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Abstract 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterised by the 

selective death of motor neurons within the spinal cord and brain.  Although the aetiology of 

the disease is not well understood, inherited genetic mutations account for a small proportion 

of cases, with Cu,Zn-superoxide dismutase (SOD1) mutations being the most extensively 

studied.  Effective treatment options for ALS do not exist, however, pre-clinical outcomes 

indicate that therapeutically modulating copper bioavailability in the central nervous system 

(CNS) may be a feasible treatment strategy for ALS.  Therefore, the initial objective of this study 

was to investigate the significance of copper dyshomeostasis in the progression of a mutant 

SOD1 mouse model of ALS.   

We hypothesised that age-related changes to cuproenzymes progress with disease symptoms 

in SOD1G37R mice compared to age-matched non-transgenic littermates and mice 

overexpressing wild-type human SOD1.  To test this hypothesis, locomotor performance was 

assessed to track disease progression, then CNS and peripheral tissues were collected at distinct 

stages of disease for biochemical analyses.  Data presented in Chapter 3 provide evidence for 

copper malfunction in the CNS of ALS mice and indicate that copper malfunction is an early 

feature of the disease which worsens as symptoms progress.  Specifically, a disconnect exists 

between the abundance and copper-dependent activity of cuproenzymes SOD1 and 

ceruloplasmin.  Next, the therapeutic significance of these changes to SOD1 and ceruloplasmin 

were assessed.  In Chapter 4, data show that overexpressing CTR1 or treating ALS model mice 

with the copper compound CuII(atsm) extends survival and improves copper bioavailability to 

SOD1 and ceruloplasmin in the CNS.  

To ascertain the relevance of outcomes in a broader disease context, we next assessed human 

cases of sporadic ALS.  Data presented in Chapter 5 show that SOD1 and ceruloplasmin 

dysfunction detected in mice is also evident in sporadic ALS.  Significantly, changes to 

ceruloplasmin are associated with changes to iron homeostasis, where diminished copper-

dependent ceruloplasmin activity may contribute to iron overload in the ALS-affected motor 

cortex and decreased transferrin bound iron in the cerebrospinal fluid.  As such, we propose 

that changes to copper-dependent ceruloplasmin activity in ALS may be the mechanistic basis 

for two ALS biomarkers and represent the first biochemical evidence for the feasibility of 

treating ALS, including sporadic ALS, by therapeutically improving copper bioavailability to CNS 

cuproenzymes. 
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Multiple sclerosis (MS) is a disease characterised by CNS demyelination, with evidence 

suggesting a link between demyelination and limited copper bioavailability.   This is supported 

by data presented in Chapter 7 from both ALS model mice and MS-affected CNS tissue.  We also 

show that changes to copper, SOD1, ceruloplasmin and myelin-associated proteins are common 

to ALS and MS, and that modulating copper bioavailability may provide a therapeutic 

intervention.  Overall, data presented in this thesis indicate that: copper malfunction is a feature 

of ALS and MS; copper malfunction evident in sporadic cases of ALS are recapitulated in mutant 

SOD1 mouse models of familial ALS; and perturbations to the copper-dependent ceruloplasmin 

activity may be important to iron accumulation in the ALS-affected motor cortex.  The 

therapeutic implications of these observations are discussed. 
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1. Literature review 
 

1.1. Amyotrophic lateral sclerosis 
 
Amyotrophic lateral sclerosis (ALS) is a universally fatal neurodegenerative disease that is 

defined by the progressive dysfunction and degeneration of motor neurons within the spinal 

cord, motor cortex and brainstem1.  Whilst the preponderate amount of ALS cases are defined 

as sporadic, indicating an unknown aetiology, the remaining 5-10% are described as familial due 

to the inheritance of largely autosomal dominant genetic traits2, 3.  Within the subsection of 

familial cases of ALS, approximately 20% are attributable to point mutations in the gene for 

superoxide dismutase 1 (SOD1)4, with over 170 different mutations having been discovered 

thus far5.  The SOD1 gene encodes the ubiquitously expressed metalloprotein copper/zinc 

superoxide dismutase, which along with SOD2 and SOD3 makes up the family of SOD 

antioxidant proteins6.  Even though SOD1 represents the largest category of familial ALS derived 

mutations, and has been firmly established as the most effective model for inducing ALS 

symptoms in various animals and cell lines, an ever expanding list of mutations to different 

proteins exists.  Amongst these additional proteins implicated in familial ALS due to specific 

mutations are fused in sarcoma (FUS) and TAR DNA-binding protein 43 (TDP-43), which are 

hypothesised to represent 4% of familial ALS cases individually, and less than 1% of all ALS cases 

combined7.   

In terms of discernible pathogenic events that are purported to play a key mechanistic role in 

the development of ALS, an extensive list has been established which places particular emphasis 

on the requirement for a comprehensive understanding of causal relationships between these 

events.  Oxidative stress, nitrative stress, protein aggregation, impaired energy metabolism, 

excitotoxicity, metal dyshomeostasis and neuroinflammation are by no means an exhaustive 

list of pathogenic events8, and serves to illustrate the complex interplay of pathways that 

underlie this multifactorial disease.  Although heterogeneity in phenotypic presentation and 

prognostic assessments of ALS makes diagnosis a difficult enterprise, progression of disease 

leads inexorably to paralysis and death in spite of disparate genetic causes, and as such, seems 

to imply that certain pathogenic mechanisms are fundamental to ALS. 

1.1.1. Disease symptoms and diagnosis 
 
ALS is a relatively rare neurodegenerative disease that was first comprehensively described by 

the prominent neurologist Jean-Martin Charcot, who determined that lesions within the lateral 
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column and anterior horn of the spinal cord resulted in chronic progressive paralysis that 

presented with a distinct pathology9, 10.  Symptom onset usually occurs between 50 and 60 years 

of age with a disease prevalence of 2 per 100,000 individual, and a lifetime risk of approximately 

1:400 for women and 1:350 for men2, 11.  In general, ALS is characterised by muscular weakness, 

atrophy, difficulty swallowing, speech impediment and eventually breathing problems 

ultimately leading to respiratory failure and death12.  Initial symptoms arise as a direct result of 

upper motor neuron and lower motor neuron disturbances, with the incipient and predominant 

disturbance presenting itself either through bulbar-onset or limb-onset ALS phenotypes13. 

Even from the onset of clinically observable symptoms, the process for generating a positive 

diagnosis of ALS is a painstaking task that requires the elimination of various other diseases with 

similar clinical phenotypes.  Once the phenotype of ALS has been confirmed based on 

predominance of upper or lower motor neuron disturbances and site of onset, additional sub-

classification is necessary to eliminate primary lateral sclerosis (upper motor neuron 

disturbances only), progressive muscular atrophy (lower motor disturbances only) and 

progressive bulbar palsy (selective upper motor neuron disturbances only) as alternative 

diagnoses14.  Furthermore, ruling out ALS mimic-syndrome diagnoses such as multifocal motor 

neuropathy15 and cervical spondylotic myelopathy16 is also necessary to avoid misdiagnosis; this 

is particularly salient in relation to multifocal motor neuropathy, which typically has a positive 

outcome from intravenous immunoglobulin treatment.  In an attempt to clarify the criteria 

required for a definitive ALS diagnosis, the El Escorial criteria17 were developed as a method for 

implementing clinical, electrophysiological and neuroimaging tests to positively eliminate 

overlapping disease.  Subsequent reformulations and amendments to the El Escorial criteria18, 

19 have produced more stringent criteria through which to establish an accurate ALS diagnosis.  

Whilst these criteria provide a solid basis for patient recruitment in ALS clinical trials, a deviation 

from particular criteria does not definitively preclude an ALS diagnosis, highlighting the need 

for more rigorous examination and patient communication to ensure a prompt and accurate 

diagnosis20, 21. 

1.1.2. Prognostic outcomes 
 
From symptom onset, the prognosis for patients with ALS is usually regarded as a life 

expectancy between 2 and 5 years22, 23, and this is drastically diminished once the patient is 

eventually diagnosed definitively.  Projected survival periods are generally determined by 

population wide epidemiology studies that vary greatly in terms of sample size and geographical 

region of interest24.  As a result, prognosis tends to be tailored to the individual patient based 
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on a combination of symptom presentation and disease progression.  Whilst symptom and 

disease progression heterogeneity in both sporadic and familial forms of ALS makes them 

largely indistinguishable phenotypically25, sub-classification based on site of onset and 

particular phenotypic presentation allows for approximate prognostic estimations to be made.   

