
Umeå University Medical Dissertations, New Series No 1421 

 

 

MISFOLDED SUPEROXIDE DISMUTASE-1  
IN AMYOTROPHIC LATERAL SCLEROSIS  

PER ZETTERSTRÖM 

 

Department of Medical Biosciences,  
Clinical Chemistry and Pathology 
Department of Pharmacology and  
Clinical Neuroscience 
Umeå 2011 



        
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © Per Zetterström 2011 

Responsible publisher under swedish law: the Dean of the Medical Faculty 
This work is protected by the Swedish Copyright Legislation (Act 1960:729) 
ISBN: 978-91-7459-215-3 
ISSN: 0346-6612 
Cover: (Misfolded) origami SOD1 mouse. 
E-version avaliable at http://umu.diva-portal.org/ 
Printed by: Arkitektkopia AB 
Umeå, Sweden 2011 



        
 

 

 

To RV and possibly others to come 

 
 
 
 

“There is nothing like looking, if you want to find something. You certainly 
usually find something, if you look, but it is not always quite the something

you were after.”
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Abstract 
Amyotrophic lateral sclerosis (ALS) is a disease in which the motor neurons die in a progressive 
manner, leading to paralysis and muscle wasting. ALS is always fatal, usually through respiratory 
failure when the disease reaches muscles needed for breathing. Most cases are sporadic, but 
approximately 5–10% are familial. The first gene to be linked to familial ALS encodes the 
antioxidant enzyme superoxide dismutase-1 (SOD1). Today, more than 160 different mutations 
in SOD1 have been found in ALS patients.  The mutant SOD1 proteins cause ALS by gain of a 
toxic property that should be common to all. Aggregates of SOD1 in motor neurons are 
hallmarks of ALS patients and transgenic models carrying mutant SOD1s, suggesting that 
misfolding, oligomerization, and aggregation of the protein may be involved in the pathogenesis. 
SOD1 is normally a very stable enzyme, but the structure has several components that make 
SOD1 sensitive to misfolding. The aim of the work in this thesis was to study misfolded SOD1 
in vivo. 

Small amounts of soluble misfolded SOD1 were identified as a common denominator in 
transgenic ALS models expressing widely different forms of mutant SOD1, as well as wild-type 
SOD1. The highest levels of misfolded SOD1 were found in the vulnerable spinal cord. The 
amounts of misfolded SOD1 were similar in all the different models and showed a broad 
correlation with the lifespan of the different mouse strains. The misfolded SOD1 lacked the C57-
C146 intrasubunit disulfide bond and the stabilizing zinc and copper ions, and was prinsipally 
monomeric. Forms with higher apparent molecular weights were also found, some of which 
might be oligomers. Misfolding-prone monomeric SOD1 appeared to be the principal source of 
misfolded SOD1 in the CNS. Misfolded SOD1 in the spinal cord was found to interact mainly 
with chaperones, with Hsc70 being the most important. Only a minor proportion of the Hsc70 
was sequestered by SOD1, however, suggesting that chaperone depletion is not involved in ALS. 

 SOD1 is normally found in the cytoplasm but can be secreted. Extracellular mutant SOD1 
has been found to be toxic to motor neurons and glial cells. Misfolded SOD1 in the extracellular 
space could be involved in the spread of the disease between different areas of the CNS and 
activate glial cells known to be important in ALS. The best way to study the interstitium of the 
CNS is through the cerebrospinal fluid (CSF), 30% of which is derived from the interstitial fluid. 
Antibodies specific for misfolded SOD1 were used to probe CSF from ALS patients and controls 
for misfolded SOD1. We did find misfolded SOD1 in CSF, but at very low levels, and there was 
no difference between ALS patients and controls. This argues against there being a direct toxic 
effect of extracellular SOD1 in ALS pathogenesis.  

In conclusion, soluble misfolded SOD1 is a common denominator for transgenic ALS model 
mice expressing widely different mutant SOD1 proteins. The misfolded SOD1 is mainly 
monomeric, but also bound to chaperones, and possibly exists in oligomeric forms also. 
Misfolded SOD1 in the interstitium might promote spread of aggregation and activate glial cells, 
but it is too scarce to directly cause cytotoxicity.  

 
Keywords: ALS, SOD1, protein misfolding, SOD1 conformation, disulfide-reduced, transgenic 
mice, cerebrospinal fluid, protein-protein interaction, antibodies  
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Preface 

Protein stability is vital for the function and turnover of all proteins. When the 
cellular systems for protein handling cease to function, the cell is doomed to death. 
SOD1 is one of the most stable proteins known. Still, we believe that misfolding of 
this rigid enzyme is important in the development of ALS. The work presented in 
this thesis aims to describe how misfolding of SOD1 is involved in ALS 
pathogenesis, primarily through examination of SOD1 in transgenic mouse models 
of the disease.  

This thesis is based on the following original papers, which will be referred to 
by their Roman numerals in the text: 

 
I. Zetterström P, Stewart HG, Bergemalm D, Jonsson PA, Graffmo KS, 

Andersen PM, Brännström T, Oliveberg M, Marklund SL. Soluble 
misfolded subfractions of mutant superoxide dismutase-1s are enriched 
in spinal cords throughout life in murine ALS models. Proc Natl Acad 
Sci U S A. 2007, 104:14157-62. 

 
II. Zetterström P, Graffmo KS , Andersen PM, Brännström T, Marklund 

SL. Structure of soluble misfolded superoxide dismutase-1 in murine 
ALS models. Manuscript. 

 
III. Zetterström P,  Graffmo KS, Andersen PM, Brännström T, Marklund 

SL. Proteins that bind to misfolded mutant superoxide dismutase-1 in 
spinal cords from transgenic ALS model mice. J Biol Chem. 2011, Epub 
ahead of print. 

 
IV. Zetterström P, Brännström T, Andersen PM, Marklund SL. Misfolded 

Superoxide Dismutase-1 in Cerebrospinal Fluid from Amyotrophic 
Lateral Sclerosis Patients. J Neurochem. 2011, 117:91-9. 

 
 
 
Papers I, III, and IV have been reprinted with kind permission of the publishers. 



1 
 

Introduction 

Amyotrophic Lateral Sclerosis 

Amyotrophic lateral sclerosis (ALS) is a group of diseases in which motor neurons 
die. The name comes from the Greek, and was first used by the French neurologist 
J.M. Charcot in 1874 to describe a fatal neurological syndrome with progressive 
muscle weakness, spasticity, and fasciculations1. The name describes the disease 
well; amyotrophic means muscle wasting due to loss of trophic signals. Lateral 
sclerosis describes the hardening of the outer part of the spinal cord as it is turned 
into connective tissue—where the corticospinal axons, connecting upper and lower 
motor centers, have degenerated. Charcot also pointed out the prognosis and that 
there was, and still is, no cure for the disease. Today, about 150 years after the first 
clinical characterization of ALS, we still do not know the mechanism(s) that lead(s) 
to motor neuron death, but there are many theories. This thesis deals with how the 
antioxidant enzyme superoxide dismutase-1 (SOD1) is involved in ALS 
pathogenesis.  
 

Clinical signs and symptoms 

ALS is a disease of the motor system. In classical ALS, both lower motor neurons in 
the spinal cord and brainstem as well as upper motor neurons in the precentral 
gyrus should be affected. The neurons die in a progressive manner without 
plateaus. The disease often starts in one limb, and then spreads to the other limbs 
and the rest of the body. The skeletal muscles wither when they are left without 
neuronal input. The symptoms of lower motor neuron degeneration are weakness, 
atrophy, cramps, and fasciculations; and symptoms from upper motor neuron 
degeneration are weakness, spasticity, and impaired reflexes. ALS inevitably leads to 
death, usually because of respiratory failure or other pulmonary complications such 
as pneumonia2.   

There is no single test or biomarker assay to set the diagnosis of ALS, so the 
clinical signs and symptoms presented due to the motor neuron death and also the 
progressive nature of the disease are used for diagnosis. The criteria were defined by 
the World Federation of Neurology (El Escorial criteria)3-5 and are based on 
clinical, neurophysiological, and neuropathological examinations. There is a long 
list of tests that should be performed to exclude all possible ALS-mimicking 
diseases6. Diagnosis of ALS is difficult and often takes more than one year7, with 
the median time to diagnosis reported to be 14 months8. This is a serious problem, 
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since therapeutic intervention early in the disease process is often more efficient 
than if started later, and early diagnosis makes enrollment in clinical trials possible6. 
There are a number of conditions with clinical manifestations that are similar to 
those of ALS. Misdiagnosis has been reported to be around 10%9-10, with 
inappropriate or delayed therapy as a result. Several attempts have been made to 
identify a biomarker for ALS by different methods such as metabolomic profiling, 
proteomic profiling, and different enzyme-linked immunosorbent assays (ELISAs) 
in different biological samples such as blood plasma and cerebrospinal fluid 
(CSF)—and also different imaging techniques11. Examples of proposed biomarkers 
are cystatin C in CSF12 and neurofilament light chain (NF-L) in CSF13; the latter 
has come to be used clinically to some extent.  

ALS is classically described as a pure motor neuron disorder. In recent years, 
with modern psychological tests and technological advancements, this view needs 
to be revised. There is also evidence of degeneration of parts of the central nervous 
system (CNS) other than the motor systemat post mortem examinations. Multiple 
systems show widespread degeneration after long treatment in a respirator14-17, but 
patients without respirator care can also be affected in non-motor areas18-19, thus 
arguing for the idea that ALS is a multi-system disease at end stage. Also, the 
classical view with spared sensation and intellect described in many textbooks is 
challenged by modern techniques and sensitive tests. The majority of ALS patients 
have cognitive and/or behavioral impairment, as shown by neuropsychological tests 
and imaging techniques, and many patients fulfill the criteria for frontotemporal 
dementia (FTD)20-22. This also suggests that neurons other than motor neurons can 
be affected23-24. There has been a suspected association between ALS and FTD for a 
long time. There are subsets of patients with features of both ALS and FTD, from 
small cognitive abnormalities to full FTD together with ALS25-27. Recently, it was 
found that a common protein, TAR DNA-binding protein 43 (TDP-43), was 
present in intraneuronal inclusions in both diseases28-29. There are also families with 
patients suffering from FTD or ALS—or even coincident ALS-FTD in the same 
person. Several studies have located a locus on chromosome 9 that is linked to both 
diseases, but no mutations have yet been found (see below). Taken together, these 
studies suggest that it is not only the motor neurons that die in ALS. 

Today, only one drug—riluzole—is available for treatment of ALS. In 
laboratory tests, riluzole shows anti-convulsant properties30 and it was therefore 
tried in ALS patients in the mid-1990s31. Riluzole can prolong the life of most ALS 
patients by at least 2–3 months32, but there are indications that its effect when 
administered from an early point in the disease process may be better6. Subsequent 
to initiation of clinical trials, riluzole proved effective in animal models of ALS33-35 
but the effect could not be replicated in a well-controlled study with large cohorts 
of mice36. This, and the fact that many studies with positive effects in ALS animal 
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models were not replicated in clinical trials, have forced those in the field to 
conduct better-planned and better-controlled preclinical trials37. 

Since no curative treatment is yet available, much effort has been put into 
symptomatic relief for the patients. Examples are botulinum toxin injections and 
radiotherapy to reduce hypersalivation38-40, external coughing machines for 
assistance in clearing of the upper airways from tenacious secretions41, treatment of 
malnutrition42 with a percutaneous endoscopic gastrostomy (PEG) tube when the 
patient can no longer eat by himself/herself 43, and psychopharmaca for treatment 
of sudden and involuntary mood swings6. Respiratory insufficiency is common in 
ALS patients, and non-invasive ventilation support is used to alleviate respiratory 
support, to improve quality of life, and to prolong survival6,44. Today, many 
hospitals have special ALS care teams with (for example) physicians, nurses, 
dentists, physical therapists, speech therapists, and dieticians—all specialized in the 
care of ALS patients. These kinds of teams have been shown to improve survival in 
clinical trials45.   

 

Epidemiology 

ALS is found all over the world and in all ethnic groups. The incidence appears to 
be homogeneous in most populations studied, with around 2 cases per 100,000 
persons and year7,46-52. The incidence of ALS in Sweden has been steadily rising for 
the last 50 years53, and in the last fifteen years it has risen from 2.32 to 2.98 per 
100,000 individuals54. The reason is not known, but longer life expectancy leads to 
more people living to the age when ALS usually appears. This trend has also been 
seen internationally55. The prevalence of ALS in Sweden is difficult to determine 
since there is no national patient register, but it was reported to be 5.4 per 100,000 
inhabitants from responses to a questionnaire to neurological units56. ALS is 
classified as an unusual diagnosis by the Swedish National Board of Health and 
Welfare, with about 250 individuals diagnosed in Sweden every year. 

As much as double the incidence of ALS has been reported in males relative to 
females, suggesting that there is a gender difference57-58. However, in more recent 
studies this difference has been lower and a trend showing the same incidence in 
men and women is now apparent52,58-59. Alterations in smoking habits and 
occupation and also better clinical evaluation of women may explain this 
phenomenon58,60.  

The vast majority of ALS patients have no known relative with the disease, and 
these people are classified as having sporadic ALS (SALS). About 5–10% of ALS 
patients have a first- or second-degree relative with ALS, and the disease is then 
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classified as familial ALS (FALS)50. In the familial cases, the male-to-female ratio is 
1:157,61. Close relatives to ALS patients have an up to 10-fold elevated risk of 
developing ALS62.  

The average age of onset for SALS is reported to be 55–65 years of age7,46,51,63, 
but it varies considerably. The age of onset for FALS is ten years earlier57,61. 
Juvenile forms exist, with onset before the age of 2564—often with a family 
history65-67. Only 5% of ALS patients are younger than 30 years old, and there are 
cases in which the disease did not develop until the patient was over 80 years of 
age63. The incidence of ALS increases with age up to about the age of 75, and then 
starts to drop7,52,68. The mean survival after onset is reported to be about 3 
years7,58,69-71 but with large variability. Ten percent of patients survived for more 
than 10 years in a recent review of different epidemiological studies72. 

A high incidence of an ALS-like syndrome has been reported on the island of 
Guam in the Western Pacific59. The reason for this is believed to be toxicity of -
methylamino-L-alanine (BMAA)73. Many animal species (including mice, rats, and 
monkeys) fed high levels of BMAA develop motor symptoms similar to ALS73. The 
seeds of the false sago palm (Cycas circinalis) are rich in BMMA, and the people of 
this region process cycad seeds into flour. However, the BMAA concentration in 
the flour is low and should not be sufficient to cause symptoms74, but a  theory of 
bioaccumulation through consumption of flying foxes (bats) is thought to result in 
sufficient concentrations to give toxicity75. Researchers around the world are now 
searching for cyanobacteria in water supplies and routes for biomagnification—
including Swedish researchers, who have found BMAA in the Baltic Sea76. 
However, the concentrations found were very low and no BMAA has been found 
post mortem in affected brain areas of ALS patients77-78. 

Veterans of the Gulf War (1991–1993) have presented with a higher incidence 
of ALS at younger ages79-80. Service in general in the US Armed Forces was later 
associated with an increased risk of ALS81. Exposure to chemical agents of warfare 
such as sarin and cyclosarin—which have effects on the nervous system—could be 
involved82. A large follow-up study was not able to replicate these findings, 
however. Instead, an increased risk of brain cancer was found in Gulf War 
veterans83. 

In an attempt to fight the use of illegal substances in Italian football84, a large 
survey of causes of death in Italian football players was conducted. A significantly 
higher incidence of ALS was found in the players: 18 developed ALS and the 
expected number of cases was 0.7 according to Italian registers85. Professional 
cyclists and basketball players did not have an elevated risk of ALS86; nor did 
amateur football players or people performing fighting sports87. As possible causes 
of the increased risk, multiple micro-traumas to the head caused by heading the 
ball84,88, use of performance-enhancing drugs89, and exposure to toxins from 



5 
 

pesticides used on the fields85 have been put forward.  Exposure to pesticides has 
also been linked to ALS in agricultural workers90.     

Authors of several epidemiological studies have tried to find exogenous risk 
factors to explain SALS, but the results have been inconclusive. Exposure to 
pesticides and heavy metals, as well as occupation, have been proposed to increase 
the risk of ALS90-94 but when pooled these associations are not very strong95-97. 
Dietary habits do not seem to influence the risk of ALS98. Also, reports of head 
trauma preceding ALS88,99-100 and high levels of physical activity100-102 have been 
inconsistent. The only widely accepted risk factor for developing ALS is smoking. 
Although inconsistently reported103-104, meta-analyses of pooled data indicate a 
modest increment of risk for present and past smokers100,105-107. 

 

Pathology 

Macroscopic pathology 

ALS patients generally show atrophy and wasting of muscles, both limb muscles 
and internal muscles such as the diaphragm. The spinal cord is macroscopically 
atrophic, especially the cervical and lumbar enlargements. The ventral motor roots 
are atrophic and discoloured compared to the dorsal sensory roots, which are 
normal. In cases of very long duration, atrophy can be seen in the precentral gyrus, 
but otherwise the brain is often normal108. ALS and FTD are being recognized 
more and more as overlapping syndromes109. Patients with concomitant ALS and 
FTD may also show wasting of the frontal parts of the brain110.  
 

Histopathology 

The pathological hallmark of ALS is degeneration of the motor system with 
massive loss of ventral horn cells along the whole spinal cord. Motor neurons are 
also lost in the brain stem and in the motor cortex. This is accompanied by 
astrogliosis in large areas of the brain and spinal cord, including the ventral horn111. 
Both white and gray matter is affected. These reactive astrocytes are in close 
contact with motor neurons but are also found at longer distance from the 
degenerating cells112-113. In animal models carrying mutant SOD1, the same type of 
reactive astrogliosis is seen in models with either high or low SOD1 expression 
even before the onset of symptoms114-116. Mouse models of ALS with expression of 
mutant and wild-type TDP-43 also develop astrogliosis117-118. SOD1-positive 
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aggregates are also found in glial cells in ALS patients with SOD1 mutations119. 
Recently, SOD1-containing aggregates were found in glial cells in all types of ALS 
patients, not just in those with SOD1 mutations, and in both sporadic and familial 
cases, indicating that there is a general SOD1-dependent glial component in 
ALS120. Whether these astrocytic changes are a secondary reaction to degenerating 
neurons, are the primary toxic insult, or a combination of the two is not known 
and is currently the subject of intense research in the field (see below).   

The residual motor neurons show shrinkage, and many are filled with 
lipofuscin. The degeneration is mainly restricted to the motor neuron system. The 
hallmarks of ALS—such as atrophy of the ventral horn cells and ventral roots and 
myelin pallor in the anterolateral columns—are also seen in myelin preparations of 
spinal cord segments from ALS patients. Striated muscles show denervation 
atrophy108,113.   

Oculomotor nuclei, abducens nuclei, and neurons in control of the anal and 
urethral sphincters are traditionally reported to be spared, but there have been 
reports of degeneration of these neurons too16-17. Functional defects of the urinary 
tract are frequently reported for patients carrying the D90A SOD1 mutation121.  

As in other neurodegenerative disorders, several types of inclusion pathology 
can be seen in ALS patients. These types of structures with misfolded and 
aggregated proteins strongly suggest that protein stability, misfolding, and 
aggregation is central to the disease process. SOD1 is found in some of these 
structures linking SOD1 misfolding to ALS. The in vivo folding status and 
conformation of SOD1 has been the main focus of my work, and a detailed 
description of the evidence for the involvement of SOD1 misfolding in ALS will 
follow. None of the different inclusions found in ALS patients is pathognomonic 
for ALS: 

1. Bunina bodies. These are small, granular, eosinophilic inclusions that can 
be found in clusters or singly in the cytoplasm of the ventral horn cells, but 
are not detected in axons122. Bunina bodies stain positively for cystatin C123 
and transferrin124. They appear as electron-dense granular material 
containing vesicular structures and filaments by electron microscopy108,125. 
It is known that 65–95% of ALS cases show Bunina bodies at autopsy 
and, being extremely rare in other neurological conditions, they are 
considered nearly pathognomonic of ALS113. Bunina bodies can be found 
in SALS and non-SOD1 FALS126 but have not been regularly detected in 
SOD1 FALS108,126-127. They have, however, been described in homozygous 
D90A patients128 and in patients with the G127insTGGG (G127X) 
SOD1 mutation116. 
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2. Ubiquitinated inclusions. Present in almost all ALS patients but rarely in 
other conditions, ubiquitinated inclusions in motor neurons in the spinal 
cord and the brain stem are important for post mortem diagnosis of ALS. 
These inclusions are refractory to standard stains like hematoxylin and 
eosin staining (H&E), but immunohistochemical staining of ubiquitin 
shows fibrillar inclusions in motor neuron cell bodies or dendrites108. 
Based on their appearance, they are divided into more loosely formed 
skein-like inclusions (SLIs) or compact Lewy body-like hyaline inclusions 
(LBHIs)113. The ubiquitinated inclusions in patients with SOD1 
mutations stain strongly for SOD1127,129 and aggregated SOD1 isolated 
from transgenic mice expressing mutant SOD1 is also partially 
ubiquitinated116,130. Recently, a major constituent of the ubiquitinated 
inclusions in SALS, in some forms of FALS, and in FTD was identified as 
TDP-4328-29. TDP-43 is a DNA/RNA binding protein of largely unknown 
function. The molecular forms of TDP-43 found in the inclusions include 
hyperphosphorylated C-terminally truncated variants. Following the 
discovery of TDP-43-containing inclusions in ALS patients, RNA biology 
has gained much focus to understand how these aggregates are linked to 
possible disease mechanisms. Also, a protein with similar DNA/RNA-
binding properties as TDP-43, fused in sarcoma/translated in liposarcoma 
(FUS/TLS), is mutated in a few SOD1- and TDP-43-negative FALS 
families. Similar ubiquitinated inclusions containing the FUS/TLS protein 
are found in these patients, further linking ALS to RNA metabolism131 (see 
below). 

