophic
Lateral Sclerosis and Other Motor Neuron Disorders. Abingdon, UK:
Taylor and Francis Health Sciences. In press.

10. Coleman MP, Adalbert R, Beirowski B. Neuroprotective strategies in
MS: lessons from CS7BL/WId(S) mice. J Neurol Sci 233:133-138,
200S.

11. Landtblom AM, Riise T, Boiko A, Soderfeldt B. Distribution of

12.

14.

I5.

16.

17.

18.

19.

20.

2L

22.

23.

25.

26.

27.

28.

29.
30.

ROOS ET AL

multiple sclerosis in Sweden based on mortality and disability
compensation statistics. Neuroepidemiology 21:167-179, 2002.

Agar J, Durham H. Relevance of oxidative injury in the pathogenesis of
motor neuron diseases. Amyotroph Lateral Scler Other Motor Neuron
Disord 4:232-242, 2003.

. Brooks BR. Risk factors in the early diagnosis of ALS: North American

epidemiological studies. ALS CARE Study Group. Amyotroph Lateral
Scler Other Motor Neuron Disord 1(Suppl 1):S19-826, 2000.

Shaw CE, Al Chalabi A, Leigh N. Progress in the pathogenesis of
amyotrophic lateral sclerosis. Curr Neurol Neurosci Rep 1:69-76,
2001.

Basun H, Forssell LG, Wetterberg L, Winblad B. Metals and trace
elements in plasma and cerebrospinal fluid in normal aging and
Alzheimer’s disease. J Neural Transm Park Dis Dement Sect 3:231-
258, 1991.

Haacke EM, Cheng NY, House MJ, Liu Q, Neelavalli J, Ogg RJ, Khan
A, Ayaz M, Kirsch W, Obenaus A. Imaging iron stores in the brain
using magnetic resonance imaging. Magn Reson Imaging 23:1-25,
2005.

Dobson AW, Erikson KM, Aschner M. Manganese neurotoxicity. Ann
N Y Acad Sci 1012:115-128, 2004.

Eriksson H, Tedroff J, Thuomas KA, Aquilonius SM, Hartvig P, Fasth
KJ, Bjurling P, Langstrom B, Hedstrom KG, Heilbronn E. Manganese
induced brain lesions in Macaca fascicularis as revealed by positron
emission tomography and magnetic resonance imaging. Arch Toxicol
66:403-407, 1992.

Swash M, de Carvalho M. The neurophysiological index in ALS.
Amyotroph Lateral Scler Other Motor Neuron Disord 5(Supp} 1):108-
110, 2004,

World Federation of Neurology Research Group on Neuromuscular
Diseases Subcommittee on Motor Neuron Disease. Airlie House
guidelines. Therapeutic trials in amyotrophic lateral sclerosis. Airlie
House “Therapeutic Trials in ALS” Workshop Contributors. J Neurol
Sci 129(Suppl):1-10, 1995.

Nandedkar SD, Nandedkar DS, Barkhaus PE, Stalberg EV. Motor unit
number index (MUNIX). IEEE Trans Biomed Eng 51:2209-2211,
2004,

Ono S, Nagao K, Yamauchi M. Amorphous material of the skin in
amyotrophic lateral sclerosis: a morphologic and biochemical study.
Neurology 44:537-540, 1994.

Puttaparthi K, Elliott JL. Non-neuronal induction of immunoprotea-
some subunits in an ALS model: possible mediation by cytokines. Exp
Neurol 196:441-451, 2005,

. Nakano Y, Hirayama K, Terao K. Hepatic ultrastructural changes and

liver dysfunction in amyotrophic lateral sclerosis. Arch Neurol 44:103—
106, 1987.

Mantovan MC, Baggio L, Dalla BG, Smith P, Pegoraro E, Soraru G,
Bonometto P, Angelini C. Memory deficits and retrieval processes in
ALS. Europ J Neurol 10:221-227, 2003.

Wilson CM, Grace GM, Munoz DG, He BP, Strong MJ. Cognitive
impairment in sporadic ALS: a pathologic continuum underlying a
multisystem disorder. Neurology 57:651-657, 2001.