Various population wide studies on the prognosis of different ALS variants have shown that the 

more common limb-onset form of ALS corresponds to a better prognosis, whilst bulbar-onset 

and advanced patient age are associated with poorer prognosis26.  Additionally, atypical 

presentations of ALS in the form of the flail-limb variant and isolated bulbar phenotypes are 

affiliated with a more positive prognosis27, 28.  Differential diagnosis elimination of ALS in favour 

of primary lateral sclerosis, progressive muscular atrophy or progressive bulbar palsy also 

presents differing prognoses for life expectancy (Table 1.1)14. 

 

 

 

 

 

 

 

Table 1.1:  Clinical distinctions between ALS and alternative forms of motor neuron disease that 
present with overlapping phenotypic characteristics.  Table sourced from14. 

 

Besides prognostic evaluation based on phenotypic presentation of the disease, continual 

testing of observable symptoms can provide greater understanding of the speed of disease 

progression, and therefore provide more accurate prognostic predictions.  As ALS typically 

manifests itself through muscular weakness and motor disturbances, a prevalent estimation of 

prognosis involves the use of strength tests to establish a motor unit number estimate29, where 

projected survival can be inferred through the rate of unit decline.  Furthermore, since ALS 

inevitably targets the musculature responsible for respiratory function, the measurement of 

forced vital capacity has also become a widely utilised method for determining disease 

progression and survival in patients30.  The advent and development of medical imaging 
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technology has in turn also produced novel avenues for evaluating disease progression and 

survival in patients with ALS.   

Advancement of magnetic resonance imaging (MRI) predictors has focused on the potential 

employment of diffusion-tensor MRI to investigate the corticospinal tract in ALS patients as a 

method for establishing predicted long-term disease evolution31.  The use of transcranial 

magnetic stimulation has also shown promise in terms of diagnostic and prognostic utility, 

where cortical hyperexcitability has been reported as an early feature of ALS32, 33.  Application 

of this technique provides a non-invasive tool for the assessment of motor cortex and 

corticospinal tract functional integrity, and as a result, may represent a useful technique for 

monitoring upper motor neuron dysfunction and ALS disease progression33.  A combination of 

these tests have been implemented in clinic trial settings to establish a more comprehensive 

measurement of disease progression and survival, as exemplified by the inception of an ALS 

functional rating scale that tests multiple motor function parameters in concert with respiratory 

function34.  Although the presence of specific mutations in familial cases can dictate a more 

predictable prognosis, the unknown aetiology of most ALS cases and the heterogeneity of 

phenotypic presentations means that prognosis is typically based on the interpretation of 

clinical symptoms over the course of disease progression. 

1.1.3. Therapeutic treatments and palliative measures 
 
Due to the complex and multifactorial nature of ALS, no curative treatment exists and only a 

single approved therapeutic compound in Riluzole (Rilutek™) exists; although median survival 

is only extended by two to three months35.  The precise mechanism of action by which Riluzole 

works is still a matter of debate, but there appears to be a consensus that it works 

fundamentally by mitigating the effects of glutamate induced excitotoxicity36.  Motor neurons 

which are selectively afflicted in ALS communicate through glutamate neurotransmission 

between pre- and post-synaptic neurons.  By a proposed combined mechanism of action 

involving direct antagonism of post-synaptic glutamate receptors leading to inhibition, blocking 

pre-synaptic calcium channels leading to decreased glutamate release into the synaptic cleft, 

and impeding neuronal excitability through sodium channel blockade, Riluzole is thought to 

directly target molecular pathways implicated in motor neuron degeneration37.   

Additional research has shown the effect of Riluzole on various types of potassium channels 

that directly affect neuronal membrane potential and neuronal excitability38, which further 

complicates the mechanisms through which Riluzole may exert its neuroprotective effects.  

Currently, a plethora of proposed candidates for a therapeutic treatment of ALS exist in the 
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literature and encompass antioxidant compounds protecting against oxidative stress39, 40, the 

energy restorative benefits of creatine41 and SOD1 anti-aggregation drugs42.  Considering the 

fact that Riluzole remains the sole available ALS treatment it begs the question of whether these 

compounds are targeting the right pathways, have the required efficacy for therapeutic benefit, 

or require a combinatorial treatment regime to be implemented for multifactorial targeting. 

Aside from the modest efficacy of Riluzole, the only management strategy that currently exists 

for ALS patients involves palliative measures to ensure maximal quality of life.  Respiratory 

problems in these patients are a direct result of motor neuron degeneration inducing weakness 

of the diaphragm and muscles crucial for proper breathing function43.  As a consequence of this, 

sleeping behaviours are aimed to be rectified to avoid complications that may arise from 

breathing difficulties during sleep.  Upon sufficient decline in forced vital capacity, non-invasive 

ventilation is recommended to assist with aspiration, however, as symptoms deteriorate and 

end-stage is reached, invasive mechanical ventilation through tracheostomy or endotracheal 

tube may be opted for, although the prospect of becoming “locked in” and incommunicable 

poses a real risk44.   

Pain and mood disorders are frequent amongst ALS patients, especially as the disease 

progresses, therefore non-steroidal anti-inflammatory drugs and anti-depressants are 

commonly prescribed to alleviate these symptoms, with care taken not to prescribe drugs such 

as benzodiazepines that may exacerbate muscle weakness45.  Dysphagia, characterised by a 

difficulty swallowing, and respiratory disturbances make ALS patients prone to 

hypermetabolism meaning that a tailored nutrition program and management of dysphagia 

through swallowing techniques are advised.  As symptoms worsen, avenues such as endoscopic 

tube assisted feeding, or the preferred radiologically inserted gastronomy tube, are offered to 

mitigate weight loss and elevate quality of life for the patient46.  Given the absence of a curative 

treatment for ALS, medical practitioners rely almost exclusively upon palliative management of 

symptoms particular to the patient, demonstrating a great requirement for the development of 

successful therapeutic interventions. 
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1.2. Genetic components in ALS 
 
Despite genetic mutation derived familial ALS making up approximately 5-10% of reported ALS 

cases, establishing a comprehensive understanding of the variety of genes responsible, and how 

they relate to a common pathogenesis, is critical to elucidating the mechanisms underlying ALS.  

Whilst the list for genetic bases of ALS is continually expanding, the greater proportion of ALS 

models and research are based on the earlier discovered and more common mutations 

associated with the proteins SOD1, TDP-43 and FUS. 

1.2.1. Superoxide dismutase 1 (SOD1) 
 
As described previously (Chapter 1.1), SOD1 is a ubiquitously expressed cuproenzyme that acts 

as a crucial antioxidant enzyme47.  Toxic superoxide radicals (O₂⁻·) typically produced within the 

cell are detoxified by SOD1 through transmutation into hydrogen peroxide (H₂O₂), which is 

subsequently metabolised into non-toxic water and oxygen by glutathione peroxidase and 

catalase enzymes48, 49.  The human SOD1 gene is located on chromosome 21q22 and consists of 

five exon regions interspersed with four introns, the size of which has been shown to vary across 

studies as a likely result of genetic polymorphisms50.  At a transcriptional level, epigenetic 

regulation of SOD1 expression through methylation leading to the silencing of SOD1 expression 

appears to not be a factor in cases of ALS51, lending support to a toxic gain of function 

mechanism of action.  

Once translated into a monomeric polypeptide, SOD1 undergoes a range of post-translational 

modification processes to complete its maturation and become a fully functional enzyme.  

Initially, nascent SOD1 becomes zinc bound which is crucial for structural integrity of the 

protein, and then direct interaction with copper chaperone for superoxide dismutase (CCS) 

allows the protein to become copper metallated52.  Copper loading processes for SOD1 

independent of CCS have been described in simple eukaryotic systems53, and may be due to 

glutathione interactions with SOD1 that are also observed, however these mechanisms appear 

to account for only a small proportion of copper loaded SOD154.  The final step in SOD1 

maturation occurs through a process of intramolecular disulphide bond formation between the 

residues cysteine 57 and cysteine 146, which in concert with metallation allows for structural 

stability and promotes the formation of a fully functional homodimeric SOD1 protein55.   