3. Hyaline conglomerate inclusions. These are large inclusions (10–15 μm) 
with a glassy appearance by H&E. They stain for phosphorylated and non-
phosphorylated neurofilaments and also for other cytoplasmic proteins132. 
They have also been detected in other neurological patients and in 
controls133. 

4. Basophilic inclusions. These are large basophilic inclusions that are 
specific for juvenile forms of ALS. They are not limited to the motor 
system and are also found in other brain regions108. A recent study has 
shown that these inclusions stain positively for FUS/TLS and that patients 
carry FUS/TLS mutations134. The inclusions are TDP-43 negative. 

5. Spheroids. It is known that neurofilament biology is involved in ALS. 
Mice overexpressing different human neurofilament genes develop 
progressive motor neuron degeneration resembling ALS135-136. 
Phosphorylated neurofilaments accumulate into large inclusions in axons 
of the ventral horn cells in ALS patients137. These inclusions are called 



8 
 

spheroids and are not specific to ALS but are probably more frequent in 
ALS patients than in controls. 

6. Brännström bodies. Inclusions in ALS patients without SOD1 mutations 
have shown immunoreactivity to SOD1 in some studies127,129,138-139. 
However, this is a rarely reported phenomenon and SOD1 has not been 
considered to be involved in ALS pathogenesis in general140-141. Due to 
antibodies without the capability to distinguish between the majority of 
native SOD1 and the minute amounts of misfolded SOD1 intracellularly, 
small aggregated structures may be difficult to identify. By the use of anti-
peptide antibodies that only detect misfolded SOD1 (described in detail 
below), small punctuate aggregates of SOD1 were discovered in neurons 
and glial cells not only in mutant SOD1-mediated ALS but also in FALS 
and SALS patients not carrying SOD1 mutations120,142, indicating that 
SOD1 has a role in ALS in general. Similar findings were presented shortly 
afterwards in another material where oxidative modifications of wild-type 
SOD1 in SALS patients caused the protein to misfold and expose elements 
encoded by exon 4 that are normally hidden in the interior, as 
demonstrated by binding of a conformation-specific antibody143. However, 
these misfolded SOD1 species were most likely soluble.  
 

Genetics 

The genetics of ALS is complicated. In the ALS Online Genetic Database 
(ALSOD144), there are currently 71 reported ALS-associated loci 
(http://alsod.iop.kcl.ac.uk/). As described above, most patients have no relative 
with the disease and are said to have SALS. The definition of FALS is that the 
affected person has at least one or two first- or second-degree relatives with the 
disease145. The rates of FALS are often reported to be 10%61,63,146 but a recent meta-
analysis of 33 studies reporting FALS rates in different populations showed a low 
rate of only 5%147. This figure is probably too low due to inadequate family 
history, incomplete penetrance, misdiagnosis, and false paternity148. A recent twin 
study indicated a genetic component also for SALS149 and genome-wide association 
studies (GWAS) conducted on SALS patients have supported this idea150-152. Here, 
I will review the most important genetic findings, both for FALS and SALS, but I 
will not cover all 71 loci.   
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Genetics of familial ALS 

It has been known for almost two centuries that ALS can be inherited153. In most 
affected families, ALS is inherited in an autosomal dominant fashion145. The 
penetrance varies between different genes and also between different mutations in 
the same gene154. Familial forms of ALS are often clinically indistinguishable from 
SALS. 

ALS1: In 1991, a region on chromosome 21 was linked to ALS155 and two 
years later mutations in the gene encoding SOD1 were identified in FALS 
patients156. Today, more than 160 different mutations in SOD1 have been found 
in ALS patients. Only one of these, the D90A mutation, has shown a recessive 
mode of inheritance157. For all the other mutations where there has been sufficient 
family history to establish the inheritance pattern, SOD1 mutations causes ALS in 
a dominant fashion. SOD1 mutations are found in about 6% of FALS and SALS 
cases combined158. Since SOD1 is the main subject of this thesis, it will be dealt 
with in detail below. 

ALS2: A rare form of juvenile onset ALS is caused by mutations in the alsin 
gene66-67, which is located on chromosome 2q33.2. Mutations in alsin linked to 
ALS in general cause premature stop codons in the protein and are inherited in a 
recessive manner, indicating a loss of function mechanism. Several groups have 
generated alsin knock-out mice but none develop major motor neuron 
abnormalities or pathology159. 

ALS3: One locus on chromosome 18q21 was found to be linked to ALS in a 
GWAS involving a large European family160 but the gene is still unknown. Affected 
individuals suffer from adult-onset classical ALS, inherited in an autosomal 
dominant fashion. 

ALS4: Studies of a large pedigree with autosomal dominant form of juvenile 
ALS established a linkage to chromosome 9q34161, and later the gene was identified 
as senataxin162. Senataxin mutations cause an autosomal dominant form of juvenile 
ALS.  

ALS5: A region on chromosome 15q15.1-q21.1 was found to be linked to 
juvenile ALS with slow progression, found in families in both Europe and north 
Africa163. Subsequently, twelve sequence variants were detected in the spatacsin 
gene in 10 unrelated families. The mutations segregated with the disease, and the 
clinical presentation with autosomal recessive juvenile ALS was comparable to the 
first described cases164. 

ALS6: The same region on chromosome 16p12-16q21 was identified by three 
independent groups as being linked to autosomal dominant, classical adult-onset 
ALS165-167. Later, the mutated gene was identified as fused in sarcoma (FUS), also 
known as translocated in liposarcoma (TLS)131,168. About 5% of FALS cases have 
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been reported to carry FUS/TLS mutations169-172 and there is an overlap with FTD. 
FUS/TLS is a functional homolog of TDP-43 (see below); both function as 
DNA/RNA binding proteins. In disease, the proteins accumulate abnormally in 
the cytoplasm173. This has led to theories about toxicity in ALS and FTD; see 
section on RNA biology below.  

ALS8: A region on chromosome 20q13 was linked to FALS in a large Brazilian 
family of European descent174. Further investigation led to the discovery of a point 
mutation in the gene encoding vesicle-associated protein B (VAPB) later the same 
year175. The P56S mutation found in the first family was also found in seven 
additional families175, all with a common haplotype176. Mice expressing mutant 
VAPB develop normally and do not develop motor phenotypes, but TDP-43-
positive inclusions were seen at 18 months177.  

ALS10: The clinical and pathological overlap of ALS and FTD has been 
known for a long time, and families exist with persons diagnosed with ALS, FTD, 
or both in the same patient178. Several loci have been linked to ALS-FTD. When 
the intracytoplasmic inclusions in both ALS and FTD were shown to contain 
TDP-43, an intensive hunt for mutations in the gene was started. Soon, a number 
of mutations were found in families with ALS, FTD, and both. About 4% of FALS 
cases and < 1% of SALS cases carry TDP-43 mutations mostly without cognitive 
dysfunction179. For more detailed description of TDP-43-mediated ALS, see below.  

 

Genetics of sporadic ALS 

Sporadic ALS is thought to be a multifactorial disease with many different genetic 
components and environmental factors involved. Genetic components can also 
influence the age of onset and duration, and not only cause the disease. Many of 
the genetic alterations associated with ALS have only been found in a very small 
number of patients and have not been replicated in other studies of different 
populations. The genetic component of SALS has been reviewed elsewhere180-182 
and I will only mention a few interesting findings here.  

The first indications that vascular endothelial growth factor (VEGF) was 
involved in motor neuron biology came from knock-in mice where the hypoxia-
response element sequence in the Vegf promoter was removed by Cre/lox 
technology in neural tissues. Homozygous deletion in the mice led to progressive 
motor neuron degeneration, axonal loss, muscular atrophy, astrocytosis, and 
vacuolization similar to G93A-mutant SOD1 mice183. The mice did have a normal 
lifespan, however. Polymorphisms in the VEGF gene have been linked to ALS in 
some populations but associations have not been found in others. VEGF is 
involved in angiogenesis and axonal guidance and has shown neuroprotective 
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effects in cell culture models, and low VEGF levels could be important in 
individuals with other predispositions to ALS184. Angiogenin (ANG) has properties 
similar to those of VEGF and has also been associated with ALS, but mutations are 
only rarely found in SALS patients181. 

Axonal transport is thought to be involved in the pathology of ALS (see below). 
Intermediate filaments build up the axons and are found in axonal inclusions in 
ALS patients. Similarly to VEGF, two forms of intermediate filaments, 
neruofilament light and peripherin, cause motor neuron death when mutated 
forms are expressed in mice135,185. Screenings of large numbers of ALS patients have 
not found evidence for any of the neurofilament subunits being a common cause of 
SALS181, but families with ALS due to neurofilament mutations do exist186-188 and 
two peripherin mutations with different inheritance patterns have been found in 
two ALS patients189-190. The genetic evidence for the direct involvement of 
intermediate filaments in ALS is not very strong, but they could modify the course 
of the disease. The motor protein dynactin is also involved in axonal transport; it is 
important for the retrograde axonal transport along microtubules (see below) and 
mutations have been found in FALS and SALS patients191-192. In other cohorts of 
SALS patients, no such association has been found193, so the link between dynactin 
and FALS is unclear. More studies are needed to confirm an association with 
SALS.  

A new tool to access the genetic component in complex diseases is genome-wide 
association studies (GWAS) approach. In GWAS, as many patients and controls as 
possible (up to thousands) are genotyped across the whole genome and single 
nucleotide polymorphisms are associated with a particular disease. The GWAS 
approach generates enormous amounts of data, and multiple comparisons give a 
high rate of false-positive hits, making replications of the found associations in 
other populations extremely important194. Several GWAS have been performed on 
ALS patients and associations were found with several genes. The first significant 
genes associated with SALS were FGGY195, ITPR2196, and DPP6197, but these genes 
have been both positively and negatively replicated in other cohorts150-152,198-200. 
Several GWAS have been able to confirm the association of a locus on 9p21 to 
ALS-FTD, an association that was known previously from traditional linkage 
studies197,201-205, but the mutated gene is still unknown.  
  



12 
 

RNA biology in ALS 

TDP-43 

As described above, there is a connection between ALS and FTD. There are 
families with persons suffering from ALS, FTD, or both in the same person. The 
diseases also share common pathological patterns and could be part of the same 
pathological spectrum178,206. A subtype of FTD, called FTD-U, has a similar 
pattern of aggregates at autopsy as in most ALS patients with filamentous 
aggregated structures of ubiquitinated proteins in the cytoplasm of neurons and 
glial cells, mainly in the affected brain and/or spinal areas. These aggregates are 
negative for the tau and -synuclein proteins. For a long time, the components of 
these aggregates were unknown. Some stained positive for p62207 and NEDD8208, 
but no common component was known. A breakthrough came in 2006 when two 
groups independently identified TDP-43 as part of these inclusions28-29. TDP-43 
has been suggested to be the major ubiquitinated protein in these inclusions109, but 
this is not supported by detailed 3D imaging analysis209. By a combination of 
characterization of antibodies that stained these types of aggregates and proteomic 
techniques, the same type of hyperphosphorylated and C-terminally truncated 
TDP-43 was found in patients with ALS and FTD.  TDP-43 was identified in 
1995 as a transcriptional repressor that binds to regulatory elements called TAR in 
HIV-1 and modulates gene expression from the virus genome210. Later, this protein 
was shown to be involved in exon-skipping211. The TARDP gene that codes for 
TDP-43 has 6 exons and the TDP-43protein is 414 amino acids long. The protein 
has two RNA recognition motifs and a glycine-rich motif that binds DNA, RNA, 
and proteins173. TDP-43 is mainly a nuclear protein, but it has both nuclear import 
and export sequences and normally shuttles between the nucleus and the 
cytoplasm212. The major function of TDP-43 is gene regulation, which explains the 
nuclear localization. TDP-43 stains intensely in the nucleus but does not 
accumulate in the cytoplasm in normal subjects. In histological slices from ALS 
patients, large aggregates can be seen in the cytoplasm and the nucleus is deprived 
of TDP-43173. These types of aggregates are seen in the majority of ALS patients, 
both familial and sporadic173. 

The TDP-43 pathology in patients with SOD1 mutations is controversial. The 
cytoplasmic TDP-43-containing inclusions are generally not found in patients with 
SOD1 mutations126,213-214 but mislocalization of TDP-43 to the cytoplasm and 
aggregated TDP-43 in the cytoplasm have been described215. Small SOD1-
containing inclusions (Brännström bodies) are also present in SALS patients, but 
these inclusions do not co-localize with inclusions containing TDP-43120,142. In 



13 
 

mouse models overexpressing mutant SOD1, no pathological TDP-43-related 
changes could be found215-216, but this has been contradicted by typical TDP-43 
aggregates being found in the cytoplasm of ventral horn motor neurons in human 
SOD1 (hSOD1) G93A transgenic mice with very advanced disease217. Whether or 
not SOD1-mediated motor neuron death has any relation to TDP-43 pathology 
still remains to be determined.  

After the discovery of TDP-43 in the inclusions, an intensive hunt for 
mutations in the TARDP gene was started. Several mutations that segregate with 
disease have been found in TDP-43 in families with ALS and/or FTD, indicating a 
direct toxic effect of altered TDP-43218-219. Most of the mutations are located in the 
C-terminal glycine-rich domain and are thought to affect TDP-43 function by 
altering the cellular localization. It is not known whether the toxicity of TDP-43 is 
due to a gain of function in the cytoplasm or whether it is a loss of function in the 
nucleus.  

To identify the mechanism of TDP-43 toxicity, much biochemical work has 
been done. Purified TDP-43 rapidly forms non-amyloid aggregates in vitro and 
ALS-linked mutations accelerate this process220. In yeast and cell culture models, 
overexpression of full-length TDP-43 was found to cause formation of aggregates 
and was toxic even without mutations220-222. Flies expressing full-length human 
TDP-43  were found to develop disease without any signs of protein aggregation, 
and the human TDP-43 was found to be toxic both when expressed in the nucleus 
and in the cytoplasm223. In mice, overexpression of both wild-type and mutated 
TDP-43 results in degeneration of motor neurons and frontal cortex neurons, 
leading to gait abnormalities117,224-225. Mice expressing mutant TDP-43 did develop 
ALS-like features but without any large cytoplasmic inclusions, indicating that a 
potential toxic TDP-43 species had to be soluble. Mice expressing wild-type 
human TDP-43 did, however, develop both cytoplasmic and nuclear aggregates 
similar to those in human cases. Ubiquitinated aggregates were present, but co-
localized with TDP-43 immunoreactivity only occasionally. A conditional 
overexpression model of TDP-43 has been made in rats. Here, postnatal 
overexpression of M337V mutant TDP-43 (but not wild-type TDP-43) lead to an 
ALS-like phenotype226. 

Although mutant TDP-43 has been shown to be toxic in different settings, the 
specificity and biological meaning of TDP-43 redistribution and aggregation is not 
known. The accumulation of TDP-43 has been claimed to be highly specific to 
ALS and FTD29. Recently, inclusions containing TDP-43 were found in almost all 
other neurodegenerative diseases tested including Alzheimer’s disease, Pick’s 
disease, Huntington’s disease, and Kennedy’s disease142,179. Also, following 
axotomy, redistribution of TDP-43 to the cytoplasm could be seen227-228. This 
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indicates that accumulation of TDP-43 could be a secondary response to neuronal 
injury caused by other events.  

 

FUS/TLS 

The notion that RNA metabolism is involved in ALS gained strength in 2009 
when yet another DNA/RNA binding protein was found to be mutated in 
FALS131,168. FUS/TLS is a 526-amino acid long protein containing RNA/DNA-
binding domains in a similar way as TDP-43. Several mutations have been found, 
mainly close to the nuclear localization signal in the C-terminal region. As with 
TDP-43, FUS/TLS is a regulator of gene expression that shuttles between the 
cytoplasm and the nucleus179. Most patients with FUS/TLS mutations develop 
classical ALS, but rare cases with juvenile onset134 and patients with FTD with 
FUS/TLS pathology229 have been described.  

As with TDP-43, most of the FUS/TLS protein is found in the nucleus with 
small cytoplasmic fractions in most cell types230. Under pathological conditions, 
the same redistribution (from soluble protein in the nucleus to cytoplasmic 
inclusions) as for TDP-43 is seen for FUS/TLS173, with the FUS/TLS protein 
possibly located to stress granules231-232. FUS/TLS-related pathological changes are 
found in neuronal and glial cells showing cytoplasmic aggregates that are TDP-43-
negative but FUS/TLS- and ubiquitin-positive173. The FUS/TLS protein in these 
aggregates is not posttranslationally modified by phosphorylation or 
ubiquitination229. Since the aggregates stain for ubiquitin, other proteins that are 
yet to be identified must be present as well.  

Both wild-type and ALS-linked mutant FUS/TLS has been expressed in 
yeast231,233-234, leading to nuclear to cytoplasmic translocation, aggregation, and 
toxicity. N-terminal fragments of FUS/TLS were found to be sufficient to form 
aggregates, but without cytotoxicity in one study233 whereas the C-terminal was 
required but not sufficient for toxicity234. The aggregates stained with thioflavin-
T233, indicating an amyloid conformation not seen with TDP-43. Other 
DNA/RNA binding proteins could rescue the toxic effect of FUS/TLS indicating 
that the RNA machinery may be the target of FUS/TLS toxicity234. 

 The first rodent model of FUS/TLS was recently developed235. Inducible 
expression of mutant FUS/TLS led to progressive paralysis, neuronal death, 
ubiquitinated inclusions, and reactive gliosis in rats. Wild-type FUS/TLS was less 
toxic, but at high age neuronal loss could be seen in wild-type FUS/TLS-expressing 
rats as well. The neuronal loss did not cause any motor phenotype at one year of 
age, but wild-type FUS/TLS-expressing rats showed reduced spatial learning and 
memory.  
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Mechanisms of RNA alterations 

Several lines of evidence indicate that TDP-43 and FUS/TLS can influence the 
RNA metabolism at many levels. Examples include regulation of transcription, 
regulation of splicing, processing of micro-RNA, transport of subcellular RNA, 
RNA decay, and mRNA stability, and they have recently been reviewed179,236. 
However, this is beyond the scope of this thesis and will not be covered here. 

SOD1 may also be involved in RNA metabolism. Mutant SOD1 has been 
shown to bind directly to NF-L mRNA237 and also to VEGF mRNA238. SOD1 was 
found to bind to the 3´ untranslated region in both cases, and to cause increased 
degradation of the mRNAs. Whether this trans-acting activity of SOD1 is a general 
phenomenon involved in regulation of many different mRNAs is not known.  

 

Superoxide Dismutase-1 

Oxygen toxicity 

Oxygen is a toxic gas, but vital for all aerobic organisms. The exact way in which 
oxygen is toxic is not known, but a popular theory involves over-production of 
reactive oxygen species (ROS) including superoxide239. Superoxide is generated 
when molecular oxygen, O2, takes up one electron, O2

●‒. Most superoxide in 
animal cells is produced as a by-product in the mitochondrial inner membrane 
during electron transfer in the electron transfer chain. Up to 3% of all oxygen is 
thought to be reduced to superoxide in mitochondrion239. Mitochondria are the 
major source of energy in mammalian cells, where food materials are oxidized to 
generate ATP. The electrons lost are accepted by electron carriers such as NAD+ 
and FAD that enter the electron transport chain to ultimately pass the electrons on 
to oxygen to produce water. The reduced electron carriers are oxidized by complex 
I in the electron transport chain, and the electrons are passed to coenzyme Q. 
Coenzyme Q passes the electrons via complex III on to cytochrome c, which can 
accept one electron by reduction of a Fe3+ ion of a haem ring. Finally, the 
cytochrome c is re-oxidized by complex IV, which adds four electrons on to O2 to 
fully reduce the oxygen to water: 

 
4 4 2   

 
 This transfer of electrons creates a pH and charge gradient across the 

mitochondrial inner membrane that is used by complex V to generate ATP.  
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Some of the enzymes in the different complexes of the electron transport chain 
leak electrons directly onto O2, and superoxide is generated. Exactly which of the 
complexes is responsible is not known. Superoxide can also be formed by auto-
oxidation of many biological compounds in the presence of O2. Examples are 
FADH2, FAMH2, L-DOPA, adrenaline, and cysteine. These reactions are often 
catalyzed by metal ions such as iron and copper239.  

Superoxide is also deliberately produced in different ways in biological systems. 
Some enzymes produce superoxide in different mammalian cell types. The most 
important enzymes are probably the NADPH oxidases (NOX) that transfer one 
electron from NADPH directly to O2. This class of enzyme is bound to the cell 
membrane of several different cell types, including epithelial cells and lymphocytes. 
Different NOX homologs are used in antimicrobial defense, biosynthetic processes, 
and cellular signaling240, and are expressed in many tissues. Seven NOX isoenzymes 
are known, and NOX1 to NOX4 are well-characterized in the CNS241. The most 
important cells producing superoxide via NOX are probably phagocytic cells such 
as macrophages and neutrophils, and also microglia in the CNS242. NOX2 in the 
membranes of these cells produces superoxide in the defense against invading 
pathogens. Since NOX enzymes produce superoxide, the substrate of SOD1, they 
are of interest in ALS caused by SOD1. Both NOX1 and NOX2 have been shown 
to influence lifespan and disease duration in transgenic SOD1 mice (see below).  