Zheng W, Aschner M, Ghersi-Egea JF. Brain barrier systems: a new
frontier in metal neurotoxicological research. Toxicol Appl Pharmacol
192:1-11, 2003.

Hershey CO, Hershey LA, Vames A, Vibhakar SD, Lavin P, Strain
WH. Cerebrospinal fluid trace element content in dementia: clinical,
radiologic, and pathologic correlations. Neurology 33:1350-1353,
1983,

El-Youssef M. Wilson disease. Mayo Clin Proc 78:1126-1136, 2003.
Leveugle B, Spik G, Perl DP, Bouras C, Fillit HM, Hof PR. The iron-
binding protein lactotransferrin is present in pathologic lesions in a
variety of neurodegenerative disorders: a comparative immunohisto-
chemical analysis. Brain Res 650:20-31, 1994.



3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

45.

46.

47.

METALS IN MOTOR NEURON DISEASES

Kihira T, Yoshida S, Yase Y, Ono 8, Kondo T. Chronic low-Ca/Mg
high-Al diet induces neuronal loss. Neuropathology 22:171-179, 2002.
Wakayama I, Nerurkar VR, Strong MJ, Garruto RM. Comparative
study of chronic aluminum-induced neurofilamentous aggregates with
intracytoplasmic inclusions of amyotrophic lateral sclerosis. Acta
Neuropatho! (Berl) 92:545-554, 1996.

Nordberg GF, Jin T, Leffler P, Svensson M, Zhou T, Nordberg M.
Metallothioneins and diseases with special reference to cadmium
poisoning. Analysis 28:396-400, 2000.

Nordberg M, Nordberg GF. Toxicological aspects of metallothionein.
Cell Mol Biol (Noisy-le-grand) 46:451-463, 2000.

Frederickson CJ, Koh JY, Bush Al The neurobiology of zinc in health
and disease. Nat Rev Neurosci 6:449-462, 2005.

Penkowa M, Hidalgo J. Metallothionein treatment reduces proinflam-
matory cytokines IL-6 and TNF-alpha and apoptotic cell death during
experimental autoimmune encephalomyelitis (EAE). Exp Neurol 170:
1-14, 2001.

Lu J, Jin T, Nordberg GF, Nordberg M. The application of
metallothionein (MT) gene expression in peripheral blood lymphocytes
(PBLs) as a biomarker of cadmium exposure. Biometals 17:569-570,
2004.

Chung RS, Adlard PA, Dittmann J, Vickers JC, Chuah MI, West AK.
Neuron-glia communication: metallothionein expression is specifically
up-regulated by astrocytes in response to neuronal injury. J Neurochem
88:454-461, 2004,

West AK, Chuah MI, Vickers JC, Chung RS. Protective role of
metallothioneins in the injured mammalian brain. Rev Neurosci 15:
157-166, 2004.

Dittmann J, Fung SJ, Vickers JC, Chuah MI, Chung RS, West AK.
Metallothionein biology in the ageing and neurodegenerative brain.
Neurotox Res 7:87-93, 2005.

Saydam N, Adams TK, Steiner F, Schaffner W, Freedman JH.
Regulation of metallothionein transcription by the metal-responsive
transcription factor MTF-1: identification of signal transduction
cascades that control metal-inducible transcription. J Biol Chem 277:
20438-20445, 2002.

Khayat A, Dencker L. Organ and cellular distribution of inhaled
metallic mercury in the rat and Marmoset monkey (Callithrix jacchus):
influence of ethyl alcohol pretreatment. Acta Pharmacol Toxicol
(Copenh) 55:145-152, 1984.

Cherian MG, Hursh IB, Clarkson TW, Allen J. Radioactive mercury
distribution in biological fluids and excretion in human subjects after
inhalation of mercury vapor. Arch Environ Health 33:109-114, 1978.

. Henriksson J, Tjalve H. Manganese taken up into the CNS via the

olfactory pathway in rats affects astrocytes. Toxicol Sci 55:392-398,
2000.