Due to the vast number of known SOD1 mutations that induce ALS in human cases (Figure 1.1), 

a variety of cell and animal models have been developed that allow for the investigation of the 

effects of human mutant SOD1, which has become a crucial part of ALS research.  Initially, a loss 
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of function hypothesis was constructed for SOD1 pathogenesis, and although SOD1 knockout 

mice displayed increased motor neuron sensitivity to paraquat inducement of oxidative stress56 

and axonal trauma57, these mice did not otherwise develop any motor neuron pathology 

indicative of ALS.  Whilst work performed with SOD1 knockout mice has led to interesting 

results that show detrimental effects selective for motor neurons consistent with human ALS 

cases58, the predominant consensus is that an aberrant gain of function mechanism related to 

mutated SOD1 is responsible for pathogenesis59. 

 

 

 

 

 

 

 

Figure 1.1:  A schematic of known amino acid substitution mutations within the SOD1 gene that 
induce ALS.  The yellow triangles represent the four intronic regions interspersed between the 
exons, where the residues responsible for copper and zinc binding are also displayed.  Image 
sourced from59. 

 

To investigate the gain of function mechanisms related to mutant SOD1 in mouse models, an 

array of transgenic variants exist which differ in the type of missense mutation to human SOD1.  

The most widely used model remains the SOD1G93A mice which differ in rate of disease 

progression and life span compared to other frequently used models such as SOD1G37R, SOD1G85R 

and SOD1D90A mice47.  In addition to type of SOD1 mutation selected, both zygosity (hemizygous 

or homozygous) and gene copy number dictate the amount of SOD1 produced, and therefore 

impact on disease progression and life span of the mice60.  As transgenic mice overexpress SOD1 

to an unnatural level, and no natural murine model for ALS exists, the development of mouse 

models overexpressing the wild-type form of human SOD1 (SOD1WT) have become a useful 

research tool.  Several studies in the literature involving homozygous SOD1WT mice have 

reported a variety of symptoms and pathological problems similar to mutant mice61, 62, but 

hemizygous SOD1WT mice do not appear to display any overt motor neuron phenotype63.  
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Evidence showing that SOD1WT may contribute to and exacerbate disease in mice already 

expressing mutant SOD164, potentially through stabilisation of the mutant form, further 

convolutes the impact of wild-type and mutant SOD1 in ALS pathology and highlights the 

requirement for better understanding of SOD1 mechanisms in ALS.  

1.2.2. TAR DNA-binding protein 43 (TDP-43) 
 
The trans-activation response DNA-binding protein of 43 kDa in size, also known as TDP-43, is a 

highly conserved and abundantly expressed protein that is involved in mRNA splicing, stability 

and translation in addition to regulation of gene transcription65.  Belonging to the family of 

ubiquitously expressed heterogenous nuclear ribonucleoproteins (hnRNPs), TDP-43 (Figure 1.2) 

consists of a glycine-rich domain and two RNA recognition motifs (RRM)66. These RRMs are in 

close proximity to each other, where RMM1 is posited to provide the requirements for specific 

RNA binding and is complemented by RMM2 through an ability to induce correct complex 

formation of RNA.  Aside from TDP-43 mRNA based actions, extensive studies have shown that 

TDP-43 can play a vital role in directly regulating gene expression as evinced by an ability to 

bind DNA sequences, notably those relevant to cell death pathways67, 68.  These observations 

are supported by the predominant presence of TDP-43 within the nucleus of cells in conjunction 

with continuous cytoplasmic shuttling of TDP-43 during periods of gene expression, presumably 

for interaction with mRNA elements and assistance in protein translation69.   

Pathologically, TDP-43 has been implicated in neurodegenerative disease through ubiquitin-

positive and post-translationally modified cytoplasmic aggregates that have been reported in 

cases of frontotemporal degeneration (FTD) and ALS70.  Although clinically distinct diseases, the 

pathological overlap between FTD and ALS, especially with regards to aberrant characteristics 

and localisation of TDP-43, has sparked interest in the role of TDP-43 mutations and 

biochemistry in these diseases71.  Whilst the precise mechanism through which TDP-43 may 

become toxic in the context of ALS is yet to elucidated, studies have shown that a combined 

gain and loss of function action is likely to responsible for pathogenesis72, whereby a range of 

genes including those involved in synaptic activity are depleted in terms of expression73.  The 

reason for this could be that TDP-43, which is typically nuclear based, forms cytoplasmic stress 

granules preventing it from exerting its gene transcription actions and concomitantly producing 

potentially toxic aggregates that may interfere with cellular signalling pathways as a result of 

specific mutations and/or chronic cellular stress74. 

A recent study related to TDP-43 pathology in both ALS and FTD cases reported that TDP-43 

was found to accumulate within the mitochondria of neurons, a process which was exacerbated 
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by the presence of disease-associated TDP-43 mutations75.  Once localised to the mitochondria, 

TDP-43 was shown to bind preferentially to mRNAs encoding for complex I subunits required in 

the electron transport chain (ETC), with the consequence of inhibiting translation of these 

mRNAs.  As a result, mitochondrial dysfunction and fragmentation were observed to precede 

neuronal degeneration, where induced suppression of TDP-43 localisation to the mitochondria 

was able to abolish mitochondrial pathology and neuronal death.  In addition to an ability to 

arrest ETC component translation, both wild-type and mutant TDP-43 have demonstrated the 

capacity to significantly impair mitochondrial transport within neurons76.  Taken together, these 

studies illustrate a potential pathogenic mechanism through which either wild-type or mutant 

TDP-43 may be able to induce ALS through interference with mitochondria. 

The involvement of TDP-43 in mutant SOD1 models of ALS has also become a matter for 

investigation, with reports of some biochemical hallmarks of TDP-43 proteinopathy such as 

mislocalisation and ubiquitinated inclusions in motor neurons, but without TDP-43 

fragmentation and hyper-phosphorylation also known to be typical hallmarks77.  Furthermore, 

co-immunoprecipitation observations of cytoplasmic mutant SOD1 with TDP-43 in detergent-

insoluble fractions, not observed for wild-type SOD178, supports the notion of an aberrant 

cytoplasmic interaction between mutant SOD1 and TDP-43. 

 

 

 

 

 

 

 
Figure 1.2:  A schematic diagram of TDP-43 segregated into nuclear localisation sequence, RNA 
recognition motif (RRM) and glycine-rich domains.  As indicated in the schematic showing some 
of the more prominent ALS-linked TDP-43 substitution point mutations, nearly all of the TDP-
43 mutations reside within the glycine-rich domain towards the C-terminal.  Image sourced 
from65. 
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To investigate how TDP-43 is responsible for pathogenesis, and the biochemical mechanisms 

through which it acts aberrantly, various mouse models of TDP-43 have been generated.  As 

TDP-43 has been found to play a crucial role in embryogenesis and embryonic development, 

mice homozygous for the loss of TDP-43 are not viable79.  Interestingly however, heterozygous 

TDP-43 knock-down mice displayed motor deficits that were independent of motor neuron 

degeneration79.  These observations lend support for a TDP-43 loss of function role in certain 

cases of ALS, but overall fail to provide an adequate model for recapitulating ALS pathogenesis.  

Of the known TDP-43 mutations (Figure 1.2) that are associated with familial and sporadic forms 

of ALS, the majority are found in the glycine-rich domain involved in cellular localisation, 

protein-protein interactions and RNA processing80.  

The use of Drosophila fly models harbouring mutated or knocked-down TDP-43 has been 

imperative in proposing hypotheses by which ALS-linked mutations are responsible for 

inefficient or incomplete mRNA processing, as well as investigating target genes for TDP-43 that 

may also be implicated in disease81.  Since its discovered involvement in ALS pathogenesis, a 

multitude of different TDP-43 mouse models have been developed which utilise varied 

promoters to express a TDP-43 transgene82, 83.  An initial model for investigating the TDP-43A315T 

mutation using a prion promoter was reported to show selective vulnerability of cortical 

pyramidal neurons and spinal cord motor neurons to pathology, which was determined by the 

presence of ubiquitin-positive proteinaceous aggregates84.  Despite a 20% decline in spinal cord 

motor neuron levels, these mice failed to develop cytoplasmic TDP-43 aggregates characteristic 

of the human condition.  Subsequent studies using this model determined that the cause of 

death was unlikely to be related to CNS motor neuron degeneration, and concluded that mutant 

TDP-43 accumulation in the myenteric nerve plexus leading to intestinal dysfunction was the 

cause of premature death85-87.  These conclusions are also likely to be applicable to mice 

expressing human wild-type TDP-43 and the TDP-43M337V mutation via a prion promoter88, 89.  