Superoxide is not a very reactive molecule although it is a radical, but it can 
directly damage proteins with iron-sulfur clusters, and protonated superoxide can 
initiate peroxidation of fatty acids239. However, the most damage caused by 
superoxide is via reactions with other molecules to form more reactive substances. 
Nitric oxide (NO) is a freely diffusible gas synthesized by different nitric oxide 
synthase enzymes (NOS) in the body. Three different NOS isoenzymes are known: 
endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS (nNOS). 
NO is used as a neurotransmitter in the CNS, and is critical for neurite outgrowth 
and differentiation in murine cortical neurons243. Immune cells such as microglia 
express iNOS to generate NO in the defense against invading pathogens. Some of 
the superoxide-mediated damage is caused by the reaction with NO. Several 
beneficial actions of NO can be lost, such as vasodilation, angiogenesis, and 
neurotransmission. Apart from this, the much more reactive molecule peroxynitrite 
(ONOO-) is formed when superoxide reacts with NO. Peroxynitrite can oxidize 
lipids, induce strand breaks in DNA, and cause nitration of tyrosine residues in 
proteins—including SOD1 and neurofilaments239.  

Another important reaction of superoxide is the Haber-Weiss reaction:  
 

• •   
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The rate constant for this reaction is, however, close to zero in aqueous solution 
but it can be catalyzed by metal ions—classically iron, but ions such as copper, 
nickel, and cobalt can also participate: 

 
•   

 
•                           (Fenton) 

  
Superoxide functions to regenerate the reduced metal ion that participates in 

the Fenton reaction, finally producing hydroxyl radicals (OH●). The reaction is 
also called the superoxide-catalyzed Fenton reaction. The hydroxyl radical is highly 
reactive and can attack and oxidize all types of biomolecules239.  

 

History and function 

When the atmospheric O2 concentration rose, organisms needed to be protected 
from oxygen toxicity. Different types of enzymes started to evolve as a 
consequence. The superoxide dismutases (SODs, EC 1.15.1.1) are one of the most 
important classes of such enzymes. SODs catalyze the breakdown of the superoxide 
anion radical, O2

●‒, or just superoxide. 
Two different types of SODs appeared at the same time during evolution. They 

are not closely related, although they catalyze the same reaction. The evidence for 
this is that they have different metal co-factors and different 3D folding244. In 
mammals, the content of SODs in tissues is similar between species245. In humans, 
there are three isoenzymes of SOD: SOD1 (UniProt ID P00441), SOD2 (UniProt 
ID P04179), and SOD3 (UniProt ID P08294). SOD1 is highly conserved 
throughout evolution, and different forms are found in organisms ranging from 
prokaryotic bacteria to eukaryotic mammals (Figure 1)246-247. SOD2, or Mn-
SOD1, is a mitochondrial enzyme located in the mitochondrial matrix. The 
homotetrameric SOD2 has a manganese ion in the active site in each subunit 
instead of copper, as in SOD1248-249. Most of the superoxide in eukaryotic cells is 
produced in the mitochondria, so there is a need for high capability in degrading 
superoxide in this organelle. SOD2 is a 222-residue, 80-kDa protein with no 
sequence or structural homology to SOD1250-251. It is structurally related to 
prokaryotic Mn- and Fe-containing SODs. The third kind of SOD in humans is 
found in the extracellular space252-253—SOD3, or EC-SOD, is bound to the cellular 
membrane through heparan sulfate proteoglycans and is the first line of defense 
against superoxide in the extracellular space. Apart from the heparin-binding   
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Figure 1: Sequence alignment of human (UniProt ID: P00441), mouse (P08228), bovine (P00442), 
canine (Q8WNN6), tomato (P14830), and baker’s yeast (P00445) SOD1 proteins. Secondary 
structure elements in human SOD1 are indicated above the primary sequence and the C57-C146 
disulfide bond is shown. Copper ligands are marked in light gray and zinc ligands in dark gray. 
 
domain, the overall fold of the subunit shows high structural similarity to the -
barrel, dimer interface, Cu-containing active site, and intrasubunit disulfide bond 
of SOD1254. The functional protein is, however, a tetramer and SOD1 and SOD3 
do not show cross-reactivity in immunoassays255. No mutations in SOD2 or SOD3 
have been found in ALS cases despite the fact that there have been several 
studies256-258. One study found a polymorphism in the mitochondrial localization 
signal of SOD2 to be a risk factor for sporadic ALS, especially in women259. 

Before the identity of SOD1 was known, it was first purified from bovine 
erythrocytes in 1938 under the name of haemocuprin260. It was purified later from 
human brain as cerebrocuprein261 and from human erythrocytes  as 
erythrocuprein262-263, as well as from other mammalian sources. All had a similar 
molecular weight and copper content, but none had any enzymatic function 
ascribed to it. In 1969, McCord and Fridovich showed that all these proteins were 
in fact the same enzyme with the function of catalyzing the dismutation of 
superoxide anion radicals264. They also assigned the enzymatic function to the 
copper bound to the enzyme, since all activity was lost upon removal of metal. 
Since then, SOD1 has been characterized biochemically in detail. We now know 
that the copper is essential to enzymatic function, by alternating between the Cu+ 
and Cu2+ redox states to accept and donate electrons, and the zinc ion is needed for 
structural stability.  

 
 
 
 

Human   ATKAVCVLKGDGPVQGIINFEQKESNGPVKVWGSIKG-LTEGLHGFHVHEFGDNTAGCTSAGPHFNPLSRKHGGPKD 
Mouse   AMKAVCVLKGDGPVQGTIHFEQKASGEPVVLSGQITG-LTEGQHGFHVHQYGDNTQGCTSAGPHFNPHSKKHGGPAD 
Bovine  ATKAVCVLKGDGPVQGTIHFEAK--GDTVVVTGSITG-LTEGDHGFHVHQFGDNTQGCTSAGPHFNPLSKKHGGPKD 
Canine    EMKAVCVLKGQGPVEGTIHFVQK-GSGPVVVSGTITG-LTEGEHGFHVHQFEDXTQGCTSAGPHFNPLSKKHGGPKD 
Tomato MVKAVAVLNSSEGVSGTYLFTQV-GVAPTTVNGNISG-LKPGLHGFHVHALGDTTNGCMSTGPHYNPAGKEHGAPED 
Yeast  MVQAVAVLKGDAGVSGVVKFEQASESEPTTVSYEIAGNSPNAERGFHIHEFGDATNGCVSAGPHFNPFKKTHGAPTD 
 
 

Human   EERHVGDLGNVTADKDGVADVSIEDSVISLSGDHCIIGRTLVVHEKADDLGKGGNEESTKTGNAGSRLACGVIGIAQ  
Mouse   EERHVGDLGNVTAGKDGVANVSIEDRVISLSGEHSIIGRTMVVHEKQDDLGKGGNEESTKTGNAGSRLACGVIGIAQ 
Bovine  EERHVGDLGNVTADKNGVAIVDIVDPLISLSGEYSIIGRTMVVHEKPDDLGRGGNEESTKTGNAGSRLACGVIGIAK 
Canine     QERHVGDLGNVTAGKDGVAIVSIEDSLIALSGDYSIIGRTMVVHEKRDDLGKGDNEESTQTGNAGSRLACGVIGIAQ 
Tomato  EVRHAGDLGNITVGEDGTASFTITDKQIPLTGPQSIIGRAVVVHADPDDLGKGGHELSKSTGNAGGRIACGIIGLQG 
Yeast   EVRHVGDMGNVKTDENGVAKGSFKDSLIKLIGPTSVVGRSVVIHAGQDDLGKGDTEESLKTGNAGPRPACGVIGLTN
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α1β5 β6 β7 β8
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SOD1 breaks down superoxide radical anions according to the reactions below: 
 

1 • 1   
 

1 • 2 1   
 ____________________________________________ 
 
• • 2   

 
The human SOD1 gene is located on the long arm of chromosome 21 at 

21q22.11. The gene is 11 kb long and has five exons and four introns265. The main 
transcript can be both 0.7 kb and 0.9 kb, due to different polyadenylation at the 3' 
end. Additional splice forms have been found266-267, both for mutant and for wild-
type SOD1. Although these splice variants were found to be present in several 
organs, only one form of SOD1 protein was detected. The proteins from the 
alternative splice forms may be unstable and may be immediately degraded, or the 
transcripts themselves may be degraded before any protein can be expressed.  

 

Structure and distribution 

SOD1 is a homodimer; each dimer is composed of 153 amino acids with a 
theoretical molecular weight of 15.8 kDa. The 3D structure of bovine SOD1 from 
erythrocytes was solved in 1982268, and since then many different structures of 
SOD1 variants have been solved—both with nuclear magnetic resonance (NMR) 
spectroscopy and X-ray crystallography. The first human SOD1 structure was 
solved by X-ray crystallography ten years after structural determination of its 
bovine equivalent250. 

SOD1 has a main fold of an anti-parallel eight-stranded -barrel connected by 
seven loops of different size. One copper ion and one zinc ion is located in each 
subunit (Figure 2). The copper ion is coordinated by histidines 46, 48, 63, and 
120 and the zinc ion is coordinated by histidines 63, 71, and 80 as well as by 
aspartic acid 83 (Figures 1–3). The active site of SOD1 is formed by the Zn-
binding loop IV and electrostatic loop VII269. These loops form a channel where 
the negative superoxide is guided by electrostatic forces to the positive active site 
with the copper ion, where the superoxide is reduced270. The main function of the 
zinc ion is not enzymatic, but structural and the zinc ion seem to have a greater 
influence on stability than the copper ion271.  When the zinc ion is bound, it holds 
loop IV in place and the active site can form. Also, zinc holding the loop in place 
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modulates the stability of the enzyme. Without the ability to lose the zinc and 
unfold, SOD1 would be almost impossible to degrade272.  

Apo forms of SOD1 can directly bind both copper and zinc, and thereby gain 
full activity273. The precise mechanism by which zinc is loaded into SOD1 is 
unclear. In vitro data indicate that the zinc ion first binds to the copper site and 
helps to stabilize the unfolded state274. Zinc binding significantly lowers the free 
energy of the unfolded state and drives SOD1 towards a folded state271. Later, 
during copper binding, the zinc is re-orientated to the normal zinc site272. Apart 
from passive diffusion, there is a special enzyme for delivery of copper into 
SOD1—the copper chaperone for SOD1 (CCS)275. How copper is loaded into 
CCS is not known, but Cu-loaded CCS binds to reduced SOD1 via domain II of 
CCS, which has a high structural homology to SOD1 and is able to form a 
heterodimer with SOD1 during metal loading276-277. After an oxidation step that 
links CCS to SOD1, the copper in domain I of CCS is passed to the copper site of 
SOD1. In a disulfide isomerization step, the disulfide bond linking CCS and 

 

 
Figure 2: 3D ribbon representation of the structure of human SOD1 with ligated metals and 
oxidized C57-C146 disulfide bond (PDB-code 1HL5269), modelled with MolSoft Browser (San 
Diego, CA). The -helix is red, -sheets are blue, the loops are gray, and cysteins 57 and 146 are in 
yellow. The side chains of the metal ligands are shown. The copper ions are represented by green 
spheres and the zinc ions by gray spheres. 
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SOD1is transferred to an intrasubunit bond in SOD1 and an intact SOD1 
monomer can be released from the complex278. The intrasubunit disulfide bond in 
human SOD1 is formed between two of four cysteines in the protein. The four 
cysteines are at positions 6, 57, 111, and 146 of the primary sequence and the two 
that form the disulfide bond, 57 and 146, have been highly conserved through 
evolution (Figure 1). This is unusual for a cytosolic protein such as SOD1, since 
the cytosol is strongly reducing (Eh = -145 mV for the Cys/CysS pair in the 
cytosol279) and disfavors formation of disulfide bonds. Cys57 is located in loop IV 
and Cys146 is in -strand 8, so the disulfide bond covalently binds loop IV 
containing part of the active site to the -barrel core (Figure 3). If the metals are 
not ligated properly, disulfide reduction causes loop IV to detach and SOD1 to 
monomerize280-282.  

SOD1 is expressed in almost all eukaryotic cells at high levels and is also found 
in some bacteria283-285. In humans, the liver is the organ with highest SOD1 
expression, followed by the kidney. In the central nervous system—the organ 
affected in ALS—SOD1 expression is rather low286-287. The pattern is similar in 
mice, with high expression in peripheral organs and lower expression in the spinal 
cord and brain288. The distribution of SOD1 in the spinal cord has been studied by 
immunohistochemistry289. The primary staining was found in neurons, with the 
most intense staining occurring in large motor neurons in the ventral horn of the 
spinal cord. The staining was similar in both human and mouse samples. 
Expression patterns of SOD1 in humans can be viewed at the Human Protein 
Atlas website290. The immunohistochemical staining was strongest in the liver, with 
moderate staining in the CNS. Sixty-five different cell types were tested and all 
stained positive for SOD1 (http://www.proteinatlas.org/ENSG00000142168). 

SOD1 is mainly a cytosolic enzyme248,291. At least 90% of the SOD1 activity 
from a rat liver homogenate is found in the cytosolic fraction292 but some SOD1 
can also be found in other cellular compartments. Although the mitochondria have 
a SOD of their own, SOD2, there is also SOD1 in the mitochondrial 
intermembrane space249,292. The high production of superoxide in oxidative 
phosphorylation in the mitochondrion requires SOD1 as well as SOD2. There is 
no mitochondrial localization sequence in SOD1. Instead, SOD1 is thought to be 
imported into mitochondria in the reduced apo state and then folded with the aid 
of CCS in the mitochondrial intermembrane space293.  

SOD1 has also been found in the nucleus of different cell types289,291. There is 
no nuclear location peptide on SOD1, but proteins smaller than 40 kDa can freely 
diffuse through the nuclear pore complex294. Several reports have described SOD1 
localized in peroxisomes291,295-296. SOD1 is also known to be secreted via the 
endoplasmatic reticulum (ER)-Golgi pathway into the extracellular space297-300. 
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Figure 3: Schematic representation of the folded SOD1 monomer. The first and last amino acid in 
each secondary structure element are indicated. Copper ligands are indicated by yellow spheres, and 
zinc ligands by gray spheres. The C57-C146 disulfide bond linking the zinc-binding loop IV to -
strand 8 is also shown. (Modified from Shaw and Valentine, 2007301). 
 
SOD1 is indeed found in body fluids such as serum, synovial fluid, and CSF253,302-

303 (see below, paper IV). SOD1 has no export signals, but proposed mechanisms 
of secretion include the chaperones chromogranin A and B preferentially binding 
misfolded SOD1 and exporting it across the plasma membrane304. Misfolding of 
wild-type SOD1 due to posttranslational modifications such as oxidation may 
induce translocation of wild-type SOD1 via this machinery and not only of 
misfolding-prone mutant SOD1305. Evidence from cell lines indicates that there is 
an exosomal secretion of SOD1 as well306. 

SOD1 is an abundant protein. There have been reports of up to 2% of the total 
cellular protein being SOD1289. The true figure is probably lower; SOD1 
represents 0.2% and 0.4% of the total protein in gray matter of the brain and liver, 
respectively287. The total content of SOD1 in human liver is roughly 450 μg/g wet 
weight (ww); in human frontal lobe gray matter it is 70 μg/g ww, and cervical 
ventral horns contain 50 μg/g ww SOD1116,287. Human blood plasma has an SOD1 
concentration of 11 ng/ml253, and the concentration of SOD1 in the cerebrospinal 
fluid is 130–150 ng/ml303 (paper IV). 
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Folding and unfolding 

Normally, SOD1 is a very stable enzyme. For fully metallated and oxidized wild-
type hSOD1, the melting temperature is over 90C307-308—close to the boiling 
point of water. SOD1 retains enzymatic activity in denaturants at high 
concentration, e.g. in 10 M urea and in 4% sodium dodecyl sulfate (SDS)309. 
Active SOD1 has even been isolated from an Egyptian mummy dated to 1200 
b.c.310. Hydrogen/deuterium (H/D) exchange experiments have shown a very rigid 
folded SOD1 dimer with only minor movements induced by thermal motion, 85 
out of 147 peaks were unchanged in the H/D spectra after 4 days, mostly in the -
barrel311. Removal of the copper ion and the disulfide bond did not causee any 
significant changes312, and since disulfide-reduced apo SOD1 is monomeric281-282, 
the ligated zinc ion in these preparations was enough to keep SOD1 dimeric. 

SOD1 is a small globular protein, and is folded as such in vitro in a simple 
three-state fashion282. The transition midpoint from folded to unfolded protein is 
at 1.5 M and 3.6 M guanidinium chloride (GdmCl) for apo and holo SOD1, 
respectively313. SOD1 is translated freely in the cytosol. The folding starts 
immediately by formation of a folding nucleus consisting of -strands 1–4, and 
7314. The copper site is formed early in the folding process, and it first coordinates a 
zinc ion274 that is passed to the zinc site later when it has been formed272. This 
species is recognized by CCS, which inserts copper and aids in forming the 
disulfide bond as described above.  

The unfolding path is the opposite of the folding path. First, the dimer 
interaction is interrupted, and then the metals are released—first zinc and then 
copper315—followed by disulfide reduction. Lastly, the -barrel unfolds. The zinc 
site has affinity for zinc in the unfolded state as well272, and this will speed up the 
refolding significantly. The metallated SOD1 monomer unfolds to a state without 
any secondary structure, but still compact with a radius that is only 22% larger 
than that of the folded holo monomer316. No further unfolding to a total random 
coil state is observed up to 8 M GdmCl316. Without high concentrations of 
denaturants, disulfide-intact apo SOD1 shows local unfolding already at 
physiological temperature, with part of the barrel unprotected from H/D 
exchange317. 

A more in vivo-like approach to SOD1 folding was taken by Burns and 
Kopito318. They used the extremely high resistance of SOD1 to proteinase-K 
degradation319 to study different parts of the folding pathway in cell-free rabbit 
reticulocyte extracts. The necessary chaperones and other cellular components that 
are normally needed for folding are present in these extracts. No ATP was needed 
for folding, ruling out chaperoning systems such as Hsc/p70 that require ATP to 
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function. These authors found that SOD1 folding requires zinc binding and passes 
at least three kinetically and biochemically different stages. First, the monomer was 
folded in such a way that it was resistant to low concentrations of proteinase-K. 
Next, the structure became more compact by zinc binding and oxidation of the 
C57-C146 disulfide bond, generating high resistance to proteinase K. Lastly, the 
copper was ligated and the dimer formed. All mutant SOD1s studied had 
significantly impaired folding, but could eventually reach a folded state318. 

SOD1 is degraded by both the proteasome system and autophagy pathways. 
Ligation of ubiquitin marks protein for degradation via the proteasome pathway. 
Defective SOD1 co-localizes with ubiquitin in aggregates in ALS patients (see 
above) and in ALS model mice. SOD1 and ubiquitin-positive aggregates are found 
in both wild-type320 and mutant114,116,321 SOD1 transgenic mice, and direct 
ubiquitination of SOD1 has been shown in vitro322 and in vivo on two-dimensional 
(2D) gels116,130,323. Three different ubiquitin ligases can interact with SOD1 and 
attach ubiquitin for delivery to the proteasome324-326. Inhibition of the proteasome 
in cell cultures327-329 and transgenic mice330 results in accumulation of SOD1, and 
further supports the idea that the proteasome has an important role in SOD1 
degradation. However, crossing G93A mice with proteasome-incompetent mice 
led to significantly lower function of the proteasome system but no change in 
motor phenotype, challenging the importance of proteasome degradation of the 
cytotoxic SOD1 species331.  For degradation of larger cellular components such as 
whole organelles, a process called autophagy is used whereby the substrate is 
engulfed by a double membrane, fused with the lysosome, and degraded332. SOD1 
has been shown to be degraded by autophagy pathways in transgenic mice333-334. As 
a consequence of accumulating SOD1 in sizes larger than the proteasome can 
handle, the autophagy pathway is increased, possibly through the mTor signaling 
pathway335.  
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SOD1 in ALS 

The first genetic cause of familial ALS to be identified was mutations in SOD1156, 
and this thesis focuses on the link between SOD1 and ALS. Today, more SOD1 
mutations have been found in ALS patients than there are amino acids in the 
protein. Mutations found in ALS patients—both in SOD1 and in other genes—
are gathered in the ALS Online Genetics Database (ALSOD, 
http://alsod.iop.kcl.ac.uk/)144. There are now 164 known mutations in SOD1 in 
this 153-amino acid protein (P. M. Andersen, personal communication). Although 
not all of them maybe pathogenic336, this shows that the SOD1 protein is 
extremely sensitive to mutations—with even the slightest deviation from the 
normal sequence being harmful. The ALS-linked mutations are scattered all over 
the SOD1 primary structure, with mutations found in all five exons. Most of the 
mutations are single amino acid exchanges, but some insertions and deletions are 
also found (see http://alsod.iop.kcl.ac.uk/).  

When SOD1 mutations were discovered in ALS, oxidative stress was thought to 
be the mechanism behind the disease156,337-338. SOD1 is one of the most important 
enzymes in the defense against ROS, and loss of SOD1 function seemed to be a 
plausible mechanism for the motor neuron death in ALS. We now know that this 
is not the case. Several lines of evidence show that the loss of normal enzymatic 
activity of SOD1 does not cause ALS: 

 
i. ALS due to SOD1 mutations is generally inherited in a dominant 

fashion145,148 leaving at least 50% of the enzymatic activity 
ii. Patients homozygous for the D90A mutations have normal SOD1 

activity in erythrocytes157,339 and the CNS340. Carriers of L84F mutant 
SOD1 also have normal activity in erythrocytes341 

iii. Transgenic overexpression of active SOD1 variants in mice creates 
ALS phenotypes despite elevated SOD1 activity115,342-343 

iv. SOD1 knock-out mice do not develop motor phenotypes344 
v. Some SOD1 mutant proteins e.g. D90A, G93A, and G41D retain 

full enzymatic activity in vitro345-346 
vi. There is a gene dosage effect in transgenic mouse models33,116,343,347 

and one patient homozygous for N86S mutant SOD1 developed a 
very aggressive disease at a young age while her heterozygous relatives 
were unaffected or suffered from a milder disease, which also indicates 
a gene dosage effect348  
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It is still unknown why the motor neurons are primarily affected in ALS, and by 
mutant SOD1s. The level of expression of SOD1 in the spinal cord and the motor 
neurons is not the responsible factor. The spinal cord has relatively moderate levels 
of SOD1 compared to other organs, with the liver expressing the highest SOD1 
levels in humans287. Also, in the central nervous system there are cell types with no 
or low sensitivity to ALS, showing as high levels of SOD1 as the motor neurons289. 
The SOD1 activity was found to be much lower in the ventral horn than in the 
liver and kidney in patients who were homozygous for the D90A mutation340. 
Some factor other than total SOD1 burden must cause the vulnerability of the 
motor neurons. 