Henriksson J, Tjalve H. Uptake of inorganic mercury in the olfactory
bulbs via olfactory pathways in rats. Environ Res 77:130~140, 1998.
Henriksson J, Tallkvist J, Tjalve H. Uptake of nickel into the brain via
olfactory neurons in rats. Toxicol Lett 91:153-162, 1997.

Persson E, Henriksson J, Tjalve H. Uptake of cobalt from the nasal
mucosa into the brain via olfactory pathways in rats. Toxicol Lett 145;
19-27, 2003.

48.

49.

50.

51,

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

1487

Tallkvist J, Persson E, Henriksson J, Tjalve H. Cadmium-metal-
lothionein interactions in the olfactory pathways of rats and pikes.
Toxicol Sci 67:108-113, 2002.

Shanker G, Syversen T, Aschner M. Astrocyte-mediated methylmer-
cury neurotoxicity. Biol Trace Elem Res 95:1-10, 2003.

Siegler RW, Nierenberg DW, Hickey WF. Fatal poisoning from liquid
dimethylmercury: a neuropathologic study. Hum Pathol 30:720-723,
1999.

Arvidson B. Inorganic mercury is transported from muscular nerve
terminals to spinal and brainstem motoneurons. Muscle Nerve 15:
1089-1094, 1992,

Conradi S, Ronnevi LO, Nise G, Vesterberg O. Abnormal distribution
of lead in amyotrophic lateral sclerosis—reestimation of lead in the
cerebrospinal fluid. J Neurol Sci 48:413-418, 1980.

Clarkson TW. The three modem faces of mercury. Environ Health
Perspect 110(Suppl 1):11-23, 2002,

Roos PM, Nordberg M, Vesterberg O. Metals in motor neuron
disorders. Presented at the 5th International Conference on Metal-
lothionein, October 8-12, 2005, Beijing, China.

Sillevis Smitt PA, van Beek H, Baars AJ, Troost D, Louwerse ES,
Krops-Hermus AC, de Wolff FA, de Jong JM. Increased metal-
lothionein in the liver and kidney of patients with amyotrophic lateral
sclerosis. Arch Neurol 49:721-724, 1992,

Sillevis Smitt PA, Blaauwgeers HG, Troost D, de Jong JM.
Metallothionein immunoreactivity is increased in the spinal cord of
patients with amyotrophic lateral sclerosis. Neurosci Lett 144:107-110,
1992.

Blaauwgeers HG, Anwar Chand M, van den Berg FM, Vianney de
Jong JM, Troost D. Expression of different metallothionein messenger
ribonucleic acids in motor cortex, spinal cord and liver from patients
with amyotrophic lateral sclerosis. J Neurol Sci 142:39-44, 1996.
Kihira T, Yoshida S, Kondo T, Yase Y, Ono S. ALS-like skin changes
in mice on a chronic low-Ca/Mg high-Al diet. J Neurol Sci 219:7-14,
2004.

Bar-Sela S, Reingold S, Richter ED. Amyotrophic lateral sclerosis in a
battery-factory worker exposed to cadmium. Int J Occup Environ
Health 7:109-112, 2001.

Bergomi M, Vinceti M, Nacci G, Pietrini V, Bratter P, Alber D, Ferrari
A, Vescovi L, Guidetti D, Sola P, Malagu S, Aramini C, Vivoli G.
Environmental exposure to trace elements and risk of amyotrophic
lateral sclerosis: a population-based case-control study. Environ Res 89:
116-123, 2002.

Levenson CW. Trace metal regulation of neuronal apoptosis: from
genes to behavior. Physiol Behav 86:399-406, 2005.

Yase Y, Yoshida S, Kihira T, Wakayama 1, Komoto J. Kii ALS
dementia. Neuropathology 21:105-109, 2001.

Okamoto K, Morimatsu M, Hirai S, Ishida Y. Intracytoplasmic
inclusions (Bunina bodies) in amyotrophic lateral sclerosis. Acta Pathol
Jpn 30:591-597, 1980.

Nordberg M. Metallothioneins: historical review and state of knowl-
edge. Talanta 46:243-254, 1998.