Whilst these mice did show evidence of cytoplasmic TDP-43 aggregation, elevated 

ubiquitination and axonal degeneration in accord with expected pathology, early lethality was 

again reported and occurred in the absence of neuronal loss. 

Alternative promoters have also been employed to examine the effects of mutant TDP-43 in 

mice, with the calcium calmodulin kinase II alpha promoter representing another commonly 

used method for inducing transgene expression.  However, this approach also proves difficult 

in terms of faithfully reproducing the human phenotype, and has been to shown to induce 

either rapid postnatal neurodegeneration, or limited neurodegeneration at 25 months with 
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mutant TDP-43M337V depending on the expression levels90.  A recent study, extending from 

earlier work using the TDP-43Q331K mutant91, may provide a more informative, albeit more 

contrived, model of mutant TDP-43 pathology through the co-expression of human wild-type 

TDP-43 and the TDP-43Q331K mutant92.  These mice demonstrated a progressive decline in motor 

function from 3 weeks of age, and showed an extensive loss of α-motor neurons in the spinal 

cord concurrent with cytoplasmic TDP-43 inclusions and elevated levels of TDP-43 fragments.  

Overall, the currently available TDP-43 mouse models are capable of producing a diverse range 

of phenotypes that reproduce many of the hallmark pathologies observed in the human 

condition, however, further work is required to better understand the role of TDP-43 in ALS. 

1.2.3. Fused in sarcoma (FUS) protein 
 
Fused in sarcoma (FUS), also known as translocated in liposarcoma (TLS), is a constitutively 

active protein that retains many similarities with TDP-43 in terms of its ability to bind RNA/DNA, 

and its predominantly nuclear residence in concert with the ability to shuttle into the 

cytoplasm93, 94. Although the structure of FUS is more complicated than that of TDP-43 with a 

zinc-finger motif to assist in DNA binding amongst other domains, like TDP-43 it contains an 

RRM domain and glycine-rich domain for RNA-binding and protein-protein interactions, 

respectively7.  The observation of the ubiquitously expressed FUS aberrantly mislocalising to 

the cytoplasm upon mutation, and forming inclusions in cases of FTD and ALS, shows prominent 

overlap with TDP-43 relating to a proposed mechanism of pathogenesis95.  Predictions of a 

prion-like domain within FUS have led to speculation of its propensity to form cytoplasmic 

aggregates through a gain of function mechanism96, whilst separate studies have also shown 

that loss of FUS function also leads to impairment of synaptic activity and motor neuron 

deficits97.  This combinatorial hypothesis of gain- and loss of function has much in common in 

with proposed TDP-43 hypotheses for pathogenesis, but curiously the distinct absence of TDP-

43 in cytoplasmic FUS inclusions hints at similar pathologies with distinct molecular pathways98, 

99. 

Whilst a range of point mutations is known to exist in the glycine-rich domain of FUS, the 

majority exist within the nuclear localisation sequence (Figure 1.3), the purported result of a 

mutation in this region is an inclination to mislocalise in the cytoplasm, and in conjunction with 

cellular stress, lead to stress granule and subsequent aggregate formation100.  Homozygous FUS 

knockout mice were found to be have wide-spread chromosomal breakage, with defective B-

lymphocyte development and activation leading to perinatal death101. This shows the 

importance of FUS in genomic maintenance and survival, yet renders it unviable as a model for 
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investigating FUS in the context of ALS.  Subsequent work performed with models of both 

Drosophila and zebrafish however, have proved more fruitful in recapitulating ALS-like 

phenotypes such as locomotor impairment, and motor neuron specific degeneration that can 

be rescued with co-expression of wild-type human FUS102, 103.  Transgenic mouse models 

overexpressing human wild-type FUS were investigated, with homozygous mice displaying a 

prominent hind-leg paralysis phenotype accompanied by denervation and motor neuron death 

that was not observed in hemizygous mice104.  

 

 

 

 

 

 

Figure 1.3:  A schematic diagram of FUS/TLS protein displaying various domains including the 
glycine-rich region, RNA recognition motif (RRM) and zinc-finger region.  The majority of 
substitution point mutations exist within the nuclear localisation signal region (L), although a 
number of mutations are also present within the glycine-rich region in common with TDP-43.  
Image sourced from95. 

 

In addition to cell culture models105, 106, differing in vivo models have been developed leading to 

a better understanding about the role of mutant FUS in ALS pathogenesis.  Overexpression of 

the FUSR521C mutant in rats was shown to induce rapid and progressive paralysis that was 

accompanied by motor neuron degeneration with ubiquitin-positive inclusions107.  Interestingly 

however, these ubiquitinated inclusions were not colocalised with FUS despite only appearing 

in cells expressing FUS.  Whilst the overexpression of mutant FUS in these rats was capable of 

causing death at 30 days of age, overexpression of wild-type FUS also showed neuronal loss, 

albeit only at an advanced age.  Using mice that expressed FUSR521C or FUSP525L mutants, it was 

demonstrated that although mutant FUS which mislocalised to the cytoplasm did not form 

discernible inclusions, these mice had early dendritic and synaptic defects that preceded 

progressive motor neuron death108, 109.  In one study, the expression of the FUSΔ14 mutant in 

mice did lead to neuronal cytoplasmic inclusion formation, however, this required high 

 



    

  27 
   

expression levels administered using a viral vector, and was not observed for the FUSR521C 

mutant110.  Whilst the aforementioned in vivo models have shown a capacity to induce an ALS-

like phenotype characterised by mutant FUS gain of function properties, discrepancies in 

pathology between models and human familial cases suggest that a more comprehensive 

understanding of mutant FUS in ALS is required. 

1.2.4. C9ORF72 
 
A relatively recent discovery was made that linked expanded alleles of a non-coding 

hexanucleotide sequence within the gene C9ORF72 to FTD and ALS111, and was based on 

previous genome-wide association studies identifying chromosome 9p21 as a region of 

interest112, 113.  This, and a concurrently performed study, determined that across their sample 

cases, repeat expansions in C9ORF72 were more frequently found in cases of sporadic and 

familial ALS than mutations to SOD1, TDP-43 or FUS114.  Clinical characterisation of ALS 

developed from a C9ORF72 gene mutation adds further heterogeneity to ALS phenotypes, with 

a much greater proportion of patients presenting with bulbar-onset, cognitive impairment and 

an overlap with FTD115.  Although the function of the protein expressed from the C9ORF72 gene 

remains unknown, bioinformatics analysis has shown C9ORF72 to be a related protein homolog 

to the membrane trafficking protein Differentially Expressed in Normal and Neoplasia (DENN), 

and is therefore thought to be involved in membrane trafficking116. 

Preliminary work showing that C9ORF72 gene mutations led to a decrease in expression in the 

case of at least one isoform111, has lent support to the outcome that the knock-down Zebrafish 

model develops axonopathy, with the resultant motor deficits hinting at a loss of function 

mechanism for pathology117.  However, the absence of coding region mutations in the C9ORF72 

gene, in addition to the absence of premature stop-codon derived loss of function variants, 

provides support for a potential gain of function mechanism underlying C9ORF72 pathology118.  

Subsequent work involving inducible pluripotent stem cell (iPSC)-derived motor neurons, 

showed that the mutant allele for C9ORF72 was preferentially transcribed and produced RNA 

foci co-localising with RNA binding proteins.  As a similar mechanism is described for gain of 

function pathology in myotonic dystrophy, and knock-down of the transcript in iPSC-derived 

motor neurons was shown to have no effect119, further work is required to elucidate the precise 

mechanisms by which C9ORF72 repeat expansions are pathogenic.   

As is the case with TDP-43 and FUS, in vivo models of C9ORF72 hexanucleotide repeat pathology 

are in their nascent stages, and have progressed from the use of Drosophila120 towards mouse 

models able to recapitulate disease phenotype.  Initial mouse models of C9ORF72 repeat 
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expansions were found to demonstrate relevant pathology on a cellular level including 

ubiquitin-positive inclusions and widespread RNA foci, yet failed to develop a 

neurodegeneration phenotype involving motor deficits, gliosis or neuronal loss even at an 

advanced age121-123.  The use of a viral vector to express a particular C9ORF72 repeat expansion 

in the CNS of mice showed greater phenotypic similarity with the human pathology, where 

these mice exhibited weight loss and motor deficits in conjunction with RNA foci, TDP-43 

inclusions and cortical neuron loss124.  However, a recent study reported the development of a 

new C9ORF72 repeat expansion mouse model that displayed decreased survival and a 

progressive neurodegeneration phenotype125.  These mice were shown to develop profound 

denervation of neuromuscular junctions, as well as extensive motor neuron loss in the spinal 

cord and motor cortex that occurred in parallel with RNA foci and TDP-43 inclusion formation.  