 

Wild-type SOD1 in ALS 

Mutations in SOD1 are found in only about 6% of all ALS patients148. Some of 
the remaining ALS patients (over 90%) carry mutations in other genes, but for the 
majority of the patients the cause of their disease is unknown. The non-mutated 
form of the protein linked to familial variants of other neurological disorders such 
as Alzheimer’s disease, Parkinson’s disease, and prion diseases is known to be 
involved in the sporadic cases as well349. Emerging evidence supports a similar role 
for SOD1 in ALS:  
 
i. Inclusions containing misfolded SOD1 are found in the CNS of both SALS 

and FALS patients without SOD1 mutations120,142, which is similar to the 
situation in other conditions. Evidence for soluble misfolded SOD1 in the 
spinal cord of SALS patients was presented recently143.  

ii. The high number of different mutations in SOD1 linked to ALS that are 
scattered over the protein indicates that even the smallest changes to the wild-
type protein are harmful. Several mutations are situated in loop regions with 
the side chain pointing away from the core. This type of alteration should not 
affect the protein in any way. The wild-type sequence does not differ from 
that of these variants in any obvious way.  

iii. There are SOD1 mutations with the same melting point, stability, activity, 
and folding pattern as the wild-type protein.  

iv. Misfolding events linked to ALS are thought to be initiated by unstable 
monomeric forms of SOD1. These types of structures are also populated by 
wild-type SOD1350.  

v. Mice overexpressing wild-type hSOD1 do not develop a motor neuron disease 
(MND) phenotype115. However, wild-type hSOD1 is still toxic to the motor 
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neurons in these mice. They show the same pathological abnormalities as mice 
expressing mutant SOD1, but at a higher age. No MND phenotype appears 
within the short life of a mouse, but mice overexpressing wild-type hSOD1 
suffer from major loss of motor neurons at terminal stages320,343. They show 
more neurotoxicity than hemizygous D90A mice but less than heterozygote 
D90A mice, suggesting that there is a gene dosage effect343. Higher expression 
rates of wild-type hSOD1 may result in a MND phenotype in mice.  

vi. Several lines of mice expressing mutant SOD1 develop a more serious disease 
with earlier onset and more rapid progression when there is also expression of 
wild-type hSOD1320,351-354. This includes the truncated variant L126Z. Co-
expression also generated a motor phenotype in A4V-expressing mice that 
were symptom-free otherwise353. 
 

Misfolded SOD1 and aggregation in ALS  

How can one of the most stable proteins known be involved in neurodegeneration 
by misfolding? The first clues about structural instability, misfolding, and 
aggregation being part of ALS pathogenesis came from the large cytoplasmic 
aggregates seen in ALS patients (see above). These types of aggregates are seen in 
many neurodegenerative diseases, and their role has been discussed since they first 
were discovered349. The aggregates found in ALS patients with SOD1 mutations 
are immunoreactive for SOD1 and are a hallmark of the disease113,116,129. In healthy 
controls, native SOD1 stains diffusely in the entire cytoplasm without aggregate 
formation, indicating that somewhere in the pathogenesis of ALS, SOD1 loses its 
structure.  

Of the SOD1 mutations found in ALS patients, there are nine which cause 
premature stop codons that result in truncated protein variants 
(http://alsod.iop.kcl.ac.uk/). That truncated SOD1 is in fact pathogenic is proven 
by co-segregation with disease344,355 and mouse models with truncated variants 
develop ALS-like symptoms116,356-357. The shortest variant yet published is 
V118insAAAAC, where L117 is followed by an insertion of four non-native amino 
acids and a premature stop codon, resulting in a protein that is 121 residues 
long358. Several truncated variants lack the entire -strand 8 (amino acids 143–151; 
see Figure 3). This will severely hinder these SOD1 variants from folding in any 
native manner because the -barrel scaffold cannot form, and the possibility of 
forming the stabilizing C57-C146 disulfide bond is lost since C146 is absent. 
Truncated variants are very unstable and aggregate rapidly. No or only minute 
amounts are found in soluble form in vivo in mouse models116,356-357, and a 
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truncated variant expressed in COS-7 cells could not be detected even though the 
mRNA was expressed359. Truncated protein variants are either rapidly degraded or 
trapped in aggregates. There should be a mechanism or property common to all 
mutant SOD1 variants that causes ALS, and not 164 private mechanisms that are 
different for each mutant. Since the truncated variants cannot fold to the normal 
conformation, cytotoxic SOD1 species common to all the ALS-associated mutants 
must be misfolded.  

Apart from the truncated variants, both wild-type and mutant SOD1 is prone 
to misfold if stressed by structural alterations. The melting point of holo oxidized 
SOD1 is 92C307. When all posttranslational modifications are lost, SOD1 is 
instead one of the most unstable of comparable  proteins282. Monomerization alone 
leads to a drop in melting temperature to 70C, disulfide reduction to a further 
drop of 20C, and metal-depleted disulfide-reduced monomeric SOD1 has a 
melting temperature of 42C, just above body temperature360. To be added to this 
is the effect introduced by mutations. 

Mutations can affect SOD1 stability in different ways, depending on the 
location of the mutated residue and how different side chains are between the 
normal amino acid and the amino acid introduced by mutation. Amino acids on 
the surface of the protein, and particularly in loop regions pointing away from the 
molecule, do not cause major structural or activity changes when mutated and are 
called wild-type-like mutations. However, most mutations still destabilize the apo 
state313,361-362 but this effect is not common to all variants363. Other residues 
involved in, for example, metal binding will produce totally inactive variants when 
mutated346 and these variants can also be structurally defective271,364. One example 
is the G85R mutation,  which produces a protein with low copper affinity and 
activity345-346,361 that is also disulfide-reduced in vivo288 because the larger arginine 
side chain prevents the zinc binding loop IV from folding365.    

Mutations can affect the folding of SOD1 in several different ways: by 
decreasing the stability of the apo state308,313,362, by direct effects on the monomeric 
structure or the strength of the dimer366, by reducing the net negative charge367, by 
destabilizing the electrostatic loop368, and by truncating salt bridges and altering 
hydrogen bonding capabilities369. For some mutations, this leads to melting 
temperatures of below 37C, e.g. A4V and G93A with melting points of 35.2C 
and 31.2C, respectively362. On the other hand, mutations H46R and D124V 
result in increased stability and elevated melting temperature in the apo state308,363. 
Several SOD1 mutants behave indistinguishably from the wild-type in biophysical 
assays363. Mouse SOD1 is also much more stable than human SOD1343, 
highlighting the possibility that wild-type hSOD1 falls into the stability spectrum 
of neurotoxic forms of superoxide dismutases.   
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Destabilization by mutations or other modifications of SOD1—or alternatively 
by poor intracellular handling of misfolded proteins—can lead to aggregation. 
There is much data to suggest that it is destabilized disulfide-reduced and metal-
deprived monomeric forms of SOD1 that initiate aggregation350,368,370-373. Oxidative 
damage to SOD1 has been shown to initiate monomerization prior to 
aggregation374. Interestingly, SOD1 has been shown to be partially damaged by 
oxidation in ALS model mice375 and SOD1 in ALS patients without SOD1 
mutations is also oxidized in a way that causes SOD1 to misfold143. 

The structure of SOD1 in these aggregates is not clear. The SOD1 monomers 
in isolated aggregates formed in vivo are disulfide-reduced130,376-377 and lack both 
copper and zinc378. Several other proteins are found in these aggregates together 
with SOD1, including chaperones, neurofilaments, and mitochondrial and ER-
resident proteins130,379.  

Aggregated proteins in other neurodegenerative diseases are often amyloids, 
including the amyloid- protein, -synuclein, and the prion protein380. The 
definition of an amyloid species is tight packing of monomeric proteins into large 
fibrils by hydrogen bonding, using part of the monomers in -strands or in -
sheets that build up the fibrils. The -strands are orientated perpendicular to the 
length of the fibril. Characteristic of the growth of these fibrils is that there is a lag 
phase first; when a core nucleus of sufficient size has formed, a fast-growth phase is 
started and after a while a plateau is reached where the growth of the fibril is in 
equilibrium with the release of monomeric proteins from the ends of the fibril. The 
lag phase can be shortened if preformed aggregates are added that can seed the 
aggregation. The fibrils are 60–130 Å wide and 1,000–16,000 Å long. Amyloids 
stain with dyes such as Congo red and thioflavin-S and -T. These stains are used to 
establish whether a protein aggregate is a true amyloid or a less ordered amorphous 
aggregate381.   

ALS has not been considered to be an amyloid disease because histopathological 
preparations from ALS patients do not stain with amyloid dyes113,141,382. Patients 
with SOD1 mutations also lack signs of amyloid deposition at autopsy141, 
indicating a less ordered aggregation of SOD1 than in typical amyloid fibrils. In 
five lines of transgenic ALS mice, thioflavin-S positive aggregates have been 
identified371,383-384 and examinations of aggregates found in patients and transgenic 
mice by electron microscopy and atomic force microscopy have shown fibrillar 
morphology323,384-385—indicating that there is a potential for amyloid deposition. 
Metal-deprived mutant SOD1 has been shown to crystallize in amyloid-like 
structures with disordered regions of the zinc-binding loop binding to exposed 
strands of the -barrel in vitro364. 
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Another way of forming aggregates is disulfide crosslinking. SOD1 has four 
cysteines and is subject to this kind of aggregation386-389. Disulfide-linked aggregates 
are formed after long time periods by incubation of disulfide-intact metal-deprived 
SOD1 variants in a physiological setting390. However, the relevance of cysteine-
mediated aggregation is not clear. All four cysteines in SOD1 have been found to 
be mutated in ALS patients355,391-392 and the SOD1 monomers in isolated 
aggregates from transgenic mice is disulfide-reduced130,376-377. SOD1 with all 
cysteines removed by mutagenesis still aggregates rapidly376. Aggregates also appear 
late in the disease process, after many other possibly pathological species376, which 
makes their relevance in ALS pathogenesis questionable. Also, all soluble misfolded 
SOD1 found in transgenic SOD1 mice is disulfide-reduced (paper I, discussed 
below). 

SOD1 is not an especially aggregation-prone protein in vitro compared to other 
proteins linked to neurodegeneration. As with most proteins, SOD1 can be forced 
to aggregate by use of harsh conditions such as low pH and reducing conditions393-

394. By incubation at pH values below 4395-396 , incubation with trifluoroethanol397-

398, and high temperatures397, SOD1 forms aggregates in vitro. In more in vivo-like 
settings, apo SOD1 was found to aggregate into amyloid-like aggregates solely by 
the loss of the C57-C146 disulfide bond370-371. Recently, both wild-type and 
mutated holo SOD1 proteins have been found to aggregate with a more granular 
structure without any need for exposure to denaturing conditions399. The 
incubation time required for initiation was longer and metal loss with a subsequent 
drop in activity preceded the aggregation, indicating that destabilization and 
misfolding was still required to initiate aggregation.  

How SOD1 misfolding and aggregation is toxic to neurons is not known. Large 
fibril species are more inert than the precursor oligomers and monomers in other 
disease conditions, suggesting that active deposition of aggregation-prone material 
could be a defense mechanism instead400.  In fact, in mice that simultaneously 
overexpress G93A mutant SOD1 and CCS, a very rapid and aggressive motor 
phenotype appears but without any signs of aggregate formation401. These mice 
develop a severe mitochondrial pathology that probably explains the rapid 
progression. This type of pathology is not regularly seen in human cases (see 
below), so the relevance to ALS is questionable.  
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Models of SOD1 toxicity 

Since ALS is a chronic progressive disease of the central nervous system, without 
any possibility of taking biopsies for research purposes, biochemical analysis is 
restricted to tissue material from end-stage patients. The situation at end stage is 
not sufficient to give any insight into the processes leading to cell death. Much of 
our knowledge of ALS has come from model systems, and I will review the most 
important models below.  

 

Cell models 

Cell models are frequently used to study the properties and toxicity of SOD1, and 
many different cell lines of human, rodent, and primate origin are used. For studies 
of motor neurons, neuroblastoma-spinal cord hybrid cells (NSCs) were created by 
fusion of motor neuron-enriched preparations from mouse spinal cords and mouse 
neuroblastoma cells402. The NSC-34 clone with induced or transient expression of 
human SOD1 is often used in ALS research297,299,306,379. Recently, the technique of 
generating induced pluripotent stem cells (iPSCs) by reprogramming differentiated 
cells was developed for mouse fibroblasts 403 and human fibroblasts404. The stem 
cells can be differentiated into any cell type, including motor neurons and glial 
cells, and are promising tools for ALS research and therapy. Motor neuron cell 
lines from an ALS patient carrying the L144F SOD1 mutation have been 
generated with this method405. For the first time, it may be possible to model 
sporadic ALS without any known genetic defects. At present, there is no 
information on whether these cells develop any ALS-like features.  

 

Dosophila melanogaster 

Drosophila melanogaster, the fruit fly, is a popular model system due to powerful 
genetic tools, easy handling, and low cost. Overexpression of wild-type, A4V, or 
G85R hSOD1 in motor neurons of Drosophila all resulted in motor neuron 
damage with abnormal synaptic transmission leading to loss of climbing ability, 
but no motor neuron loss could be detected. The SOD1 protein accumulated in 
the cell bodies and axons of motor neurons. When expression was restricted to the 
eyes, G85R hSOD1 formed high molecular weight aggregates without 
degeneration of the retina, raising questions about whether aggregation and cell 
death are related406. However, contradictory results have been reported. 
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Overexpression of wild-type and G41S hSOD1 in motor neurons instead caused a 
small increase in lifespan that was proportional to the level of increased SOD1 
activity407-408. Even co-expression of both wild-type hSOD1 and G41S hSOD1 in 
the neurons was beneficial for prolongation of lifespan408, indicating differences in 
motor neuron biology between humans and flies. Drosophila is instead suggested to 
be sensitive to low SOD1 activity in motor neurons409.  

 

Caenorhabditis elegans 

Another popular model system is the nematode C. elegans. It has the same genetic 
and economic advantages as Drosophila, and also the fate and development of every 
single cell (including neurons) is exactly mapped. The first SOD1 transgenic C. 
elegans worms that were generated tolerated general overexpression of wild-type 
and mutant hSOD1 without any obvious phenotype410, but oxidative stress caused 
impairment of breakdown of the mutant SOD1, leading to accumulation of 
protein in muscle cells. Restricted neuronal expression of constructs generating two 
subunits linked via a short peptide of G85R, wild-type hSOD1, or one of each 
subunit also resulted in aggregation, mostly in G85R homodimer-expressing cells, 
with impaired locomotion as a consequence352. Neuronal overexpression of G85R 
hSOD1 without the dimer linker resulted in the formation of soluble SOD1 
oligomers and larger aggregates. A locomotion phenotype was also seen in these 
worms411. Downregulation of chaperones by RNAi worsened the phenotype, and 
electron microscopy showed a lower number of synaptic vesicles in the affected 
animals. No cell death was detected in any of the worm lines. In another setting, 
overexpression of G85R, G93A, and G127X mutant hSOD1, but not wild-type 
hSOD1, formed aggregates and resulted in a mild cellular dysfunction of muscle 
cells412. 

 

Transgenic mice 

Overexpression of different variants of SOD1 in mice has been extremely valuable 
to ALS research. Soon after the first mutations in SOD1 were linked to ALS, the 
first mouse model of the disease was presented115. Since then, many different 
transgenic lines have been generated and several review articles written (e.g. Julien 
and Kritz, 2006413; Kato, 2006414; Turner and Talbot, 2008415; Van Den Bosch, 
2011416). In many respects, the models closely resemble the human disease. Most 
murine models develop progressive paralysis, starting in the upper or lower limbs. 
Pathological examinations of the mice show motor neuron loss, reactive gliosis, and 
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inclusions of the LBHI and spheroid type (but not Bunina bodies). However, in 
several of the strains with high levels of expression of hSOD1 protein, large 
vacuoles in the spinal cord are a common pattern. This is not commonly seen in 
ALS patients or in models with lower SOD1 expression levels (section on 
mitochondria below). 

There is a strong gene-dosage effect on the phenotypes of SOD1 transgenic 
mice. The phenotypes of several strains are more severe, with quicker progression, 
when the mice are bred to homozygozity116,320,343,356,417-418. In the first report of the 
G93A strain, several lines were generated with different copy numbers of the 
transgene. Only the line with the highest expression level was reported to develop a 
MND phenotype115. Mice with lower expression levels of the G93A mutant do, 
however, develop a similar phenotype but at a higher age419. Mice expressing the 
A4V mutant of hSOD1 were also produced, but they showed no MND 
phenotype115. A4V is the most common SOD1 mutation found in North America; 
it is responsible for 50% of all SOD1-linked cases in North America420. Affected 
individuals generally have very rapid progression and an aggressive phenotype. 
Alanine 4 is buried in the hydrophobic core of SOD1, and the introduction of the 
larger valine is severely disruptive—even for holo SOD1313—but also destabilizes 
the apo state in the same way as other mutations350,398.  Such an unstable protein 
should be instantly degraded, leaving very low mutant protein levels in vivo that 
may be too scarce to cause disease. The expression of the A4V protein in the two 
strains generated was also low, and very low levels of A4V protein were accordingly 
found in brain of A4V transgenic mice115. That unstable forms of hSOD1 are 
efficiently cleared has been shown in models expressing extremely unstable 
truncated hSOD1 variants. Soluble forms of these proteins are hardly detected but 
accumulate in insoluble forms at onset of disease116,356-357. However, in contrast to 
the A4V mice, the very small amounts of truncated unstable hSOD1s are sufficient 
to cause an ALS phenotype in mice.    

Below I will cover the most significant models used in this thesis in more detail.  
G93A and wild-type hSOD1. The first model, published in Science in 1994, is 

by far the most widely used model globally115. Several lines of transgenic mice were 
created, but only the line with the highest expression of the G93A mutation 
developed ALS-like symptoms (the G1 line). The entire hSOD1 gene is expressed 
in the mice under control of the endogenous human SOD1 promoter. Eighteen 
copies of the transgene were reported to be incorporated into the genome; the 
insert site has been mapped to mouse chromosome 12, band E421. One sub-strain 
from the G1 line, the G1H sub-strain, with 25 predicted copies of the transgene, 
has since become the most used for ALS research in the world. The G93A 
mutation was first reported in 1993156; transgenic mice were created one year later, 
but the first description of patient characteristics was published in 1997 from one 
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family with nine patients422 and in 2010 from a large German family423. Clinically, 
the patients closely resemble SALS patients with upper and lower motor neuron 
symptoms at onset and bulbar involvement late in the disease process. No autopsy 
material is yet available, making comparison of neuropathology impossible.  

In the same paper, mice transgenic for wild-type hSOD1 were also produced. 
This type of mouse had been generated previously to mimic the effect of the 
triplication of a region on chromosome 21 including SOD1 in Down syndrome424-

425. The first strains showed up to 6-fold elevated SOD1 activity in the brain and 
were later shown to exhibit clinical and laboratory signs of Down syndrome. 
Contradictory findings of neuromuscular pathology in these mice have also been 
reported415. The N1029 strain of wild-type hSOD1-expressing mice was presented 
together with the G93A and A4V mice115. This line had the highest mRNA 
expression of three lines created with the wild-type hSOD1 gene. The mRNA level 
was roughly 60% of the mRNA level in the G1 strain, but the level of SOD1 
protein was higher in the wild-type hSOD1 line115. The N1029 line has been used 
as a control for the G1H strain ever since, a dubious practice. Although they are 
claimed not to develop MND, signs of motor neuron degeneration in mice 
expressing high levels of wild-type hSOD1 are evident at an advanced age320,343,419 
(discussed below). Both the G93A G1H and N1029 wild-type hSOD1 mice show 
a vacuolar pathology derived from swollen mitochondria not normally seen in ALS 
patients. These changes are probably caused by the extremely high transgene 
expression and they are also seen in other high expression strains342-343. Whether or 
not these vacuoles are relevant to ALS is questioned (see below). 

G85R. The G85R model was developed in 1997 as the third transgenic model 
after G93A and G37R114,342. The first two models had about five-fold 
overexpression of mRNA relative to that of endogenous murine SOD1, resulting in 
very high protein levels—up to 14 times that of the murine SOD1 protein. The 
G85R mice with the highest mRNA expression had a hSOD1 mRNA level that 
was similar to that of the previous models, but the level of mutant protein found in 
the tissues was only as high as that of the murine SOD1 protein due to low 
stability of the G85R mutant hSOD1 protein. The disease onset is delayed 
compared to the previous strains, but the G85R mice have a rapid disease 
progression once initiated, with about 60% motor neuron loss and also astrogliosis, 
axonal degeneration, and SOD1-positive aggregates in neurons and astrocytes114.  

G127X. The G127X mutant of SOD1 is even more unstable than G85R 
mutant SOD1. The mutation was found in a family from Denmark with an 
aggressive form of FALS. When the SOD1 gene was sequenced, a 4-bp insertion 
was found in the 128th codon, G127insTGGG (G127X), leading to a frameshift 
and 5 novel amino acids followed by a premature stop codon355. The mutated gene 
produces a severely defective enzymatically inactive SOD1 molecule of 132 amino 
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acids, where the last 5 are non-native. The protein is very unstable; it becomes 
degraded rapidly in vivo and accumulates in large aggregates in motor neurons of 
humans carrying the mutation116,426.  

To model the disease provoked by this defective SOD1, transgenic mice 
overexpressing the hSOD1 gene containing the G127X mutation were generated 
in our laboratory by expression of the whole human SOD1 gene from the hSOD1 
promoter116. The mice develop an ALS-like disease with loss of motor neurons, 
paralysis, and muscular atrophy in a dose-dependent manner. The progression is 
very rapid, often with as little as a few days from disease onset to terminal illness.  

D90A. The other extreme of mutant SOD1 stability from G127X is shown by 
D90A mutant SOD1. D90A is the most common SOD1 mutation worldwide, 
and has been found in most European countries and in North America148. The 
mutation was discovered in northern Scandinavia and was first described as a 
neutral polymorphism in the population. Homozygosity for the D90A mutation 
was later established in FALS pedigees, and D90A is the only SOD1 mutation 
described to have autosomal recessive inheritance pattern157. The mutation has, 
however, also been found in a few families with a dominant mode of inheritance427-

428, arguing for the existence of a cis-acting protective factor in Scandinavian 
patients that has not yet been identified429. D90A mutant SOD1 protein isolated 
from ALS patients339 and recombinant D90A protein346,361 are almost fully active 
and as stable as wild-type hSOD1. Mice expressing human SOD1 with the D90A 
mutation were also produced in our laboratory.  When bred to homozygosity, 
D90A mice develop a phenotype very similar to the human cases with spinal onset, 
bladder disturbances, and slow progression.  

 

Transgenic rats 

Two different mutant SOD1s have also been expressed in rats to model ALS. The 
larger size of rats compared to mice can be of advantage in experimental setups 
involving surgical and transplant approaches, for example430-431.  

Nagai and co-workers were the first to express mutant SOD1 in rats347. They 
generated several lines of both G93A and H46R mutant hSOD1 transgenic rats. 
Only the line with the highest protein expression of each variant developed any 
motor phenotype; however, these two lines had very aggressive disease. The G93A 
and H46R rats developed disease at 123 and 145 days, respectively, and were 
terminally ill after only 8 days (G93A) and 24 days (H46R). Both strains presented 
with weakness of one hind leg at onset that progressed to both sides and to the 
front legs later in the disease, with marked muscle wasting. Histopathological 
examination revealed motor neuron loss in the ventral horns of the spinal cord and 
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brain stem, as well as proliferation of microglia and astrocytes. Both strains 
developed Lewy body-like aggregates, more so in the H46R rats. As in mice 
expressing G93A mutant hSOD1, large vacuoles were detected in the G93A rats. 
Smaller vacuoles could be seen at end stage in the H46R rats. Rats expressing 
G93A mutant hSOD1 were also developed by Howland and co-workers432. Their 
rats expressed significantly higher levels of mutant hSOD1. Clinical and 
pathological features were highly similar to the other G93A rats, with rapid 
progression, progressive paralysis, and vacuolar pathology.   

 

Mechanisms of SOD1 toxicity 

Despite almost two decades of research since SOD1 was linked to ALS, the 
mechanism/mechanisms behind SOD1 toxicity is/are still not known. Below I will 
review some of the theories on SOD1 neurotoxicity. 
 

Toxicity of SOD1 from other species 

Over 160 mutations in SOD1 have been found in ALS patients (see above). 
Almost all changes in the sequence of hSOD1 appear to lead to motor neuron 
death and paralysis. The SOD1 sequence is highly conserved among species 
(Figure 1) and the 3D structure of the bovine, murine, and human SOD1s are 
superimposable. Many of the ALS-linked mutations are found in positions that are 
highly conserved through evolution246, but others are found in positions with 
natural variations between species. The property of hSOD1 that makes it toxic to 
motor neurons could also be present in SOD1 variants from other organisms that 
are similar to hSOD1. Indeed, there are examples of toxicity from SOD1s other 
than human SOD1. 

Mice overexpressing the murine SOD1 with the G86R mutation—
corresponding to G85R in hSOD1—have been generated433. The mice develop a 
very rapidly developing motor phenotype with total paralysis within 72 h after 
onset, with none surviving more than four months. The G86R murine SOD1 is 
expressed in all tissues at levels similar to that of the G93A G1H strain434, and the 
phenotypes are very similar. Although murine and human SOD1 only differ at 25 
positions, the proteins do not co-aggregate in cell culture models435. 
Overexpression of wild-type hSOD1 in G86R murine SOD1 mutant mice did not 
alter the phenotype, and no signs of co-aggregation were seen434. The difference in 
aggregation propensity and pattern could be explained by sequence variations in -
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strands 4 and 7 that are crucial for aggregation of human SOD1436-437. 
Interestingly, these parts are included in the folding nucleus of hSOD1, which 
indicates that partially folded intermediates may interact by domain swapping314. 

Drosophila SOD1 could also be linked to motor disturbances. Introduction of 
heterozygous missense alleles of Drosophila SOD1 by radiation caused 
neuropathology409. Several strains were created, but only the strain with the G49S 
mutation in Drosophila SOD1was analyzed for neuropathology. The flies showed 
necrotic lesions in the retina and atrophy of adjacent cells extending into the 
adjacent lamina of the brain, resulting in motor defects409. Drosophila is suggested 
to be sensitive to low SOD1 activity in the motor neurons407,409 and elevation of 
SOD1 activity in the motor neurons can extend the lifespan of Drosophila407, 
indicating that the phenotype observed may be due to loss of SOD1 activity and 
not to the gain-of-function mechanism in ALS. 

Canine degenerative myelopathy is an adult-onset neurodegenerative disease 
found in several dog breeds438. Affected animals suffer from spinal symptoms such 
as spasticity and general proprioceptive ataxia at onset, and progress to paraplegia 
and hyporeflexia439. At very late stages, if euthanasia is not performed, dogs can 
develop swallowing difficulties, indicating bulbar involvement440. Most dogs are at 
least 8 years old at onset. A GWAS of affected dogs from different breeds resulted 
in identification of homozygous E40K mutations of the canine SOD1 protein as 
being causative of the DM440. Affected dogs showed cytoplasmic inclusions 
immunoreactive against SOD1. The corresponding amino acid in hSOD1 is found 
to be mutated in human ALS, but to a glycine: E40G338,367. This is the first 
spontaneously occurring animal model of mutated SOD1-mediated ALS, and 
differs from the transgenic models in that only two copies of the defective gene are 
needed for development of disease after a relatively short time.      

 

Mitochondrial damage 

Mitochondria have attracted much interest in the ALS community. As the most 
important organelle for energy production, producer of high levels of ROS, and 
part of the apoptosis machinery, the mitochondrion can be linked to many parts of 
ALS pathogenesis.  

The first reports of mitochondrial alterations were at the structural level. In 
peripheral tissues such as muscle, liver, and blood lymphocytes, and later in the 
CNS, aggregated and enlarged mitochondria were found in autopsy material from 
ALS patients441. The fact that post mortem material only reflects the end stage of the 
disease—and that artifacts can be introduced upon tissue preservation and 
storage—makes these findings questionable. The use of animal models solves both 
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of these problems. The most striking pathological alterations in the first SOD1 
transgenic mice were vacuoles in the ventral horns115. These vacuoles were later 
shown to come from mitochondria442-443 by swelling of the intermembrane space444. 
This started an intense hunt to understand how mutant SOD1 affects 
mitochondria and to investigate the possible link to ALS. 

SOD1 is normally found in the mitochondrial intermembrane at low levels (see 
above). The importation of SOD1 into the intermembrane space is thought to be 
in the C57-C146 disulfide-reduced apo form in an unfolded, more linear 
conformation293. Well inside, CCS in the intermembrane space aids in metal 
loading and disulfide oxidation. Once folded, the native protein cannot exit the 
mitochondrion back to the cytoplasm. Mitochondria generate high levels of 
superoxide in the electron transport chain and need a high degree of protection by 
antioxidant enzymes. They have a SOD of their own: SOD2 (see above) in the 
mitochondrial matrix for breakdown of the large quantities of superoxide produced 
in oxidative phosphorylation445, so the presence of SOD1 in the mitochondrion is 
logical. Direct evidence for an active role of SOD1 in mitochondria comes from 
studies in yeast. Higher levels of carbonylated proteins were found in the 
mitochondria from yeast lacking SOD1, and yeast with increased levels of SOD1 
in mitochondria adapted better to states of elevated oxidative stress446.  

Since the first report of vacuolated mitochondria in G93A mice, several other 
lines of transgenic mice have shown the same type of pathology288,320,342,347,419,443. 
Similar structures are rarely seen in human ALS, but they have been observed in 
both SALS447-448 and FALS cases449. There have been several reports of 
mitochondrial malfunction in these strains of mice, and the mitochondria are 
clearly part of the disease in these strains (reviewed in Kawamata and Manfredi, 
2010 450). However, not all SOD1 transgenic mice develop this vacuolar pathology. 
Strains overexpressing G85R, H46R, G127X, and lower levels of G93A mutant 
SOD1 show no or low signs of vacuolarization but still develop ALS 
phenotypes114,116,419,451. Also, mice overexpressing wild-type hSOD1 develop the 
same vacuoles but have no MND phenotype320,340,419. Our group have shown that 
transgenic lines with high protein levels of hSOD1 get an artificial overload of 
SOD1 in the mitochondria, but lines with hSOD1 levels similar to those of 
murine SOD1 do not452. The hSOD1 in these models is very unstable and much 
of it is aggregated and found in inclusions. The seemingly high association of 
SOD1 with mitochondria in low-level strains that has been reported453-454 could be 
explained by the heterogeneous density of inclusions containing aggregated SOD1 
overlapping with the density of mitochondria, making density separation of pure 
mitochondrial fractions extremely difficult130,452. Mice expressing high levels of 
hSOD1 accumulate high levels of immature SOD1 without the disulfide bond and 
ligated metal ions288; the molecular formthat is imported into the mitochondria 
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intermembrane space where it is trapped by interaction with CCS. When high-
expressing SOD1 strains were crossed with animals overexpressing CCS, a very 
aggressive phenotype was seen—possibly from increased stability of SOD1 in the 
mitochondria through higher levels of CCS, thereby enhancing the mitochondrial 
damage401. Rats expressing dismutase-active G93A hSOD1 were found to develop 
vacuolar pathology, whereas similar expression levels of dismutase-incompetent 
H46R hSOD1 resulted in much smaller and less frequent vacuoles347. This may 
mean that elevated SOD1 activity in the mitochondrial intermembrane space 
causes the vacuolar pathology. 

Still, there are signs of mitochondrial damage even in the low-level models. 
These alterations include defective calcium uptake455, structural deformations456, 
and altered protein expression in mitochondrial pathways457. 

There are many ways in which mitochondrial defects could influence ALS 
pathogenesis, including increased production of ROS, reduced oxidative 
phosphorylation leading to energy inadequacy, increased sensitivity to 
excitotoxicity through reduced uptake of calcium from the cytoplasm, release of 
apoptosis-mediating molecules, and interference with axonal transport pathways 
(reviewed by Duffy et al., 2011458). A proposed mechanism for the mitochondrial 
effects is direct binding of misfolded SOD1 to the major voltage-dependent anion 
channel (VDAC1) on the cytoplasmic face of mitochondria459, resulting in 
inhibition of transport of metabolites into the mitochondria. Reduced levels of 
components of the mitochondrial protein import system have also been found in 
mutant SOD1-expressing rats showing defects in another mitochondrial 
maintenance system as well460.  

 

Axonal transport 

The shape of the motor neurons is very different from that in most schematic 
pictures of cells. The cell body of motor neurons is a very small part, and over 99% 
of the cell volume is made up of the (up to) 1 m long axon. The axon must be 
supported by the small cell body, with transport of mRNA through the axon for 
protein synthesis in both axon and synapse461. Alteration of axonal function has 
been found in many neurological diseases such as Alzheimer’s disease and 
Huntington’s disease, and also in ALS462-463.  

Evidence for altered axonal function in ALS patients can be seen at autopsy in 
both sporadic and familial cases, by accumulation of neurofilaments in the axon, 
which are called spheroids (see above). Mutations in neurofilament genes have 
been found in a small number of ALS patients186-188. Altered axonal transport has 
been observed in neurons from ALS patients with increased anterograde transport 
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(i.e. towards the synapse) and reduced retrograde transport (i.e. towards the cell 
body) of organelles and ER-derived vesicles464-465. 

Axonal defects have also been found to directly cause motor neuron 
degeneration in mice. Mutant neurofilament light chain (NF-L) causes late-onset 
motor neuron disease135, as does overexpression of wild-type peripherin185 and 
heavy neurofilament136; all three models develop defective axonal transport466-467. 
Defects in axonal transport are also found in SOD1-mediated ALS. In mouse 
models carrying the G37R, G85R, and G93A mutations, defective axonal 
transport has been detected early in the pathogenesis and may indicate that such 
alterations have an active part in the disease468-470. Both anterograde and retrograde 
transport are affected in these mice. The precise mechanisms are not clear, but 
damage to the molecular motor proteins is one option proposed. Mutations in the 
motor protein dynactin, which is needed for retrograde transport, have been found 
in MND patients191-192,471. Several other defects in the dynein-dynactin complex 
also lead to defective retrograde transport and late-onset motor neuron 
degeneration in mice472-473. Misfolded SOD1 might cause the failure in axonal 
transport by blockage of binding sites somewhere on the motor proteins, the 
cargoes, or the interaction sites on the filaments. SOD1 has been found to co-
localize with dynein in axonal aggregates470,474 and to interact directly with both 
dynein474 and kinesin-associated proteins475 to possibly alter their function.  

The direction of transport that is affected by SOD1 is under debate. In a 
GWAS, reduced expression of KIFAP3 in SALS patients was found to be 
associated with longer survival476, indicating disease-modifying potential in axonal 
transport. However, this was not replicated in another cohort of patients477. The 
kinesin-mediated anterograde transport was affected by misfolded mutant SOD1 as 
well as by misfolded wild-type hSOD1 purified from ALS patients143, but it was 
not affected in another setting where only dynein-mediated retrograde transport 
was inhibited478. 

 

Excitotoxicity 

Glutamate is the main excitatory neurotransmitter in the central nervous system. 
Overstimulation of glutamate receptors can lead to neuronal degeneration in a 
process called excitotoxicity. Excitotoxicity is thought to be involved in many 
neuronal conditions like stroke, epilepsy, and neurodegenerative diseases including 
ALS479. 

Glutamate signaling is (among other things) involved in movement, and motor 
neurons have several glutamate receptors in their synapses. The normal glutamate 
level in the synapse is 0.6 μM480, but an increase to 2–5 μM by increased release or 
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reduced clearance can be toxic to neurons481. Upon stimulation, glutamate activates 
different receptors such as -amino-3-hydroxyl-5-methyl-4-isoxazole-propionate 
(AMPA) and N-methyl-D-aspartate (NMDA) that release Ca2+ into the cell. Motor 
neurons have a high proportion of AMPA receptors and low expression of the 
GluR2 subunit, which could render them more sensitive to excitotoxicity479. High 
intracellular Ca2+ levels can activate damaging enzymes (peptidases, lipases, nitric 
oxide synthase, etc.) and initiate mitochondrial damage that results in formation of 
ROS; together, these are lethal for the postsynaptic neuron.  

There are several lines of evidence linking glutamate excitotoxicity to ALS, and 
much effort is being put into the research area. Ingestion of substances known to 
cause excitotoxicity can cause motor neuron degeneration and lead to motor 
neuron disease. One example is BMAA (discussed above), which is thought to 
cause the cluster of ALS-Parkinsonism in Guam. Elevated levels of glutamate have 
been found in both blood482 and CSF483-484 of ALS patients, but this finding is not 
common to all studies485-486. Several other reports have shown abnormalities in the 
glutamate metabolism of ALS patients479. One example is reduced clearance of 
glutamate in synapses in affected areas of the CNS487.  

The role of astrocytes in excitotoxicity in ALS became apparent when it was 
shown that ALS patients expressed lower levels of the excitatory amino acid 
transporter-2 (EAAT2), the astroglial glutamate transporter, in the CNS488-490. In 
vitro experiments with oligonucleotide silencing of EAAT2 resulted in progressive 
loss of motor neurons that could be reversed by AMPA agonists, thus highlighting 
the importance of EAAT2491. Motor neurons known to be more resistant to 
degeneration in ALS (like those in the oculomotor nucleus) are surrounded by glial 
cells with lower expression of EAAT2 than more sensitive motor neurons, 
indicating that sensitive motor neurons receive higher glutaminergic signaling 
input492. The result could be indicative of elevated glutamate signaling in early-
affected areas, and thereby higher vulnerability to excitotoxicity. Several authors 
have tried to find the mechanism of EAAT2 dysfunction, but no clear disease-
associated mutations have been found and the level of EAAT2 mRNA in patients 
is normal493. A possible means of therapy could be to stimulate EAAT2 expression, 
as shown by positive effects in G93A mutant SOD1 mice494.  

Perhaps the strongest evidence for excitotoxicity in ALS is that the drug riluzole 
is thought to have anti-glutamate properties, but the precise mechanism is still 
unclear. Riluzole lowers the synaptic glutamate levels by inhibiting glutamate 
release, and it also inhibits glutamate receptors. Riluzole is still the only approved 
pharmacological treatment of ALS495. Other therapies to inhibit glutamate 
signaling in ALS have, however, failed in clinical trials496. 

Data mainly from the G93A mutant SOD1 mice indicate a direct link between 
mutant SOD1 and excitotoxicity through protein aggregation, alteration in AMPA 
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receptor expression, lower EAAT2 expression in the spinal cord, and/or elevated 
oxidative species, but no clear mechanism has been identified479. 

 

Oxidative stress 

The term oxidative stress refers to a state in which toxic oxygen-derived species are 
produced at a higher rate than the cell is able to remove them. A collective name 
for these species is reactive oxygen species (ROS). This imbalance leads to oxidative 
damage to macromolecules such as proteins, DNA, and RNA. There is a debate in 
the field as to whether oxidative stress is actually part of the disease process, or if it 
is a consequence of other degenerative pathways further upstream. Oxidative stress 
is elevated later in life and increased age is a risk factor for ALS, so elevated levels of 
oxidative stress markers is natural for the majority of ALS patients.   

As described above, the first theory for mutant SOD1-caused ALS when SOD1 
mutations were found was increased oxidative stress due to loss of SOD1 activity. 
We now know that this is not the case. Still, oxidative stress is part of ALS 
pathogenesis. Oxidative damage to macromolecules has been found to be elevated 
in post mortem tissue from ALS patients compared to controls. For example, 3-
nitrotyrosine in proteins, markers of lipid oxidation, and DNA damage were found 
in spinal cord tissue from SALS and FALS patients497-499. In cell models and mouse 
models overexpressing mutant SOD1, there have been many reports of oxidative 
damage; SOD1 itself is also oxidized by carbonylation375, glutathionylation of 
Cys111339,500, and disulfide crosslinking of cysteines388. Such modifications can lead 
to misfolding and toxic properties of SOD1305.  

Although loss of SOD1 activity does not result in ALS, several theories of 
SOD1-mediated oxidative damage persist. SOD1 can catalyze the reverse reaction 
of its own normal function—as a peroxidase forming superoxide via a reduction by 
hydrogen peroxide, the end-product of the normal SOD process, in a Fenton-like 
reaction501. Conflicting results exist regarding the peroxidase activity of mutant 
SOD1. In different studies, both the G93A and A4V mutant forms of SOD1 have 
had enhanced peroxidase activity502 and the same peroxidase activity503 as wild-type 
SOD1. Isolated D90A mutant SOD1 protein from ALS patients was not found to 
have increased peroxidase activity339. Zinc-deficient SOD1 has altered geometry in 
the active site, which could allow entry of reducing substrates other than 
superoxide into the active site to cause oxidative damage504. Peroxynitrite could be 
formed within the active site through reactions of superoxide generated in the 
active site (by the peroxidase activity) and NO505.  

All these aberrant oxidative mechanisms require SOD1 with copper bound at 
the active site to be able to perform the oxidative processes. Several lines of 
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evidence argue against such a mechanism being common to all ALS-linked SOD1 
mutants: (1) several SOD1 mutants including G85R and G127X are incapable of 
binding copper114,116, (2) copper supplementation of the food of transgenic mice 
resulted in increased copper loading and dismutase activity but did not affect the 
phenotype288, (3) deletion of CCS in transgenic mice leads to lower copper loading 
but has no effect on disease phenotype506, and (4) transgenic expression of an 
experimental SOD1 variant with all copper ligands removed results in a totally 
inactive protein,but also produces MND in mice383. However, the involvement of 
copper ions in SOD1-mediated ALS is still under debate. Residual SOD1 activity 
in CCS-deficient mice506 argues for copper-charging of SOD1 independent of 
CCS507.  Copper bound to reduced glutathione has been shown to activate SOD1 
in vitro508 and in yeast cells509. Binding of copper to sites other than the normal 
copper site, including the zinc site510-511 and Cys111512, has also been shown, and 
has been suggested to be involved in the aberrant redox reactions.  