Despite its recent discovery and unclear involvement in ALS pathogenesis, in vivo models of 

C9ORF72 hexanucleotide repeat expansions have developed rapidly, and are already showing 

promise as pertinent models of ALS. 

1.2.5. Alternative genetic factors 
 
In addition to the genetic factors associated with ALS already discussed above, there exists a 

divergent range of genes that have been implicated in ALS, albeit at a lower frequency.  

Angiogenin is a member of the ribonuclease A (RNase) superfamily, and is derived from the ANG 

gene that has been reported as a susceptibility gene in both sporadic and familial forms of 

ALS126.  The role of angiogenin as a neurovascular factor and potentially a vital neurotrophic 

factor implies an important role in neuroprotection127, whilst further complicating the picture 

of ALS pathogenesis through its divergence from the roles of SOD1, TDP-43 and FUS.  Recently, 

the molecular dynamics of angiogenin have been utilised to discover that pathogenic mutations 

in ANG lead to a loss of function, resulting in impaired ribonucleolytic activity and nuclear 

translocation of angiogenin128.  Interestingly, overlap between ALS and Parkinson’s disease (PD) 

was also observed in a large scale population study which concluded that ANG may present a 

genetic link between the two neurodegenerative diseases and highlighting a commonality 

between them129; however this insight remains a point of contention in light of recent contrary 

evidence130. 

Optineurin is another protein that following mutation to the OPTN gene is found to induce ALS 

through a proposed loss of function mechanism, and likely inducing pathogenesis via an inability 

to inhibit the multipurpose transcription factor NFκB, resulting in neuronal cell death131, 132.  As 

well as a demonstrated role in NFκB pathway regulation, optineurin is observed to play a vital 
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role in Golgi complex morphology and exocytosis, where optineurin depletion using small-

interfering RNA (siRNA) leads to Golgi fragmentation and impaired exocytosis133.  A possible role 

for optineurin in cases of FUS and TDP-43 mutation induced ALS has been mooted due to its co-

localisation with FUS in basophilic inclusions134, 135, and presence in a small proportion of TDP-

43 cytoplasmic inclusions136.  Furthermore, optineurin has been shown to co-localise with the 

protein huntingtin, and form ubiquitin-positive intranuclear inclusions in some cases of 

Huntington’s disease137, 138 demonstrating a potential pathogenic role in other 

neurodegenerative diseases.  Ultimately however, due to an observed interaction in only the 

slightest proportion of disease cases, the pathogenic importance of optineurin in the context of 

ALS is not seen as paramount. 

The ataxin-2 (ATXN2) gene has also become a point of interest through the discovery that while 

long polyglutamine expansion repeats are known to produce a disease called spinocerebellar 

ataxia type 2 (SCA2), intermediate polyglutamine expansions are strongly associated with 

ALS139.  This finding was supported by a large population study on polyglutamine expansions 

and ALS140, but the ability for SCA2 and ALS to occur concomitantly141 in addition to overlap of 

symptoms, may indicate that both disease lie on the same clinical spectrum.  Even though the 

exact role of ataxin-2 is unknown, studies have suggested that ataxin-2 may bind directly to 

mRNA for engagement in polyribosome synthesis and protein translation142, as well as playing 

a direct role in the trafficking of the epidermal growth factor receptor, alluding to potential 

neurotrophic activities143.   

Whether the ataxin-2 pathogenic mechanism of action involves a loss or gain of function, or a 

combination, remains to be elucidated with ataxin-2 inclusions not thought to be pathogenic, 

at least in the case of SCA2144.  Further confounding an ataxin-2 role in ALS is the existence of 

contrary evidence regarding TDP-43 interactions, with one study reporting a distinct absence of 

TDP-43 inclusion pathology in ataxin-2 ALS cases145, whilst another study showed evidence for 

caspase-3 mediated aberrant cleavage and phosphorylation of TDP-43 by ataxin-2 induced 

cellular stress146.  The paucity of information on ataxin-2, and its role in the cell, has made 

elucidating the mechanisms of ataxin-2 induced ALS cases difficult.  Nonetheless, the possible 

functional interplay between the polyglutamine expansion proteins ataxin-2 and huntingtin147, 

may suggest pathogenic overlap between Huntington’s disease and subtypes of ALS. 
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1.2.6. Environmental factors 
 
As the majority of ALS cases diagnosed are sporadic, and therefore of an unknown aetiology, 

understanding how environmental conditions may exacerbate genetic predispositions to, or 

even induce, ALS is important.  The effects of environmental factors such as smoking148, 149 and 

pesticide exposure150, 151 have yielded divisive results, with studies reporting data that suggest 

both significant and negligible differences between ALS cases and controls.  A thus far 

unexplained result indicating a high prevalence of ALS amongst Italian professional soccer 

players152, has also led to particular emphasis on head trauma injury as a potential predisposing 

factor towards ALS.  As observed with the smoking and pesticide exposure studies, some data 

appeared to support an increased risk of developing ALS due to head trauma, whilst the 

stronger body of evidence concluded that no such correlation exists153-155.   

In Guam, there appears to be a particularly large prevalence of a combined ALS-Parkinson’s 

dementia complex (ALS-PDC), which for a protracted period of time was presumed to be due to 

accumulation of the neurotoxin β-methylamino-L- alanine (BMAA) through cycad ingestion156.  

Subsequent studies have shown that only a spurious link could be drawn between ALS-PDC and 

cycad toxicity157, so an alternative hypothesis was constructed proposing that cyanobacteria 

production of BMAA induces ALS through an inability to prevent accumulation of the 

neurotoxin158.  Further work on this idea led to evidence that the incorporation of BMAA into 

in vitro systems can lead to replacement of L-serine amino acid residues, with the non-protein 

amino acid BMAA potentially initiating a cascade of protein misfolding and aggregation 

observed in various neurodegenerative diseases159.  This same group also reported that in Qatar 

the BMAA producing cyanobacteria are rife, which may provide evidence for the increased 

prevalence of sporadic ALS cases amongst Gulf War veterans160, 161.  

Whilst invoking environmental factors as a cause of the myriad neurodegenerative conditions 

we observe clinically, it represents an over-simplistic picture of multifaceted neurodegenerative 

diseases, and fails to explain why certain people are affected whereas others are not.  Hitherto, 

the only two certain predisposition factors towards developing ALS are increasing age162, and 

gender, where males have a higher incidence than females, particularly with regards to sporadic 

cases163, 164.  Overall, no definitive environmental predisposition to ALS has yet been found, with 

this paucity of evidence presenting an obstacle for understanding sporadic ALS of an unknown 

aetiology.  
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1.3. The role of metals in biological systems and neurodegeneration 
 
Despite the known importance of metals in biology through their utility as co-factors for many 

different enzymes, investigation into metalloproteomics only recently became a burgeoning 

field with a prominent focus on the role of metals in neurodegenerative diseases.  The 

potentially pathogenic effects of copper and zinc dysregulation in the context of ALS is not 

novel, with interactions between these metals and SOD1 having been discovered many decades 

ago165, 166.  Subsequent work has demonstrated that metals may also play a direct role in the 

pathogenesis of PD and Alzheimer’s disease (AD) through potential interactions with α-

synuclein167 and amyloid-β (Aβ)168, respectively.  The impact of systemic metal dysregulation, 

and how changes in metal homeostasis may be related to pathology, has garnered much 

attention recently in the area of neurodegenerative diseases. 

1.3.1. Iron (Fe) 
 
Iron plays a vital role as a constituent within proteins involved in electron transfer and oxygen 

transportation, and as a result, is required for the proper functioning of mitochondria through 

iron-sulphur (Fe-S) cluster formation, and red blood cell functioning through haemoglobin 

production169, 170.  In mammalian systems, iron is attained through diet and absorbed via 

polarised epithelial cells called enterocytes, situated in the duodenal region of the small 

intestine171. Mammalian iron uptake and metabolism involves multiple pathways (Figure 1.4), 

and is initially transported across the enterocytic membrane in a divalent ferrous state (Fe2+) by 

the divalent metal transporter 1 (DMT1) protein.  As iron in the mammalian diet is 

predominantly in the trivalent ferric state (Fe3+), it must first be converted to Fe2+ by a ferric 

reductase enzyme called duodenal cytochrome b (Dcytb)172, 173.  Iron efflux from enterocytes is 

facilitated by the transmembrane-bound ferroxidase hephaestin which couples together with 

ferroportin to catalyse Fe2+ back into Fe3+, thereby driving iron export from the cell for binding 

to transferrin174-176.  Each transferrin molecule is capable of binding two Fe3+ atoms, and is 

responsible for the systemic circulation of iron in the bloodstream allowing for the transport 

and supply of iron to cells throughout the body177, 178. 