Other studies have shown that mutant SOD1 can cause increased oxidative 
stress independently of its own enzymatic functions. Nuclear erythroid 2-related 
factor 2 (NRF2) is a transcription factor that regulates expression of antioxidant 
response elements important for antioxidant defense in both acute and basal states. 
Reduced levels of NRF2 mRNA have been seen in ALS patients513, activation of 
the NRF2 pathway has been detected in the spinal cord of G93A mice514, and 
expression of five proteins of the NRF2-mediated oxidative stress response was 
found to be upregulated in the spinal cord of presymptomatic G127X mice 
compared to non-transgenic control mice457. G93A mutant SOD1 has been shown 
to reduce the expression of NRF2 in motor neuron cell lines, which contrasted 
with the results in murine spinal cord515. NADPH oxidases (NOX) produce 
superoxide from oxygen (see above) and are important in inflammation and cell 
signaling. Expression of the catalytic subunit in the NOX2 complex was shown to 
be upregulated in G93A mutant SOD1 mice and in microglia of SALS patients, 
accompanied by elevated markers of protein oxidation516. Deletion of the NOX2 
gene, and to a lesser extent the NOX1 gene, was found to extend the lifespan of 
G93A mutant SOD1-expressing mice517, possibly by stabilizing Rac1-GTP in the 
activated NOX2-complex and thereby locking it in the active state518. However, 
apo SOD1s did not bind Rac1, indicating that this mechanism cannot be common 
to all ALS mutants.  
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Non-cell autonomous toxicity 

ALS is a disease of the motor neurons, and it is the loss of these cells that is the 
main feature of the disease. Isolated expression of mutant SOD1 in neurons of 
mice has been reported not to cause motor neuron degeneration or a MND 
phenotype519-520. However, mice with elevated expression of G93A mutant SOD1 
that were followed for a long time period showed ALS symptoms after pure 
neuronal expression385,521. Attempts to modify the disease by targeted deletion of 
the SOD1 gene from motor neurons522-523 or by lentiviral expression of antisense 
oligonucleotides524-525 have significantly delayed the onset of disease in mice. Once 
the disease had started, the progression was not affected by lower SOD1 expression 
in the motor neurons. Expression of mutant SOD1 in motor neurons clearly has 
an important role in ALS, but apart from motor neurons, other cell types have 
recently been shown to have great importance for the disease.  

The first evidence came from chimeric mice randomly expressing mutant 
SOD1 in a subset of the cells. These mice developed an MND phenotype, and 
pathological examination revealed degeneration of wild-type motor neurons 
surrounded by mutant hSOD1-expressing glial cells as well as sparing of mutant 
hSOD1-expressing motor neurons surrounded by wild-type glia526. Co-culture 
models with degeneration of primary derived and stem cell-derived wild-type 
motor neurons growing on mutant SOD1-expressing glial feeding layers also 
pointed to a role for cell types other than motor neurons527-528. No direct cellular 
contact was needed for toxicity, but no toxic, diffusible ligand could be identified.  

Furthermore, targeted expression or deletion of mutant SOD1 by Cre-Lox 
technology in different cell types has shown interesting results. Targeted expression 
of mutant SOD1 in astrocytes has not been sufficient for disease development. 
Expression of G86R mutated murine SOD1 from the GFAP promoter resulted in 
expression in astrocytes but not in neurons, microglia, or Schwann cells. These 
mice develop normally, and do not develop motor abnormalities, or neuronal or 
microglial pathology; however, progressive reactive astrocytosis was apparent by 
GFAP staining529. Silencing of the mutant SOD1 gene in microglia522-523 and 
astrocytes530 slowed disease progression but had no effect on onset. Transplantation 
of normal bone marrow to replace the mutant SOD1-expressing microglia also 
prolonged survival531. Deletion of dismutase-active mutant SOD1 from Schwann 
cells accelerated the progression, indicating that oxidative damage of axons is part 
of the disease process532. 

According to the dying-back hypothesis, the initial insult in ALS is within the 
muscle and affects the synapses, leading to axonal degeneration—and later the 
death of the whole motor neuron533. Targeted expression of mutant SOD1 in 
muscle cells of transgenic mice did not support this idea, but did cause damage to 



45 
 

the muscles without affecting the motor neurons534. Also, lowering of the SOD1 
levels in muscle by viral therapy did not affect the progress of the MND phenotype 
in G93A mice535-536.   

 

ER stress 

ER stress refers to a state in which the accumulation of misfolded proteins in the 
ER lumen exceeds the capacity for folding and degradation. Apart from being a 
misfolding-prone protein, mutant SOD1 is implicated in many processes that are 
known to induce ER stress, including abnormal calcium homeostasis, redox stress, 
and energy deprivation537. During mild ER stress, the unfolded protein response 
(UPR) is activated to restore the proteostasis by suppression of protein synthesis, 
induction of ER chaperones, and enhanced ER-associated degradation (ERAD), 
making ER stress beneficial to the cell. However, chronic ER stress may tip the 
balance and force the cell into apoptosis via mitochondria-mediated pathways537. 
Both SALS and FALS patients show structural deformations of the ER at autopsy 
and alterations in gene expression indicative of ER stress. Transgenic mice carrying 
SOD1 mutations reflect these alterations, and also show that ER stress occurs 
before any onset of symptoms—and therefore may be a cause and not a 
consequence of the disease537.  

 Much of the chaperone-assisted protein folding is performed in the ER, and 
several lines of evidence show that SOD1 is found in the ER-Golgi system297-300. 
The cytosolic pool of SOD1 has also been shown to induce ER stress by inhibiting 
the ERAD system538. SOD1 has been found in aggregates together with ER 
chaperones and can also affect the expression of ER stress-related proteins130,297,539. 
Chronic ER stress may ultimately lead to apoptosis, possibly by inactivation of the 
anti-apoptotic protein Bcl-2540 or upregulation of pro-apoptotic genes such as bim 
and puma541-542. Signs of apoptotic cell death possibly mediated through ER stress 
and mitochondria have been documented in ALS patients and SOD1 transgenic 
mice, e.g. TUNEL staining in motor areas of ALS patients543, but are still being 
debated544. 
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Aim 

ALS is recognized as a protein misfolding disease, with mutant SOD1 being central 
to the pathogenesis of a subset of familial cases and possibly also the sporadic cases 
by involvement of wild-type SOD1. Much is known about the folding and 
misfolding of SOD1 in vitro using highly controlled conditions. The overall aim of 
this thesis was to identify and characterize misfolded SOD1 species in vivo and to 
explore their possible involvement in the pathogenesis of ALS. More specific aims 
were: 

 
 to develop methods to measure misfolded SOD1 in biological samples  
 
 to investigate the presence and tissue specificity of misfolded SOD1 in 

transgenic ALS models as a least common denominator for SOD1 
variants with widely different molecular properties 

 
 to describe the molecular form of misfolded SOD1 in transgenic ALS 

models 
 
 to identify proteins that specifically interact with misfolded SOD1 
 
 to determine the levels of misfolded SOD1 in CSF from ALS patients 

and controls, to gain insight into the SOD1 composition of the 
extracellular fluid of the CNS.  
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Materials and Methods 

In this section, I will describe the key materials and the novel methods used in this 
thesis. For standard techniques and experimental details, the reader is referred to 
the Materials and methods sections of papers I–IV. 
 

SOD1 transgenic mice 

Most of the work described in this thesis is based on transgenic mice expressing 
different hSOD1 variants. The history and phenotype of the different strains are 
described above. It is well known that the background strain in which the 
transgene is expressed is of great importance for parameters such as phenotype and 
onset37,545-546. All mice used in this thesis were inbred for at least ten generations 
into C57BL/6JBomTac mice (Taconic Europe, Bomholt, Denmark). Mice were 
killed at the presymptomatic ages indicated, or when they were terminally ill—
defined as when the mice could no longer reach their food.  

The G93A G1H strain and the wild-type hSOD1 N1029 strain were acquired 
from the Jackson laboratory (Bar Harbour, ME). In our laboratory, the G93A mice 
have an average life span of 135 days. This strain has the highest transgene 
expression of our stains, and the mRNA level is set to 100%. An average hSOD1 
concentration of 1,200 μg/g ww is found in the spinal cord. The wild-type hSOD1 
transgenic mice in our laboratory express 60% of the mRNA level found in the 
G93A mice, but the protein levels are somewhat higher at 1,400 μg/g ww343.  

The G85R model114 was a kind gift to our laboratory from Dr D.W. Cleveland 
(Ludwig Institute, University of California, La Jolla, CA). The G85R mice express 
43% of the SOD1 mRNA level of the G93A strain, have protein levels of about 60 
μg/g ww in the spinal cord, and die at 370 days of age on average288. 

The expression rate of the G127X mRNA is about 63% of that of G93A mice 
in homozygous animals. Heterozygous animals also develop an MND phenotype, 
but at an advanced age. Only homozygous G127X mice were used in this thesis. 
Only 30 μg/g ww G127X protein is found in the spinal cord, due to rapid 
degradation of the unstable G127X SOD1. The mean survival time is 216 days116.    

D90A homozygous mice express half the level of mRNA but accumulate SOD1 
protein levels similar to those seen with the G93A model (1,200 μg/g ww). They 
become terminally ill at about 447 days343.  
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Hydrophobic interaction chromatography 

A folded globular protein hides hydrophobic residues in the interior. As a 
consequence of misfolding, proteins will expose parts of their hydrophobic core—
leading to an increased surface hydrophobicity compared to the native state. We 
used this principle to set up a method to isolate misfolded SOD1 by hydrophobic 
interaction chromatography (HIC) with Octyl Sepharose (GE Healthcare) as 
stationary phase. Octyl Sepharose has a high protein-binding capacity, and about 
85% of all cellular proteins are retained under physiological conditions (data not 
shown). However, native SOD1 is sufficiently hydrophilic to pass through the 
stationary phase without any detectable interaction. At room temperature (23C), 
tissue homogenates were applied manually to the HIC column, washed stepwise, 
and eluted. High concentrations of glycerol and GdmCl, as suggested by the 
manufacturer, caused incomplete elution. A buffer containing 4% SDS had to be 
used to release all the bound SOD1 from the Octyl Sepharose matrix.  

The investigations of tissues from the transgenic models were designed to reflect 
as closely as possible the state of SOD1 inside the cells at the time of 
homogenization. Only fresh, non-frozen tissues and a physiological buffer was used 
with intracellular pH (7.0) and ionic strength (150 mM NaCl), and handling 
times were kept to a minimum. The protease inhibitor Complete without 
ethylenediaminetetraacetic acid (EDTA)  (Roche  Diagnostics,  Mannheim, 
Germany) was added. No detergent was used in order to avoid further 
destabilization of unstable SOD1 species or interference with the HIC binding. 
Iodoacetamide (IAM) was used to preserve the disulfide bond status at the time of 
tissue disruption. IAM reacts irreversibly with free sulfhydryl groups on cysteines 
and adds an acetamide group to the sulfur via a covalent bond. Without measures 
to avoid artificial oxidation, the mutants—e.g. G85R hSOD1— rapidly become 
oxidized in tissue homogenates (Figure 4). After oxidation, the G85R protein 
appears as a dimer instead of a monomer in reduced form, showing the need to 
preserve the in vivo disulfide bond status for correct structural status of SOD1. A 
similar effect could be shown for G93A mutant SOD1 (paper II, SI Figure 8). 
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Figure 4: Brain pieces from a 
G85R mouse were homogenized 
in PBS supplied with 40 mM 
IAM, 1.8 mM EDTA, or 1.8 mM 
EDTA and 0.5 mM DTT. The 
different extracts were separated 
by SEC and fractions analyzed 
with non-reduced western 
immunoblots. The time between 
extraction and SEC were 30-45 
min exept in the third SEC in 
which the extract was stored on ice 
for 6 h. When the spinal cord was 
homogenized with IAM present, 
the hSOD1 was reduced and 
eluted as monomer in fractions 
42–45. To demonstrate how easily 
mutant SOD1 could be oxidized, 
IAM was omitted from the 
homogenization buffer. EDTA 
was used to prevent metal binding 
to SOD1 without IAM. When 
not protected by IAM, the 

hSOD1 rapidly oxidized and already after 30 minutes, dimeric species were formed. More oxidized 
dimers appeared when analyzed after 6 h. Oxidation could partially be avoided if the reducing agent 
dithiothreitol (DTT) was included in the homogenization buffer.   
 

Size exclusion chromatography  

Size exclusion chromatography (SEC) was performed at 4C on an ÄKTA Purifier 
system (GE Healthcare, Uppsala, Sweden) with two different columns, 130 cm 
Superdex 75 and Superdex 200 (GE Healthcare). Superdex 75 has optimal 
separation of 3,000-70,000 kDa species (around the native SOD1 dimer) and 
Superdex 200 is better for resolving peaks of higher molecular weight. Tissue 
extracts (250 μl) were applied to both columns and eluted at a flow rate of 0.75 
ml/min with collection in 0.3-ml fractions.  
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Antibodies specific for misfolded SOD1 

A weakness of the strategy with HIC is that elution from the columns is highly 
denaturing. Consequently, no structural information can be obtained from the 
HIC-binding proteins. The procedure also includes a 12-fold dilution during 
elution from the HIC column. The fact that the misfolded SOD1 in the high-
expressing models is only a small fraction and is masked by enormous amounts of 
properly folded SOD1 also makes structural investigations more difficult. To study 
the molecular conformation of the misfolded SOD1, a better technique was 
needed.  

Several polyclonal antibodies have been produced by our laboratory over the 
years. Rabbits, chickens, and goats have been immunized with different peptides 
that cover about 90% of the hSOD1 sequence. When the characteristics of the 
different anti-peptide antibodies were evaluated, a somewhat surprising and very 
useful property was found: they were all highly specific for misfolded SOD1 but 
showed no detectable binding to native SOD1. All antibodies show strong binding 
to denatured SOD1 in solution (e.g. immunocapture or ELISA) or on 
immunoblots, but do not react with native species (Figure 5A)120,142. Several of 
these peptides are exposed on the surface of native SOD1, and should be available 
for antibody detection (paper IV, Figure S5). Accordingly, the specificity is not 
explained by epitopes hidden in the interior of the folded protein. The explanation 
for the high specificity is the use of peptides for immunization: (i) The peptides are 
too short to adopt much specific conformation and, if so, will not necessarily have 
the same conformations as in native SOD1 when processed by the immune system 
in the animals. (ii) The peptides were coupled to keyhole limplet hemocyanin for 
immunization, and this binding can restrain the possible conformation of the 
peptides. (iii) The chance is slim that when presented on the major 
histocompatibility complex for antibody production, the peptides will be in the 
same conformation as in the folded protein. (iv) One step in the purification 
process of the antibodies is affinity purification with the antigen bound to 
Sulfolink gel (Pierce, Rockford, IL). Binding of the peptides to the Sulfolink gel 
will restrain the peptides in the same way as during immunization. Due to these 
four steps in antibody production, the antibodies generated will not recognize 
segments constrained by folding in an ordered structure even if it is exposed on the 
protein surface. On the other hand, disordered segments in a misfolded protein 
will be able to freely adopt the 3D positions that the antibodies recognize. The 
SOD1 peptides used for immunization, as used in the papers of this thesis, are 
indicated in the hSOD1 primary structure shown in Figure 6. 
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Figure 5: Reactivity to native and denatured SOD1 of anti-SOD1 antibodies used in this thesis. The 
different antibodies were immobilized on Sepharose gels and incubated with native or denatured 
SOD1 (treated with 4 M Gdm-Cl and EDTA for denaturation). After washing, the bound SOD1 
was visualized on immunoblots and quantified. Two sequential incubations were done with the native 
SOD1 to remove residual misfolded SOD1, and to ascertain that the SOD1 was in excess of the 
antibodies. (A) Reactivities of antibodies raised in rabbits to the indicated peptides in the hSOD1 
sequence. All antibodies showed much higher reactivity to denatured SOD1 than to native SOD1. 
Only the first incubation with denatured SOD1 is shown. The native hSOD1 bands were developed 
for 2 min and the denatured hSOD1 bands for 5 seconds. (B) The antibody raised in a goat against 
apoSOD1 bound 8-fold more denatured SOD1 than native SOD1. (C) Purified SOD1 from human 
erythrocytes was used to raise antibodies in a rabbit. This antibody showed 3-fold higher binding to 
native SOD1 than to denatured  
 

Another type of antibody was produced by immunization with full-length apo 
SOD1. Apo SOD1 adopts many different conformations, from near-native to fully 
denatured313. This antibody has 8 times higher reactivity to denatured SOD1 
relative to native SOD1, and it also binds to all parts of the SOD1 sequence 
(Figure 5B and paper IV, Figure S2). It is very useful as the secondary antibody in 
ELISAs, since all types of SOD1 molecules are detected irrespective of which part 
is bound to the capturing antibody.  
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Finally, for ELISA specific for native SOD1, SOD1 purified from human 

erythrocytes339 was used as an antigen. After purification, the antibodies raised to 
native SOD1 showed about equal reactivity to native and denatured SOD1 (Figure 
5C).  
 
 
 

 
 
Figure 6: Peptides from hSOD1 used to raise the antibodies used in this thesis are underlined in the 
hSOD1 sequence. The secondary structure of hSOD1 is shown above the protein sequence. The 
peptide used to generate the antibody specific for mouse SOD1 is aligned against the human 
sequence. The peptide from the G127X protein (neo-sequence in bold) used to generate the G127X-
specific antibody is shown in the same way.  
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MisELISA 

With the goal of creating a method capable of screening many samples for 
misfolded SOD1 simultaneously and with high sensitivity, an ELISA procedure 
was set up. As primary antibody to catch the misfolded SOD1 in the sample, the 
antibodies specific for misfolded SOD1 were used. All anti-peptide antibodies 
could be used, but the highest sensitivity was achieved by the antibodies directed 
against amino acids 24-39, 57-72, 100-115, and 111-127 of wild-type hSOD1. 
The goat anti-apo SOD1 antibody, which could detect both misfolded and native 
SOD1, was used as secondary antibody. Horseradish peroxidase-substituted rabbit 
anti-goat immunoglobulin (DAKO/AS, Glostrup, Denmark) was used as tertiary 
antibody. The resulting ELISAs, called misELISAs, are specific for misfolded 
SOD1 and capable of detecting low levels of misfolded SOD1 in samples with very 
high content of native SOD1.  

For calibration of the misELISAs, an extract from a fresh, non-frozen spinal 
cord taken from a G85R transgenic mouse was used. The G85R mutant SOD1 
protein lacks the C57-C146 disulfide bond in vivo288. To preserve the in vivo 
disulfide status, IAM was added to the homogenization buffer. One unit of 
misfolded SOD1 measured with misELISA was defined as the amount of 
misfolded SOD1 present in 1 g ww of that particular G85R spinal cord. 

Antibody concentration and buffer content were varied according to the 
samples used. For example, normal human serum had to be added to the secondary 
and tertiary antibodies when CSF samples were analyzed, to block unspecific 
reactions, and development times had to be increased to detect the minute levels of 
misfolded SOD1 in human CSF. For details, see the individual papers.  
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Results and Discussion 

Soluble misfolded SOD1 in transgenic ALS mice 

Several lines of evidence indicate that soluble forms of SOD1 have more toxic 
potential than large, aggregated forms. The large aggregates found in ALS models 
appear late in the disease process, at the onset of overt clinical symptoms such as 
hind limb tremor and paresis116,547, while subtle gait abnormalities in G93A mice 
can be detected at earlier time points548.  In addition, electrophysiological, 
structural, and pathological alterations can be detected before aggregated SOD1 
appears469,549-551. There are models of SOD1 toxicity that do not develop any 
aggregates—both in cell culture352 and in mice401—and patients who are 
homozygous for the D90A mutation also show very low levels of aggregated SOD1 
(below 0.5% of the total SOD1, the same levels of aggregated SOD1 as found in 
controls340). The aggregation propensity of different SOD1 mutants could not be 
correlated to human disease duration, suggesting that forms of SOD1 other than 
large aggregates may be crucial in ALS pathogenesis552. 

 Theoretically, small soluble agents could enter different organelles or cellular 
compartments more easily, to alter their function. Also, other proteins involved in 
neurological disorders appear to be more toxic in soluble form, with the most 
potent forms being small oligomers553. The large fibrils found in Alzheimer’s 
disease, for example, are considered to be rather inert and harmless, although in 
vivo imaging has shown senile plaques preceding microglial activation and neurite 
dystrophic changes in Alzheimer’s disease model mice indicating that the plaques 
can cause direct damage554. We chose to focus on soluble SOD1, and defined the 
soluble state (as used in this thesis) to be the supernatant after 30 min of 
centrifugation at 20,000 g. In the 100-day-old mice used in these studies, the 
fractions of pelleted hSOD1 were 5.5% in G93A and G127X mice under these 
conditions (paper III, Figure 1B), showing that the greatest proportion of the 
hSOD1 is soluble at this stage. 

A misfolded SOD1 species is the only possible molecular form of SOD1 that 
could be common to all SOD1 protein variants found in ALS patients. The reason 
for this assumption comes from the C-terminal truncated SOD1 variants. These 
mutants cannot adopt the native SOD1 conformation because part of the -barrel 
core and the possibility of the C57-C146 disulfide bond are missing. There should 
be a common cytotoxic mechanism for all mutant SOD1s, and it has to be 
misfolded SOD1—to include the truncated variants. 

The main goal was to identify SOD1 that was misfolded in vivo in transgenic 
ALS mouse models expressing SOD1 variants with widely different molecular 
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characteristics. Misfolded SOD1 was defined as SOD1 with affinity for Octyl 
Sepharose. Whether immature SOD1 along the normal folding trajectory, 
destabilized forms due to mutations or posttranslational modifications, or 
misfolded SOD1 with non-native contacts bind to the HIC resin is not known. 
We chose to call HIC-binding SOD1 misfolded, although all three possibilities 
existed.  

Misfolded SOD1 was found in all tissues in all transgenic models that were 
examined, including mice overexpressing wild-type hSOD1 (Figure 7A). In all 
models, the spinal cord contained the highest levels of misfolded SOD1—except 
for the G127X, who had a little more misfolded hSOD1 in the brain (paper I, 
Table 1). The spinal cord is the organ in these mice that suffers the most damage. 
The G93A, D90A, and the wild-type hSOD1 proteins are stable, and very high 
levels of hSOD1 are found in the tissues of these mice, but low levels are found in 
G85R and G127X mice (see above, Table 1). The misfolded SOD1 was a small 
fraction of the total hSOD1 in the high-protein-level models (only 0.13% of the 
total hSOD1in 100-day-old mice wild-type hSOD1 transgenic mice) but a large 
proportion in the low-level models (100% of the G127X hSOD1 protein was 
misfolded). Interestingly, a small fraction (0.7%) of wild-type hSOD1 populated a 
unfolded state, as detected by NMR spectroscopy373, and 3% of wild-type hSOD1 
was misfolded under physiological conditions after metal deprivation and disulfide 
reduction372. The highest absolute levels of misfolded hSOD1 in the spinal cord 
were found in the G93A mice, followed by the G85R, G127X, D90A and wild-
type hSOD1 mice in descending order (paper I, Table 1). This is roughly the order 
of lifespan of these models—with G93A having the shortest lifespan while wild-
type hSOD1 was still symptom-free at 600 days (but showed a significant loss of 
spinal motor neurons at this stage). Thus, the absolute levels of misfolded hSOD1 
in the spinal cord could be broadly correlated to the mean lifespan of these models 
(paper I, Table 1). The specific degeneration of neurons in the spinal cord could be 
due to accumulation of high levels of misfolded SOD1 in these areas. Other tissues 
with higher total levels of SOD1 may have more efficient systems for 
folding/maturation or removal of misfolded proteins. The unstable and 
aggregation-prone G127X and G85R mutant forms of hSOD1 both accumulate in 
the central nervous system in mice to higher levels than in peripheral organs116,389, 
which also argues for reduced clearance of misfolded SOD1 in the CNS.  

The fraction of misfolded hSOD1 was highest in the spinal cord already in one-
day- old G93A mice. From ten days and onwards, the highest absolute 
concentration values of misfolded SOD1 were found in the spinal cord—and were 
stable at about 40 μg/g ww. This corresponds to about 3% of the total SOD1 in 
these animals (paper I, Figure 1C). Motor disturbances have been reported from 8 
weeks in G93A mice548, before aggregated SOD1 is detectable in these mice. 
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Figure 7: (A) Immunoblots of HIC-binding hSOD1 in spinal cord, brain, liver, and kidney from 
100-day-old transgenic ALS mice. �e highest levels were found in the spinal cord. (B) Non-reducing 
immunoblots with and without in-gel reduction of dilutions of spinal cord extracts and HIC-binding 
fraction from different ALS mice. Note the enhanced immunoreactivity of oxidized hSOD1 after in-
gel reduction. Most HIC-binding SOD1 is disulfide-reduced in these mice. In the case of wild-type 
hSOD1 and D90A, large amounts of SDS eluted material from the HIC had to be applied to the 
blots, which is why small amounts of unspecifically bound SOD1 carrying the C57-C146 disulfide 
bond may have been present. 

 
Soluble misfolded SOD1, on the other hand, could be detected at enhanced levels 
already from birth—and could exert toxicity for a long period of time. �e levels 
of soluble misfolded SOD1 at 100 days (paper I, Table 1) were a little lower than 
the fraction of aggregated SOD1 at end stage (Table 1) with higher soluble levels 
in some models. �e D90A mice have very  low levels of misfolded SOD1 at 100 
days: only 3.4 µg/g ww. �is is, however,  far from onset of symptoms in these 
mice. Starting onset and also in the terminal stage, a large accumulation of soluble, 
misfolded SOD1was seen in the spinal cord (paper I, Figure 1D).  

�at the C57-C146 disulfide bond is important for SOD1 stability and 
function has been shown many times281-282,372, and the spinal cord of transgenic 
mice is known to contain elevated levels of disulfide-reduced SOD1288.�e 
disulfide status of the misfolded SOD1 was examined using non-reduced western 
blot and IAM, to preserve the disulfide status at the time of homogenization. In 
G93A mice, the non-reduced blots of HIC-binding proteins showed only one 
SOD1 band with electrophoretic mobility corresponding to that of reduced 
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monomeric SOD1. However, this band was too weak to represent all misfolded 
SOD1 present in that sample (paper I, Figure 3A). Immunodetection of SOD1 is 
dependent on disulfide status, probably because oxidized SOD1 does not adhere to 
PVDF membranes in the same way as reduced SOD1555, and therefore leads to 
lower antibody binding. To circumvent this phenomenon, gels can be treated with 
reductants after electrophoresis (in-gel reduction). PVDF membranes treated in the 
same way did not generate as large an increase in antibody binding. Additional 
bands appeared after in-gel reduction of misfolded samples from G93A mice and 
disappeared after treatment with reducing agent, indicating that these bands 
carried disulfide bonds (Figure 7B). Their mobility showed that they could not 
carry the normal C57-C146 disulfide bond. Comparisons with recombinant 
SOD1 variants with different mutations of the four cysteines showed bands with 
shifted mobilities in the same way, indicating that the extra bands could represent 
species carrying non-native intrasubunit disulfide bonds. Similar bands were found 
in the other transgenic strains, although at very low levels in D90A and wild-type 
hSOD1 mice (Figure 7B). In the G93A mice, these aberrantly oxidized forms 
could be detected from day 1 until terminal illness (paper I, Figure S2B). Small 
molecules binding to cysteines in SOD1 is another conceivable mechanism that 
could result in appearance of bands with small shifts in electrophoretic migration 
that are lost upon reduction. Reduced glutathione has been shown to bind to 
SOD1 in vivo in this way339 through binding to Cys111500,556. Some of the extra 
bands found here could be explained by glutathionylation, and possibly other 
molecules binding to SOD1. The normal disulfide bond in hSOD1 is formed 
during metal loading by CCS, late in the SOD1 maturation process. How other 
pairs of cysteines could be linked is not known, and disulfide bonds like the ones 
found here have not been described before in SOD1. Aberrant disulfide bonds will 
result in SOD1 molecules locked in misfolded conformations by covalent bonds. 
Other forms of aberrant disulfide bonds have been found in SOD1 transgenic 
mice, but only linking different subunits to high-molecular-weight species387-389.  

 Vacuolar pathology is present in high hSOD1-level models representing 
mitochondrial pathology not often seen in ALS patients (see above). The 
enrichment of soluble misfolded SOD1 in spinal cords was found in all models 
examined, including the G85R and G127X forms of SOD1 that do not develop 
these vacuoles. Regarding the intracellular localization, we were unable to find any 
HIC-binding SOD1 in mitochondrial-enriched fractions.  

To investigate the molecular characteristics of SOD1 that binds to Octyl 
Sepharose, recombinantly expressed SOD1 was used. These species all carried 
cysteine-to-alanine mutations at the non-conserved positions 6 and 111, to avoid 
disulfide crosslinking during the experiments. We were able to show that loss of 
the metals was not sufficient for HIC-binding as long as the C57-C146 disulfide 
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bond was intact in wild-type hSOD1. This is in line with crystallographic data of a 
SOD1 variant incapable of forming the disulfide bond, where loop IV was not 
kept in place without the presence of ligated metals281. Loss of the metals in 
obligate monomers (by introduction of two hydrophilic Glu residues in the SOD1 
dimer interface557) also resulted in HIC binding. Introduction of ALS-linked 
mutations increased the fraction of misfolded (paper I, Figure S7A). Similar results 
with phenyl-Sepharose as hydrophobic matrix555 and a fluorescent hydrophobic 
probe558 were found by Tiwari and co-workers, who showed that isolated SOD1 
variants had an increased surface hydrophobicity when metal-deprived and C57-
C146 disulfide-reduced. Recently, several purified ALS-associated mutant forms of 
hSOD1 were reported to show increased surface hydrophobicity through binding 
of Sypro orange dye under disruptive conditions preceding aggregation397. 

 

Conformation of misfolded SOD1 in murine spinal 
cords 

Indirect evidence from the non-bound HIC fractions analyzed with SEC indicated 
that the major proportion of the misfolded SOD1 eluted earlier, i.e. appeared to be 
larger than dimeric SOD1 (paper I, Figure 2A). 

For more detailed examination of the misfolded SOD1 in spinal cord extracts, 
SEC was applied using a Superdex 75 column, which has optimal separation 
properties for the region in which SOD1 elutes. The eluted fractions were assayed 
for misfolded SOD1 with misELISAs, and for total SOD1 with western 
immunoblots. In G93A mice, the elution profile of total hSOD1 consisted of one 
large peak of dimeric hSOD1 and a smaller peak of monomeric hSOD1, as found 
in paper I. When the same eluted fractions were analyzed for misfolded hSOD1, a 
very different pattern appeared—with two peaks, both of apparently higher 
molecular weight than the normal hSOD1 dimer (Figure 8). If the sample had 
passed an HIC column before the SEC, the pattern for total hSOD1 was the same 
but no misfolded hSOD1 could be detected (paper II, Figure 1B). This means that 
the antibodies did not detect any misfolded hSOD1 that lacked affinity for the 
HIC column, and that no hSOD1 misfolded during SEC separation and analysis.  

The molecular weight of the misfolded species found in the SEC was calibrated 
to about 200 kDa and 60 kDa by comparison with proteins of known molecular 
weights (data not shown). 

Misfolded hSOD1 monomers appeared when the misELISA was analyzed at 
23C instead of the normal 4C (paper II, Figure 2A), indicating that mild thermal 
stress is sufficient to disrupt some hSOD1 monomers. To determine whether 
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hSOD1 anywhere else in the chromatogram could be misfolded by more harsh 
treatment, post-HIC fractions were incubated at 23ºC and subjected to a freeze-
thaw cycle before analysis with misELISA. Large peaks were detected for misfolded 
SOD1 in the fractions with monomeric hSOD1, but nowhere else in the 
chromatogram (paper II, Figure 2B). Re-chromatography of such misfolded 
monomeric species revealed that they eluted at the position of the 60-kDa 
misfolded species found in the tissue homogenate (paper II, Figure 2C). �e 60- 
and 200-kDa peaks were also subjected to re-chromatography. �e 60-kDa peak 
did not change in position (not shown) but the 200-kDa peak re-appeared mainly 
at the 60-kDa position (paper II, Figure 2D), indicating that the 200-kDa peak 
can—at least partly—dissociate into the 60-kDa peak. 

�e pattern for total SOD1 was similar in all analyzed organs of a G93A 
mouse, with mainly dimeric protein and small fractions of monomers. Misfolded 

Figure 8: Spinal cord extracts from 100-day- 
old transgenic mice separated by SEC. 
Fractions were analyzed for total SOD1 with 
immunoblots (●) and misfolded SOD1 with 
the 23-39 misELISA (). Note the large scale 
difference on the y-axis for misfolded SOD1 
and that the misfolded SOD1 contributed 
minimally to the total SOD1 except in the 
G127X SEC. 

24 28 32 36 40 44 48
0

0.2

0.4

0.6

0

5

10

15

20

25D90A

M
is

fo
ld

ed
 S

O
D

1 
(m

U
/m

l)

%
 of total SO

D
1 

24 28 32 36 40 44 48
0

1

2

3

0

5

10

15

20

25

30

35G85R

M
is

fo
ld

ed
 S

O
D

1 
(m

U
/m

l)

%
 of total SO

D
1 

0

2

4

6

8

0

5

10

15

20

25

30

35G93A

M
is

fo
ld

ed
 S

O
D

1 
(m

U
/m

l)

24 28 32 36 40 44 48

%
 of total SO

D
1 

24 28 32 36 40 44 48
0

2

4

6

8

10

0

5

10

15

20

25

30G127X

M
is

fo
ld

ed
 S

O
D

1 
(m

U
/m

l)

%
 of total SO

D
1 

24 28 32 36 40 44 48
0

0.05

0.10

0.15

0.20

0

5

10

15

20

25wt-hSOD1

M
is

fo
ld

ed
 S

O
D

1 
(m

U
/m

l)

%
 of total SO

D
1 

Total SOD1 Misfolded SOD1



60 
 

SOD1 was detected in all four organs, with similar 200- and 60-kDa composition 
as in the spinal cord, except in the kidney (paper II, Figure 3).  

Non-reducing western blots showed that the greatest proportion of the hSOD1 
protein found in the dimer carried the native disulfide bond, but the hSOD1 in 
both the 60- and 200-kDa peaks (as well as monomeric hSOD1) was mainly 
reduced (paper II, Figure 4A). Upon disulfide bond reduction and metal loss, the 
dimeric interactions of SOD1 are lost281. In vitro studies have shown that disulfide-
reduced and metal-deprived mutant SOD1 is severely destabilized362 and creates a 
misfolding-prone pool of protein even at body temperature317,361. In this work, 
such a pool of SOD1 monomers could be demonstrated in the spinal cord, 
creating a steady supply of misfolded SOD1 in vivo. 

Together with the disulfide bond, metallation is critical for the stability of 
SOD1. Immunocapture experiments with misfolded SOD1-specfic antibodies 
immobilized on Sepharose showed that Zn and/or Cu were decompartmentalized 
upon homogenization of brain tissue and could stabilize misfolded SOD1 if EDTA 
was not present during homogenization.  Much less misfolded SOD1 could be 
detected when extracts were supplemented with EDTA immediately after 
homogenization and the levels of misfolded SOD1 did not increase with time. This 
shows that the EDTA did not capture metals bound to SOD1 (paper II, Figure 
4C). The effect was smaller in spinal cord tissue (paper II, Figure 4D). Alkylation 
of SOD1 with IAM had a similar effect, probably because alkylated SOD1 is fixed 
in a misfolded conformation and unable to adopt a metal-binding conformation 
(not shown).  

The rest of our in-house SOD1 transgenic mice were investigated in the same 
manner. The misfolded hSOD1 in spinal cord chromatograms from all models 
showed the same patterns with peaks of 60 and 200 kDa (Figure 8). All the G127X 
protein was found to be misfolded, and the misELISA results correlated with the 
curve for total SOD1. This indicates that the misfolded hSOD1 in G127X mice is 
of the same kind as those found in the other strains. There was also an extra peak 
of misfolded SOD1 between the peaks for total SOD1 (max in fraction 34, Figure 
8). This is a covalently bound dimeric form of G127X hSOD1457 which reacts with 
the antibody used in the misELISA, but it was not included in the quantification 
on the western immunoblots for total hSOD1. The true amount of this dimeric 
species was very low according to protein staining with fluorescent dyes457, and it is 
somewhat overestimated in the misELISA. As in the HIC study, the largest 
amounts of misfolded SOD1 in spinal cord were found in the G93A mice, 
followed by the G127X, G85R, D90A, and wild-type hSOD1 mice.  

The fraction of misfolded hSOD1 in G85R mice was found to be lower when 
measured with the misELISA than the fraction that bound in HIC. In HIC, most 
of the G85R protein was retained by the hydrophobic resin, with total amounts 
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similar to those in the G127X mice (paper I, Table 1). In SEC, most of the G85R 
protein elutes as monomers, but is not recognized as being misfolded with the 
misELISA. More limited structural perturbations apparently lead to binding in 
HIC than what is recognized by the misfolding-specific antibodies. The main 
structural deformity in the G85R protein is alteration of the zinc-binding loop 
IV365. These perturbations may be too small to allow antibody binding. The 
antibody used in the misELISA is also directed at amino acids 24-39, mainly 
within -strand 3 (Figure 6). This antibody may not recognize perturbation of 
loop IV caused by the G85R mutation, far from the antibody epitope. Also, -
strand 3 is part of the folding nucleus formed early in the folding pathway314, and 
could therefore be more native-like while other parts of the protein are disordered.  
A crosslinking approach was taken to try to identify the molecular compositions of 
the two misfolded species. Eluted fractions were treated with the crosslinking agent 
disuccinimidyl glutarate (DSG) (Thermo Scientific, Rockford, IL). In the G93A 
mice, the misfolded hSOD1 is a small proportion of the total SOD1 and will be 
masked by the abundant dimers when analyzed by standard western immunoblots. 
Since all the G127X hSOD1 is misfolded, and the misfolded hSOD1 shows the 
same SEC-elution characteristics as in the other models, we used these mice. Both 
with and without crosslinking, the G127X protein in the peak corresponding to 
the 60-kDa species migrated as a monomer on denaturing SDS gels (Figure 9). 
This means that the misfolded SOD1 in the 60-kDa peak was monomeric, with an 
altered early elution profile in SEC. Larger proteins are eluted early in SEC because 
they enter the gel beads less than smaller proteins. This suggests that the misfolded 
monomeric SOD1 in the 60-kDa peak must have an elevated hydrodynamic 
volume. The radius of the normal unfolded state of the SOD1 monomer is only 
22% larger than that of the folded monomer316, and it would not elute very far 
from normal SOD1 monomers.  

The fact that the misfolded SOD1 monomer is eluted earlier than the normal 
dimer indicates that the 60-kDa species is not part of the normal folding pathway, 
but might be misfolded with non-native contacts to attain such a large 
hydrodynamic volume. Based on the early elution the misfolded SOD1 monomers 
are likely to populate conformations between premolten globules and complete 
unfolding559.  

The crosslinked 200-kDa peak appeared as two separate species with similar 
molecular weight in western blot that apparently could not be separated with SEC. 
As judged by comparison with the molecular weight markers on the western blots, 
the larger species was about 250 kDa and the smaller one was 130 kDa in size, 
which eluted together in the Superdex 75 SEC (paper II, Figure 5). 
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Figure 9: A spinal cord extract from  a G127X mouse was separated by SEC and the eluted fractions 
were split in two parts; one was incubated with the crosslinking agent DSG. Both the crosslinked and 
the non-crosslinked fractions were analyzed with immunoblot specific for G127X mutant hSOD1 or 
murine SOD1. The G127X protein in the peak in fractions 38-42 migrated as a monomer on the 
immunoblots, both with and without DSG treatment. The G127X proteins eluting in earlier 
fractions were mainly crosslinked after treatment with DSG. The murine SOD1 elutes as a sharp 
peak around fraction 40. The murine SOD1 is almost completely dimeric after crosslinking. 

 
Without DSG, they were found as one single band of monomeric SOD1. To 

ensure that the crosslinking had worked, the status of the endogenous murine 
SOD1 was examined with antibodies specific for murine SOD1 (Figure 9). 
Murine SOD1 is more stable than human SOD1343 and should be dimeric under 
these conditions. Over 90% of the murine SOD1 was also found as a dimer 
(Figure 9). 

In an attempt to verify these data in the G93A model, a Superdex 200 column 
(GE Healthcare) was used to achieve better separation of the high-molecular-
weight range where the misfolded proteins eluted. The 60-kDa peak could not be 
completely resolved from the dimeric protein (paper II, Figure 6). Still, in the 
fractions with the highest levels of misfolded SOD1 (fraction 50) mostly 
monomeric hSOD1 could be seen (paper II, Figure 6C), indicating that the 60-
kDa peak in G93A mice is also composed of monomeric misfolded hSOD1. As in 
the G127X mice, the 200-kDa peak appeared to be composed of two species after 
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crosslinking, with molecular weights of about 300 and 120 kDa according to 
molecular weight standards in western blot (paper II, Figure 6C). These larger 
structures were dissolved into a single monomeric disulfide-reduced band on non-
reduced western blots (paper II, Figure 6B), indicating that they were not 
interacting by disulfide crosslinking or other covalent bonds. Disulfide bonds are 
not needed for aggregate formation by SOD130,376,547, and these species could be 
small oligomeric precursors of large aggregates. The exact compositions of these 
300-kDa and 120-kDa SOD1-containing structures are not known at present. 
Some may be oligomeric, but complexes with chaperones bound to misfolded 
SOD1 should also be present. 

In this work, it was shown that misfolded SOD1 in spinal cords of transgenic 
mice is composed of disulfide-reduced, metal-depleted monomeric SOD1 in 
equilibrium with species of higher molecular weight. The misfolded SOD1 comes 
from disulfide-reduced monomers that are susceptible to misfolding already at 
body temperature. Virtually all the misfolded SOD1 identified—both with HIC 
and with antibodies specific for misfolded SOD1—lacked the normal C57-C146 
disulfide bond. The aggregated SOD1 in murine SOD1 models is also disulfide-
reduced130,376-377. Monomeric SOD1 variants lacking the C57-C146 disulfide bond 
have recently been shown to aggregate in vitro under mild physiological-like 
conditions370-371. Also, in a study with recombinant SOD1, the surface 
hydrophobicity was elevated prior to aggregate formation by thermal and TFE 
denaturation397. In line with these observations, the soluble misfolded hSOD1 
species found in vivo are likely to be precursors of the late-stage aggregates found in 
transgenic model mice and ALS patients.  
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Interaction partners for misfolded SOD1 

One conceivable mechanism by which misfolded SOD1 could be harmful to 
motor neurons is by binding to other components of the cell. Through direct 
binding, the misfolded SOD1 could block other cellular components from their 
normal tasks, deplete them from the cytoplasm by co-aggregation, and possibly 
activate others in harmful ways.  

We set out to identify the binding partners for misfolded SOD1 in spinal cords 
from transgenic mice without any preconceived ideas, using a proteomic approach. 
According to the results in paper II, the misfolded SOD1 is mainly monomeric 
with two larger forms identified that could be misfolded hSOD1 bound to other 
proteins. The possibility still exists that misfolded hSOD1 interacts with more than 
two proteins in vivo. The 120-kDa and 300-kDa species could be SOD1 
interacting with several other proteins, forming complexes of similar molecular 
weight that are not possible to separate by SEC and one-dimensional gels.  

Protein-protein interactions are favored with increasing protein concentration. 
The use of dilute extracts, further dilution during SEC, and the fact that only 10% 
of the total extract volume of a spinal cord could be applied to the SEC may have 
favored dissociation of complexes containing misfolded SOD1. In order to 
maximize the likelihood of identifying possible interaction partners for misfolded 
hSOD1, several modifications were made in the experimental setup. Five times less 
dilute extracts were used and all the misfolded SOD1 from two spinal cords was 
isolated in each experiment. In this way, 20 times more misfolded SOD1 and 
interaction proteins were analyzed in a single proteomic experiment than in a SEC 
experiment. Detection may be possible of minute fractions of hSOD1 interacting 
with other cell components by this method that fell below detection limit when 
more diluted samples were used. 