To supply the CNS with the necessary concentration of iron, diferric transferrin binds to 

transferrin receptors on the luminal side of the BBB, which then undergo endocytosis to 

mediate the influx of iron into endothelial cells179, 180.  Once inside the cell, the iron bound to 

transferrin is reduced and subsequently transported into the cytoplasm by endosomal-bound 

DMT1 for intracellular storage or trafficking into the CNS181.  Efflux of iron from BBB endothelial 
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cells into the CNS is thought to be primarily due to ferroportin, with transferrin localised to the 

CSF then tasked with binding this released iron for uptake by cells of the CNS182, 183.  The cellular 

uptake of iron from the CSF is driven largely by DMT1, transferrin receptors, or a combination 

of both; although alternative influx mechanisms are also thought to exist184.  The major pathway 

for iron release back into the CSF involves the coupling of ferroportin to the ferroxidase 

ceruloplasmin (a homologue of hephaestin), leading to conversion of Fe2+ to Fe3+ and efflux via 

ferroportin followed by binding onto transferrin180, 185, 186.  Once inside the cell, a substantial 

proportion of iron is directed towards the mitochondria for the synthesis of heme and Fe-S 

clusters, which are critical for the proper functioning of processes involved in energy 

production187, 188.  Alternatively, iron may be sequestered by the ubiquitous iron-storage protein 

ferritin composed of both light and heavy chain subunits189, 190, or exported out from the cell 

and back into systemic circulation.   

 

 

 

  

 

 

 

 

 

 

 

Figure 1.4: A simplified outline of iron absorption via the enterocyte of the mammalian 
duodenum and subsequent iron metabolism pathways.  Image sourced from191. 

 

The additional CNS-specific roles for iron in embryonic neuronal development, myelin synthesis 

and neurotransmitter metabolism highlight the fundamental requirement for iron in the CNS, 
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and this is also supported by data showing the brain to have the second greatest iron 

concentration following the liver192.  Furthermore, these data and subsequent MRI studies have 

reported that particular brain regions such as the substantia nigra and globus pallidus contain 

the highest concentrations of iron levels, even surpassing that of the liver193, 194.  Considering 

the concentration of iron within the CNS, regulation of iron levels must be stringent and tightly 

controlled due to an ability to undergo Fenton and Haber-Weiss reactions195, 196 (Figure 1.5).  

These reactions involve the presence of iron in the cell leading to the production of reactive 

hydroxyl radicals capable of inducing oxidative damage and neurodegeneration195. 

  

 

 

 

 

 

Figure 1.5:  Illustrations of the Fenton reaction (equation 1) and Haber-Weiss reaction (equation 
4), where the Haber-Weiss reaction is a summation of equations 1-3.  Image sourced from195. 

 

The pathological role of iron in PD is a much mooted topic that remains to be elucidated, but 

the observation of significant iron depositions in the substantia nigra correlating with disease 

severity and increased DMT1 expression197, 198, in concert with the high basal levels of iron 

recorded in this region of the brain support iron being a pathogenic factor.  One prominent 

hypothesis for the selective degeneration of substantia nigral neurons proposes that the 

dopaminergic nature of these neurons, and the high iron levels, make them more susceptible 

to damage through a reaction between monoamine oxidase metabolised dopamine and free 

iron199, 200.  Since iron accumulates in the brain with age, and age is the primary predisposing 

factor to developing neurodegenerative diseases, this may suggest that ageing exacerbates the 

production of reactive hydroxyl radicals through a dopamine interaction with iron201.  However, 

the observation that the pigment protein neuromelanin also increases with age in the 

substantia nigra, and has a neuroprotective function as an iron-chelator and antioxidant202, 

adds further complexity to this hypothesis.  Employment of iron-chelator compounds as a 

therapy in PD has shown early signs of progress203, but as iron is a tightly regulated and 
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ubiquitous biological factor, further work is required to determine the pathological iron 

mechanisms underlying this disease. 

Detection of local elevations in iron concentration within tissue associated with Aβ plaques, as 

well as evidence for co-localisation of iron within these plaques in a mouse model of AD204, 

suggests a more general role for iron in neurodegenerative diseases.  Histological investigations 

of CNS tissue also yielded evidence for elevated iron levels and aberrant interactions with both 

Aβ plaques and neurofibrillary tangles205, both of which are hallmarks of AD.  Subsequent 

imaging studies with patients suffering from mild-cognitive impairment and AD have also 

determined that brain regions affected in these diseases, such as the hippocampus and 

thalamus, are linked with significant elevations in iron concentration206.  As observed in the 

context of PD, application of iron-chelator compounds for therapeutic benefit has become an 

area of interest with preliminary work showing some promise207, 208.  However, the problem 

with tissue-specific iron-chelator targeting, and the requirement for pernicious side-effect 

elimination has produced various obstacles that need to be surmounted.   

In the context of ALS, the proposed connection between SOD1 mutations and oxidative stress 

provides an avenue through which iron dyshomeostasis may be implicated in ALS pathology.  

Few studies exist in the literature relating to iron in the ALS spinal cord, where these have shown 

elevated iron levels in the neurons of the ALS cases compared to controls209, 210, providing a 

basis for further research.  Investigation of patient serum led to a conclusion that ferritin levels 

are higher and transferrin levels are lower in ALS cases compared to controls, where higher 

ferritin levels also correspond to a shorter survival interval for ALS cases211.  Another study 

looking at sporadic ALS and control patients showed that a particular polymorphism in the 

SLC11AC gene, which encodes for DMT1, was associated with shorter disease duration in 

sporadic patients suggesting a possible role for iron dysregulation in ALS212.  How these 

processes could relate to the pathological mechanisms in ALS remains to be elucidated, but MRI 

assessments of disease affected brain regions of ALS patients provide evidence for iron 

accumulation213-217.  Moreover, histological analysis showing iron accumulation selectively in 

microglia localised to the cortex region of the ALS brain 214 suggests that any mechanism is likely 

to be more complex than initially thought.  The use of iron chelator compounds in the treatment 

of ALS has shown benefit by attenuating motor neuron degeneration, delaying symptom onset 

and extending survival in SOD1G37R and SOD1G93A mouse models of ALS218-220, highlighting 

therapeutic potential in ALS. 
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1.3.2. Zinc (Zn) 
 
Zinc is another biometal that is essential for life where it is incorporated as a cofactor for 

different enzymes and as a structural element for proteins.  The homeostatic regulation of zinc 

(Figure 1.6) is a remarkably complex and tissue specific system, with 10 known members of zinc 

efflux transporter proteins (ZnTs) and 14 known members of zinc influx transporter proteins 

(ZIPs) discovered thus far221, 222.  The method by which the Zn2+ species of zinc (free zinc) is 

absorbed through diet follows a similar yet seemingly simpler pathway compared to iron, with 

ZIP4 primarily responsible for zinc influx into small intestinal enterocytes223, and ZnT1 

responsible for discharging zinc into circulation224, 225.  Intracellular zinc not exported is 

transported into secretory granules or neuronal synaptic vesicles stored for later exocytosis226, 

227, as well as in organelles such as the Golgi body for storage228.  Alternatively, due to the 

potential for free zinc to induce oxidative stress through the production of reactive oxygen 

species (ROS), a family of proteins called metallothioneins exist within the cell to assist in 

storage and release of metals including zinc, which can then be used to metallate various 

proteins229, 230.  Changes in the cellular redox environment of the cell is able to regulate the zinc 

binding affinity to metallothioneins, where oxidation of a sulphur group stimulates zinc release, 

and conversely, reduction of an oxidised sulphur group promotes zinc binding thereby acting 

both as a dynamic zinc donor and acceptor molecule231.   