The truncation giving the shortest native SOD1 polypeptide found in ALS 
patients contains the first 117 native amino acids of SOD1 followed by 4 non-
native amino acids and a premature stop codon after 121 residues358. This 
mutation was found in a single patient with no family history of ALS, with all four 
of the proband grandparents living to advanced age without developing ALS. This 
might indicate that the mutant allele is not expressed in vivo, although in vitro 
expression could be demonstrated358, and that the ALS in the proband was not 
caused by the truncated SOD1. It has, however, been shown that at least the 27 
last amino acids of SOD1 can be missing and the remaining polypeptide still cause 
ALS: (i) family history and post mortem examination of patients with other long 
truncations show segregation with disease and typical ALS pathology116,355,426,560,  
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(ii) three mouse models expressing truncated SOD1 variants develop motor neuron 
disease116,356-357.  

G93A- and G127X-expressing mice were used in this study. These two models 
have high levels of misfolded hSOD1 in the spinal cord (paper I, Table 1) and 
widely different molecular characteristics, with G93A being stable and wild type-
like and G127X being extremely unstable. The C-terminal part of SOD1 cannot 
be involved in toxic interactions that cause ALS since it is missing in several 
truncated pathogenic SOD1 variants. Antibodies directed at the C-terminal end of 
SOD1 were therefore used, since they would not block interactions vital for 
toxicity. The most C-terminal anti-peptide antibody in our laboratory was raised 
against amino acids 131-153 in the hSOD1 sequence (Figure 6) and only detects 
misfolded SOD1 (Figure 5). The 4-bp insertion in the G127X gene creates a 
frameshift and a premature stop codon after five novel amino acids. To study the 
G127X protein exclusively, an antibody was raised against a peptide corresponding 
to the most C-terminal part of the G127X sequence (123-132, the five last novel 
amino acids; Figure 6). This antibody does not react with normal hSOD1116. 
These antibodies were used to immunocapture the misfolded SOD1 present in 
thick (1+5) spinal cord extracts from two pre-symptomatic mice at a time. After 
extensive washing, the bound SOD1 together with interacting proteins was 
released in a gentle way by incubation with the peptide used for immunization. 
The release of non-specific proteins bound to the matrix is reduced by this 
procedure. The released proteins were separated by 2D gel electrophoresis, stained, 
and protein spots excised and identified with matrix-assisted laser desorption 
ionization time-of-flight mass spectrometry (MALDI-TOF/MS).  

A limited number of proteins could be seen on the gels, indicating that the 
washing and release protocol was effective. However, several proteins other than 
hSOD1 were found on these gels. The patterns were similar in G93A and G127X 
mice (paper III, Figure 2A and B). Overall, control gels were clean but small 
amounts of protein could sometimes be seen (paper III, Figure 2C-F). Several 
binding partners for misfolded SOD1 could be identified (paper III, Table 1). 
Most of them were chaperones. The filamentous proteins tubulin and actin were 
sometimes abundantly found on control gels (paper III, Figure 2F) and were 
therefore not regarded with certainty as being specifically bound to SOD1.  

By far the most abundant protein bound to misfolded hSOD1 in transgenic 
mice was Hsc70. This is a constitutively expressed chaperone involved in quality 
control in the cytoplasm561 that has previously been reported to bind SOD1562-563 
and has also been identified as co-aggregating with SOD1130,564-565. Hsc70 is an 
abundant protein in the cytoplasm with high levels found in the CNS, particularly 
in the motor neurons566-567. Less than 1% of the total Hsc70 was bound to hSOD1 
in these mice, but the proportion could be somewhat higher due to limitations of 
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the method (paper III, Figure 4). This small occupation of Hsc70 capacity by 
hSOD1 should leave the cell with sufficient Hsc70 levels; the remaining 95% at 
least should be enough for normal function. The levels of misfolded hSOD1 are 
much lower in D90A mice (paper I, Table1) and even less Hsc70 would be 
occupied. The level of misfolded SOD1 in the ventral horn of an ALS patient was 
70-fold lower than in a D90A mouse spinal cord (paper IV, Table 2)—and that 
Hsc70 should be depleted even in subcompartments of the tissue by such low levels 
of misfolded SOD1 is unlikely.  

Several attempts have been made to raise the chaperone activity in ALS mice. 
Overexpression of Hsp70 (inducible homolog of Hsc70) has not been effective in 
three different strains of ALS mice including G93A568 but induction of several 
chaperones by arimoclomol has shown positive results in G93A mice569. A clinical 
trial with arimoclomol in ALS patients is ongoing570-571. 

As a comparison, we determined the proteins that could be pulled out of spinal 
cord homogenates with recombinant hSOD1 coupled to a Sepharose matrix as 
bait. In this way, much more hSOD1 could be used to increase sensitivity. Rats 
transgenically expressing mutant SOD1 also develop ALS, so any important 
interacting protein involved in ALS pathogenesis must exist in both rats and mice. 
Thus, the much larger rat spinal cord was used to generate sufficient homogenate 
volumes when more hSOD1 was used. 

A few proteins interacted with recombinant holo hSOD1 (paper III, Figure 3B) 
but all these proteins were also seen with apo hSOD1 (paper III, Figure 3C and 
D). Recombinant apo hSOD1 populates conformations from completely 
disordered up to a stable folded -barrel with distorted metal-binding loops313. The 
more native-like conformations apparently interacted with the same proteins as 
holo hSOD1. Apart from these proteins, many more proteins interacted with the 
recombinant apo hSOD1. The total amount of protein on the gels was not 
significantly higher than what was immunocaptured, despite the larger amounts of 
SOD1 and spinal cord extracts involved. However, the patterns were different. The 
Hsc70/SOD1 ratio was much lower than with the antibody approach, but a larger 
number of interacting proteins were seen on the gels. This protocol significantly 
raised the sensitivity, and more interacting proteins could be identified. Except for 
HS70A and Hsp74, all of the proteins identified as interaction partners of 
misfolded SOD1 in mouse spinal cord were also identified as interaction partners 
for the recombinant hSOD1. These proteins probably bound to the more unfolded 
conformations adopted by the apo hSOD1. The remaining proteins could thus 
have interacted with other SOD1 conformations, or could have been bound to the 
C-terminal end. One example of the latter is probably CCS. Hydrogen bonding 
between the C-terminus of SOD1 and CCS is important for this complex276-277, 
which explains why CCS was not found with the immunocapture strategy. Many 
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other proteins not found here have been reported to interact with SOD1572. This 
could be because of C-terminal interactions or interactions with more natively 
folded SOD1 structures. There may also have been insufficient sensitivity to 
identify interaction partners of low abundance that demand detection with 
immunological methods used by others.  

 

Misfolded SOD1 in CSF: implications for propagation  

ALS starts in a focal manner and then spreads from limb to limb, and from one 
part of the body to the rest573-574. The spread is often faster to nearby body parts 
than to more distant ones. After cervical onset in an arm, for example, the spread is 
faster and more frequent to the contralateral arm, then to the ipsilateral leg, and 
lastly to the contralateral leg575. Multifocal onset could also be present with 
deleterious processes going on throughout the CNS, and the initiation could be a 
stochastic event. How this spread is propagated is not known; nor is the factor that 
passes the disease from motor neuron to motor neuron, but involvement of a 
diffusible factor seems plausible. Could misfolded SOD1 be involved in these 
processes? 

As described above, SOD1 is mainly a cytoplasmic protein but it is also found 
in the extracellular space. There are indications that extracellular SOD1 could be 
toxic to motor neurons. The apo form of wild-type hSOD1 and G93A 
recombinant hSOD1 were directly toxic to neurons 304 and holo G93A (but not 
wild-type hSOD1) could activate microglia and transform them into a neurotoxic 
phenotype576. Experiments with therapeutic intervention by active immunization 
with recombinant mutant SOD1 as antigen577 and passive immunization with 
monoclonal antibodies raised against apo mutant SOD1578 have both been able to 
extend the lifespan of SOD1 transgenic mice. As discussed above, mutant SOD1 
also triggers microglial activation and other aspects of non-autonomous toxicity. 
Recent data also point to misfolded SOD1 initiating aggregation and spread of 
both mutant and wild-type SOD1 in a prion-like manner579-580. Misfolded SOD1 
in the extracellular space could be the factor responsible for the disease 
propagation. One proposed mechanism of SOD1 export involves the 
chromogranins A and B, chaperones that specifically translocate misfolded SOD1 
out of cells304. In this way, misfolded SOD1 could get out into the interstitium, the 
extracellular space, and be passed around the CNS with the interstitial fluid. There 
is no easy way to collect interstitial fluid from the CNS. However, the interstitial 
fluid is drained into the CSF, which is easily accessible through a lumbar puncture. 
About 30% of the CSF is derived from the interstitial fluid and the remaining 70% 
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is produced in the choroid plexus581. Thus, CSF reflects the status of the interstitial 
space in a good way. 

To search for misfolded SOD1 in the interstitium, we analyzed CSF samples 
from ALS patients and neurological controls. The collection included 57 
apparently sporadic ALS patients and 39 familial ALS patients as well as samples 
from 38 neurological controls (see paper IV, Table S1 for diagnoses). Of the FALS 
cases, 22 carried SOD1 mutations.  

Three misELISAs were used to detect misfolded SOD1 in the CSF samples. 
The capturing antibodies were raised in rabbits and directed against amino acids 
24-39, 57-72, and 111-127 in hSOD1 (Figure 6). By using three different 
antibodies, the chances of detecting locally disordered species were increased, and 
possible posttranslational modifications and oligomeric associations should not 
interfere with binding to all antibodies. The total amount of SOD1 and total 
protein was also measured in all samples.  

There was detectable misfolded SOD1 in all samples tested, both from the 
controls and the ALS patients. There were, however, no significant differences 
between the neurological controls and the ALS patients as one group or after 
stratifying for SOD1 genotype with any misELISA (paper IV, Table 1, Figure 2). 
There was a positive correlation between the total SOD1 and the misfolded SOD1 
(paper IV, Figure S3) and therefore the misfolded SOD1/total SOD1 ratio was 
calculated. This transformation reduced the spread, but there were still no 
significant differences between the controls and ALS patients as one group. 
However, the stratification of SOD1 mutation carriers into D90A homozygotes 
and others revealed a significantly higher misfolded SOD1/total SOD1 ratio in the 
non-D90A group, indicating that mutant SOD1 in the CSF is misfolded to a 
higher degree. This is explained by stability differences between the almost normal 
stability of D90A mutant SOD1—and thereby high total SOD1 values340—and 
other much more unstable mutants with lower total SOD1116,337,582. This argues in 
favor of either a specific excretion of misfolded SOD1 or, more likely, an increased 
misfolding of mutant SOD1 in the extracellular space, or a combination of both. 

There was a strong correlation between the results of the three different 
misELISAs, indicating that the different misELISAs mainly detect the same 
globally misfolded SOD1 species (paper IV, Figure 4). In the globally misfolded 
form of SOD1, all three segments with antibody epitopes must be flexible. The 
peptides used for generating the three antibodies all have segments found both in 
loops and -strands in folded SOD1 (Figure 6). Since the antibodies are 
polyclonal, it is possible that the -barrel is intact in the misfolded species and that 
the antibodies that bind have affinity for loop regions. We do not know if the 
misfolded SOD1 in CSF has the same structure as the misfolded hSOD1 in 
murine spinal cord. The misfolded hSOD1 found in the mice could be detected 
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with several of the antibodies specific for misfolded SOD1, including the 
antibodies directed against amino acids  24-39 and 57-72 in hSOD1 used for the 
analysis of CSF. This shows that the same segments are accessible for antibody 
binding in the misfolded SOD1 in both patients and mice, but if the misfolded 
SOD1 in CSF is as severely misfolded is currently unknown. 

The levels of misfolded SOD1 in CSF were very low. To obtain a quantitative 
value, the binding capacities of the three antibodies were calibrated. The antibodies 
were bound to Sepharose and incubated with the G85R standard spinal cord 
extract used in the misELISA. The captured hSOD1 was quantified against 
purified SOD1 with the concentration determined by quantitative amino acid 
analysis339. The mean value for all samples (patients and controls combined) was 
0.11 ng/ml for all three misELISAs. This corresponds to one misfolded SOD1 
molecule in 1,400 native SOD1 molecules in the CSF. One-third of the CSF is 
derived from the interstitium, and assuming all misfolded SOD1 comes from 
there, the extracellular concentration of misfolded SOD1 in the CNS would be 0.3 
ng/ml or about 20 pM (20  10-12 M) monomeric SOD1. This is roughly 1,000 
times less than the lowest concentrations of recombinant apo SOD1 that caused 
direct toxicity304. In our hands, only one-third of apo G93A is misfolded  in HIC 
(paper I, Figure S7), so even the subfraction of misfolded SOD1 in these 
experiment is roughly 350 times higher than the levels found in CSF. This 
indicates that the misfolded SOD1 in CSF does not have a direct toxic effect in the 
interstitium. In another experiment, the levels of holo SOD1 that were required to 
activate microglia were 0.5 μg/ml of G93A mutant SOD1 and lower activation 
with 2 μg/ml of wild-type hSOD1 after 2 days576. The levels of total SOD1 in the 
interstitium were 0.47 μg/ml for the controls and 0.29 μg/ml for ALS patients with 
non-D90A SOD1 mutations (paper IV, Table 1). The levels found in the CSF are 
close to the concentrations that have effects in vitro, and could be capable of 
inducing chronic microglial activation in the CNS. This is, however, not seen in 
controls—indicating that the total SOD1 levels are not the activating factor for 
microgliosis in ALS patients. The misfolded subfraction of recombinant holo 
SOD1 proteins are tiny; only 1% of holo G93A is bound in HIC and the 
proportion is even lower for wild-type hSOD1 (paper I, Figure S7). The folding 
status of recombinant holo G93A mutant SOD1 is, however, unclear. Many 
recombinant preparations of SOD1 only contain one copper per dimer, with 
unknown consequences for folding346,366,370. Repeated freeze-thawing may also 
result in misfolding of holo SOD1.  

Of particular interest was the finding that incubation of CSF at 37C for 3 h 
caused a doubling of the misfolded SOD1. Similar incubations of native SOD1 
caused no such misfolding (paper IV, Figure 5). Thus, misfolded SOD1 is 
continuously formed in the interstitium of the CNS. The misfolded SOD1 should 
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generally be aggregation-prone; it might adhere to cellular membranes583, or add to 
putative prionoid aggregates579-580 and facilitate spread. Because of size and 
adhesion, such misfolded SOD1 species will be sequestered in the interstitium584, 
which is why our analyses of CSF might lead us to underestimate putative roles of 
misfolded SOD1 species in ALS pathogenesis.  
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Conclusions 

 Soluble misfolded SOD1 is present in spinal cords of ALS-model mice 
from birth to terminal disease at levels close to those of aggregated SOD1 
in terminally ill animals 
 

 Soluble misfolded SOD1 is a least common denominator for mice over-
expressing SOD1 variants with widely different molecular properties, from 
the stable wild-type hSOD1 to the extremely unstable G127X mutant 
SOD1 

 
 All the misfolded SOD1 present in tissues lacks the C57-C146 disulfide  

bond and probably also stabilizing metal ions, and is largely monomeric 
 

 Misfolded SOD1 species of higher molecular weight are also present. 
These structures tend to dissociate easily into misfolded monomers  
 

 The misfolded SOD1 is probably derived from C57-C146 disulfide-
reduced monomers that are prone to misfolding even at body temperature  

 
 The misfolded SOD1 in the spinal cord is to a significant extent bound to 

chaperones, mainly Hsc70 
 

 Depletion of chaperones such as Hsc70 is not a likely mechanism of 
SOD1-mediated ALS 

 
 Globally misfolded SOD1 is found in the CSF, but at levels less than 

1/1,000 of the total SOD1 
 

 The CSF levels of misfolded SOD1 in ALS patients and controls are the 
same and cannot be used as a biomarker of the disease. 
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Populärvetenskaplig sammanfattning 

Ungefär 250 svenskar drabbas varje år av den dödliga sjukdomen amyotrofisk 
lateralskleros (ALS). Vid ALS dör motorneuronen gradvis, vilket leder till 
förlamning och slutligen till döden. En majoritet av patienterna har ingen nära 
släkting med sjukdomen och sägs ha sporadisk ALS. De ungefär 10 % av 
patienterna med minst en nära anhörig som också drabbats av ALS sägs ha familjär 
ALS. Den första genetiska orsaken till ALS hittades 1993 och var mutationer i 
genen för enzymet superoxiddismutas-1 (SOD1). Normalt har SOD1 en viktig roll 
i cellens försvar mot fria radikaler som bl.a. bildas när energi utvinns ur födan vi 
äter. SOD1-proteinet finns i alla kroppen celler i relativt höga nivåer. Över 160 
olika mutationer i SOD1 har hittills hittats hos ALS-patienter.  

Vi vet idag att ALS inte orsakas av att SOD1 slutar fungera, t.ex. påverkar inte 
några av SOD1-mutationerna enzymaktiviteten men bärare blir ändå sjuka i ALS.  
Muterat SOD1 får istället någon eller några nya egenskaper som gör att 
motorneuronen dör.  

I flera neurodegenerativa sjukdomar som Alzheimers sjukdom, Parkinsons 
sjukdom, och även i ALS, hittas stora klumpar av felaktiga proteiner i de delar av 
nervsystemet som drabbas av respektive sjukdom. Dessa klumpar innehåller SOD1 
när de kommer från ALS-patienter och visar att instabila former av SOD1 som 
förlorat sin normala tredimensionella form är involverat i ALS. Dessa former kallas 
felveckade (engelska: misfolded) och är också den enda möjliga form som kan vara 
gemensam för alla drygt 160 kända varianter av SOD1 som har hittats hos ALS-
patienter.  

Min avhandling handlar om hur lösliga varianter av felveckat SOD1 är 
inblandat i ALS. De flesta studier har gjorts på möss med olika varianter av den 
mänskliga SOD1-genen från ALS-patienter i sitt DNA. Dessa möss kommer göra 
samma SOD1-protein som finns i ALS-patienter och de utvecklar också en 
sjukdom som nära liknar ALS. Även möss som uttrycker normalt humant SOD1 
har använts. 

Vi har kunnat visa att dessa möss har förhöjda nivåer av felveckat SOD1 i 
ryggmärgen, det organ som främst drabbas av sjukdomen. Detta är en minsta 
gemensam nämnare för möss som uttrycker muterat SOD1 med vitt skilda 
molekylära egenskaper. Till och med i möss som uttrycker normalt humant SOD1 
fanns en liten mängd felveckat SOD1 i ryggmärgen. Det felveckade SOD1-
proteinet saknade både bundna metalljoner och en intramolekylär disulfidbrygga, 
två faktorer som normalt stabiliserar SOD1. Redan vid en dags ålder kunde 
felveckade SOD1-proteiner påvisas i mössen och felveckat SOD1 kan således skada 
motorneuronen under hela musens liv.  
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Normalt är SOD1 ett dimert protein, dvs. två lika subenheter bundna till 
varandra. Det är i denna form som SOD1 bryter ner syreradikaler. Mina resultat 
visar att det felveckade SOD1-proteinet har förlorat näst intill all normal struktur 
och är helt uppveckat. Det felveckade SOD1-proteinet var inte längre dimert utan 
fanns främst som uppveckade monomerer, men även hopbundna med andra 
cellkomponenter till komplex med högre molekylvikt. Det felveckade SOD1-
proteinet bildas antagligen av instabila varianter av SOD1 i centrala nervsystemet 
som kan felveckas redan vid kroppstemperatur.  

 Vi har försökt identifiera vilka cellulära proteiner som kan binda till felveckat 
SOD1 och kunnat visa att det felveckade SOD1-proteinet till stor del är bundet till 
chaperoner, främst Hsc70. Chaperoner är proteiner som har till uppgift att ta 
omhand felveckade proteiner i cellen så det är inte konstigt att chaperoner är 
bundna till felveckat SOD1. En teori som förts fram är att chaperoner i cellen 
skulle ockuperas av felveckat SOD1 och inte kunna utföra sina andra uppgifter. 
Mindre än 1 % av allt Hsc70 var bundet till SOD1 i ryggmärgen hos transgena 
möss så kapaciteten är knappast märkbart nedsatt. Dessutom har mössen till följd 
av överuttryck av SOD1 70 gånger högre nivåer av felveckat SOD1 än vad som 
finns i motorområdena hos ALS-patienter. Risken är minimal att 
chaperonkapaciteten inte räcker till i människor.  

Man vet inte hur ALS sprider sig från motorneuron till motorneuron och från 
kroppsdel till kroppsdel. En möjlighet är att felveckat SOD1 transporteras ut från 
celler i centrala nervsystemet till den vätska som omsluter cellerna och sedan 
påverkar omgivande celler. Vi undersökte om felveckat SOD1 kunde påvisas 
utanför cellerna i centrala nervsystemet och kanske spela en roll i ALS. Felveckat 
SOD1 fanns i cerebrospinalvätska från ALS-patienter och kontrollpersoner med 
andra neurologiska diagnoser i lika höga koncentrationer. Nivåerna var väldigt låga, 
bara en tusendel av det totala extracellulära SOD1-proteinet och ca 1300 gånger 
lägre än nivåer som visats vara direkt skadliga för cellkulturer. Felveckat SOD1 
verkar inte ha någon direkt toxisk effekt på motorneuronerna fån utsidan, men 
skulle kunna ge upphov till inflammatoriska effekter som skadar motorneuronen, 
eller vara inblandat i aggregering i det extracellulära rummet. Nyligen har små 
SOD1-aggregat visats ha liknande egenskaper som prioner. Det felveckade SOD1 
som vi kunnat påvisa både i musmodeller och i ryggmärgsvätska från ALS-patienter 
är troligtvis förstadier till dessa former.  
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