 

 

 

 

  

 

 

 

Figure 1.6: Simplified schematic diagrams of zinc regulation in a generic mammalian cell and 
neuronal cell.  The location of specific members of the ZIP, ZnT and metallothionein families 
depend on the type of tissue and cell of interest.  Images sourced from232. 
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A salient reason for the tight regulation of free zinc is its propensity to induce oxidative stress 

through both mitochondrial and extra-mitochondrial pathways.  This is even more important 

within the CNS as evinced by evidence showing that whole brain zinc levels are controlled 

stringently, and are not readily perturbed by serum zinc levels233.  Despite this regulation, 

chronic zinc deficiency does produce marked biochemical changes in the brain234, and in a 

neuronal cell model leads to increased NAPDH oxidase-dependent production of superoxide 

radicals235, 236.  This, coupled with the induction of neuronal nitric oxide synthase (nNOS), results 

in the production of damaging peroxynitrite molecules through reactions between superoxide 

and nitric oxide.  Intracellular zinc is also notably sequestered by mitochondria, and may be able 

to interfere with energy production at a mitochondrial level through ETC complex inhibition, as 

well as by interrupting the Kreb’s cycle237.  The process through which zinc is able to enter the 

mitochondria has been shown to involve a calcium transporter238, suggesting a possible 

connection between zinc dyshomeostasis and potentially pro-apoptotic calcium 

dyshomeostasis.  Furthermore, studies have reported that zinc packaging into neuronal vesicles 

through the ZnT3 transporter (Figure 1.6) appears to be responsible for negative modulation of 

glutamate activity in the synapse through glutamate receptor antagonism237, 239.  This provides 

evidence for a neuroprotective function of zinc against excitotoxicity, a hallmark event in ALS 

targeted by the therapeutic compound Riluzole (Chapter 1.1.3). 

Population studies investigating zinc deficiency have been found to show a correlation between 

zinc deficiency and age240, reporting that this age-related diminishment in serum zinc 

concentration appeared to be related to decreased intake of zinc as opposed to a 

pathophysiological consequence.  However, recent work done performed with both in vitro 

immune cell cultures and in vivo mouse models pointed to a more complicated process, 

whereby age-related dysregulation of ZnTs and ZIPs corresponded to attenuated cellular zinc 

levels and increased inflammation241.  Additionally, the neuroprotective zinc-sequestering 

metallothioneins show increased expression with age in the brain due to induction by pro-

inflammatory markers242, 243, thus enhancing zinc sequestration in cells leading to diminished 

zinc bioavailability.  Studies on zinc diet deprivation have shown that the hippocampal region 

of the brain affected in AD is particularly susceptible to fluctuations in zinc availability, with zinc 

deficiency having a negative impact on neurogenesis processes crucial for memory244.  

Further work using an APP/PS1 transgenic mouse model of early onset AD245 reported a 

significant increase in multiple ZnT expression in hippocampal and neocortical regions of the 

brain, suggesting a role for zinc dyshomeostasis in AD.  These results were corroborated by 
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subsequent work that showed an increase in multiple ZnT mRNA levels in the cortex of post-

mortem AD cases246, corresponding to a potential pathological diminution of intracellular zinc 

availability coupled with an increase in extracellular zinc.  One hypothesis is that ZnT3 loading 

of zinc into neuronal vesicles for release into the synapse plays a role in Aβ plaque formation, 

with the ablation of ZnT3 shown to decrease plaque load in an AD mouse model247.  However, 

a Drosophila model of a putative toxic form of Aβ (Aβ42) was utilised to show that inhibition of 

ZIP1 expression in these flies significantly decreased Aβ42 fibril deposits, and improved 

cognition without affecting brain zinc levels248, adding further complexity to the idea of zinc 

dyshomeostasis in the brain.   

The role of metallothioneins in AD has yielded mixed reports, with early work having shown 

that mRNA levels for metallothionein isoforms I/II are increased in cases of AD249, 250.  

Subsequent studies then identified both a down-regulation251 and an absence of change252 in 

the brain-specific metallothionein isoform III.  Zinc is capable of binding directly to Aβ, leading 

to a diminishment in its solubility through a propensity to precipitate into aggregates and 

enhancing Aβ resistance to secretase-dependent cleavage253, 254.  The upstream process of 

amyloid-precursor protein cleavage into Aβ has also been investigated in terms of zinc, with 

one group showing that strong zinc binding occurred with a synthetic Aβ peptide255.  However, 

this result has been disputed based on a failure to replicate physiological conditions, and the 

artificiality of using a small isolated sequence from Aβ as the basis256.  

Investigation into the potential role of zinc in the context of ALS seems logical given the 

necessity for zinc atoms in the structural integrity of the familial ALS-causing metalloenzyme 

SOD1 (Chapter 1.2.1), and the putative aberrant activities related to pathological SOD1 

conditions implicated in ALS (discussed in Chapter 1.4.1).  However, zinc dyshomeostasis in a 

much broader sense has been investigated and reported in the literature with regards to ALS.  

Early reports showed no difference in zinc levels between ALS and control cases in serum or 

cerebrospinal fluid (CSF)257, although subsequent work using inductively coupled plasma mass 

spectrometry (ICP-MS) recorded a significant increase in CSF zinc levels among cases of ALS, AD 

and PD when compared to controls, with a particularly sharp increase in zinc levels at the 

“critical deterioration” point of ALS258.  Free or ‘labile’ zinc has been observed to induce 

oxidative stress within cultured cortical neurons and astrocytes259 through a cascade of NADPH-

oxidase induction and activation, leading to ROS production236, and therefore, oxidative stress.  

One hypothesis is that the free zinc creation of ROS generates a putative endogenous 

neurotoxin called 4-hydroxynonenal (HNE) that is able to increase free zinc levels, forming a 
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vicious cycle culminating in detectable cellular zinc accumulation and degeneration260.  ICP-MS 

data on zinc concentrations within the spinal cord tissue of the SOD1G93A mouse model of ALS 

showed a significant decrease when compared to non-transgenic littermates261.  This result, 

however, included zinc bound to proteins and unbound zinc together suggesting that more 

work is required to determine the status of zinc, and how it may change in an ALS context. 

Population studies on single nucleotide polymorphisms within the metallothionein III gene 

found that no gene polymorphisms were associated with sporadic cases of ALS262, and one 

polymorphism was observed to be significantly different, but deemed unlikely to be biologically 

relevant263.  In the SOD1G93A mouse model of ALS, mRNA levels of metallothionein I/II isoforms 

were found to be elevated pre- and post-symptomatically, whilst metallothionein III was found 

to be elevated at the post-symptomatic stage only261, 264; these changes were observed in terms 

of protein expression levels also.  Moreover, evidence for a neuroprotective role of 

metallothioneins has been demonstrated via metallothionein I/II knock-down and knock-out in 

the SOD1G93A mouse model of ALS265.  When compared to SOD1G93A controls, the knock-down 

SOD1G93A mice had a shorter life-span and more progressive decline, where the knock-out 

SOD1G93A mice displayed these phenotypes to a greater extent.  Additionally, a metallothionein 

III knock-out crossed with a SOD1G93A mouse model of ALS was also observed to exhibit a shorter 

life-span, in conjunction with an accelerated rate of decline when compared to SOD1G93A 

mice266.  The administration via injection of a recombinant adenoviral vector encoding 

metallothionein III into the same SOD1G93A mouse model of ALS was found to improve life-span, 

and attenuate motor neuron loss compared to untreated SOD1G93A mice267, further 

demonstrating the neuroprotective role of metallothioneins in ALS.  It should also be recognised 

that metallothionein I/II expression is confined to glial cells, whilst metallothionein III is 

neuronal based266, suggesting it is likely that both neuronal and non-neuronal cells contribute 

to ALS pathology. 

A dearth of information exists in the literature regarding ZnT changes with ALS.  However, the 

observation of age-dependent oxidation and aggregation of ZnT1268 suggests an age-dependent 

loss of function, which in the context of the above information may suggest an increase in 

intracellular free zinc capable of inducing ROS production and oxidative stress; with a 

compensatory up-regulation of metallothioneins attempting to bind this toxic free zinc.  

Furthermore, it has become apparent that at least in the case of TDP-43 (Chapter 1.2.2), zinc is 

capable of inducing the depletion of endogenous TDP-43 expression and promoting TDP-43 

positive aggregate formation within neuronal-like cells269.  Given the implication of zinc 
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dyshomeostasis in neurodegenerative diseases such as ALS, the idea of zinc chelator 

compounds has been tested, with one group showing significant effects on survival of SOD1G93A 

mice in addition to attenuated neuronal cell loss and improved motor function270.  Another zinc 

modulating compound on the other hand has been shown to decrease tau phosphorylation via 

calcineurin inhibition as well as decrease levels of protease resistant Aβ aggregates271; both of 

which have been implicated in AD pathology.  A caveat exists however in the fact that the above 

treatments are also recognised to act on additional metals such as copper (Chapter 1.3.3), 

making elucidation of the precise metal dyshomeostasis mechanisms more difficult, and 

demonstrating that further work needs to be done. 

1.3.3. Copper (Cu) 
 
The role of copper as a vital co-factor involved in proteins related to energy production by the 

ETC, and antioxidant proteins for neutralising ROS free radicals makes it imperative for the 

proper functioning of biological systems.  Copper uptake into eukaryotic cells was determined 

to be reliant upon the CTR1 copper transporter272, with subsequent work demonstrating that it 

is primarily through this avenue that copper obtained through diet is transported into 

enterocytes of the duodenum in vivo273-275.  Regulation of copper uptake levels in vivo (Figure 

1.7) occurs at this stage through the internalisation of CTR1 transporters under high 

extracellular copper conditions, where CTR1 is then recycled back to the plasma membrane 

surface upon return to normal copper conditions276.  These results were corroborated by work 

showing that mRNA expression277 and cell surface localisation of CTR1 transporters273 are 

upregulated in response to copper deficient conditions.  The mechanism through which copper 

enters the cell is thought to initially involve Steap reductases278 and Dcytb279 that act to reduce 

copper from Cu2+ into Cu+, whereby copper is able to pass through the CTR1 pore structurally 

coordinated to transport the Cu+ state280, 281.  CTR1-independent systems for copper uptake 

have been mooted with evidence suggesting that DMT1 has the capacity to transport copper, 

although DMT1 may act more as a compensatory response under iron or CTR1 deficient 

conditions282-284. 

Once inside the cell, copper is loaded onto a variety of different cytosolic-based 

metallochaperones specific for certain pathways that dictate which protein to load copper onto, 

as well as acting as a protective buffer against copper-mediated ROS production.  The first 

metallochaperone to highlight is CCS which is required for the post-translational copper loading 

of SOD1 through direct protein-protein interaction observed both in vitro and in vivo285, 286.   

ATOX1 (or HAH1) is a metallochaperone responsible for binding and stabilising copper in the 
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Cu+ state for intracellular trafficking to the trans-Golgi network of the cell287.  Once trafficked to 

the trans-Golgi network, the copper is shuttled into the organelle and transferred to ATP7A and 

ATP7B copper transporting ATPases, which when genetically disrupted can induce Menkes 

disease and Wilson’s disease, respectively288, 289.  These ATPases are essential for proper 

physiological functioning, where they are involved in cellular copper efflux, systemic copper 

homeostasis and the metallation of cuproenzymes290-292.   

 

 

 

 

 

 

 

 

Figure 1.7:  A simplified schematic of copper processing and related pathways within a typical 
mammalian cell.  Key components of copper transport in the mammalian cell include the ATP7A 
and ATP7B copper transporters (Wilson/Menkes P-type ATPases), metallothioneins and the 
metallochaperones ATOX1, COX17 and CCS.  Images sourced from293. 

 

Whilst the liver predominantly expresses ATP7B, the CNS and most other organs have been 

shown to typically express ATP7A, although the expression of ATP7B occurs to a lower degree 

and its role in copper homeostasis is less well characterised292, 294.  Evidence in the literature has 

shown that ATP7A is responsible for the copper loading of various cuproenzymes such as lysyl 

oxidase (LOX), peptidylglycine α-amidating monooxygenase (PAM) and tyrosinase295-297.  In 

contrast, ATP7B has been established to be important in the copper charging of other 

cuproenzymes including dopamine-β-hydroxylase (DβH) and ceruloplasmin298, 299.  This 

divergence in target enzymes is however an oversimplification, which is exemplified by the 

apparent capacity for ATP7A to load copper onto ceruloplasmin under conditions of ATP7B 

ablation300, 301.  Much is already known about the structure and functions of these ATPases, 
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however, the role of ATP7A and ATP7B in neurodegenerative diseases beyond Menkes disease 

and Wilson’s disease remains to be elucidated. 

The final metallochaperone to be considered is cytochrome c oxidase copper chaperone COX17, 

which is capable of binding up to four copper atoms in the Cu+ state for transport to the enzyme 

cytochrome c oxidase (CCO) within the mitochondria302.  CCO, also called complex IV or COX, is 

the terminal enzyme complex in the mitochondrial respiratory chain responsible for the 

majority of cellular adenosine triphosphate (ATP) production, and is reliant upon COX17 copper 

trafficking for its activity as observed in a COX17 knockout mouse model303.  Proper copper 

trafficking to CCO is imperative for survival, and the mechanism by which COX17 delivers copper 

to the COXII catalytic subunit of CCO is thought to also involve COX11, SCO1 and SCO2304-306.  

Once metallated, COX17 is translocated into the mitochondrial intermembrane space where 

the metallochaperone and redox signalling properties of COX11, SCO1 and SCO2 are required 

for copper donation to CCO307-309.  In addition to the role of metallochaperones in trafficking 

copper for cuproenzyme metallation, metallothioneins, discussed in the context of zinc 

(Chapter 1.3.2), also play an important part in the storage and detoxification of copper310, 

further embellishing the stringent regulation of copper in biological systems. 

As copper is tightly regulated and capable of producing reactive hydroxyl radicals in Fenton-like 

reactions311 similar to iron, how copper levels and regulation change with age, and with regards 

to neurodegenerative diseases is an important question.  Although some investigations into 

how serum levels of copper change with age have reported no change in human subjects312, 313, 

additional work performed with rats have established that copper levels increase with age both 

in serum314, and in all parts of the brain314, 315.  These data pertaining to copper accumulation in 

the brain were also corroborated by experiments performed with aged cows316.  In the context 

of AD, the copper content of serum compared to control cases was observed to be elevated317, 

318, but surprisingly CSF copper levels were reported to be unchanged318, 319.  Contrary to AD, 

copper levels in the both the serum and CSF of ALS cases were determined to be significantly 

decreased257.  PD cases again showed a different pattern with serum copper concentration 

reported as significantly decreased320, whilst CSF copper concentration was shown to be 

unchanged321.  Although it should be noted that discrepancies between groups exists, taken 

together these reports suggest a potential role for copper dyshomeostasis in 

neurodegenerative diseases. 

Examination of inhibited CTR1 expression in an Aβ42 Drosophila model of AD demonstrated an 

improved life-span and ameliorated neurodegeneration, despite an observed increase in higher 
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molecular weight forms of Aβ42
322.  Alternatively, the use of copper treatment has been 

determined to induce the accumulation of Aβ in neuronal cell lines through increased 

production and decreased degradation323.  However, copper treatment of both wild-type and 

mutant Aβ cell lines324 suggests that the role between copper-dependent Aβ precipitation and 

toxicity is more complicated.  The ability for copper bound Aβ species to induce hydroxyl radical 

production has also yielded investigations showing a wide disparity between monomeric, 

dimeric and oligomeric copper-bound species in their capacity to be reactive325.  Furthermore, 

in vivo mouse model studies326 showed that copper effects on Aβ homeostasis appears 

dependent on whether copper is accumulated in capillaries or the brain parenchyma (neurons 

and glial cells).  This suggest that more work is required to elucidate the precise mechanisms 

behind the interaction between copper and Aβ.   

In cases of PD, the levels of copper and CTR1 have been shown to be decreased in neurons of 

the substantia nigra and locus coeruleus compared to controls327.  This result, taken in 

conjunction with CSF and serum copper content data mentioned previously, may hint at an 

impairment of copper-dependent neuroprotective mechanisms in PD.  The ability for α-

synuclein to bind copper has been extensively studied328-330, leading to experiments 

demonstrating the ability for copper to induce α-synuclein aggregation and aberrant cellular 

localisation331.  Whether or not the hallmark α-synuclein aggregation observed in PD causes 

neuronal death remains contentious, however, the apparent conflict in copper-dependent α-

synuclein aggregation, and neuronal copper deficiency highlights the need for further 

investigation into the copper role of PD pathology. 

The likely role for copper and copper-dependent processes in ALS pathogenesis has become 

clear since mutations to the copper/zinc antioxidant SOD1 were discovered as the first genetic 

cause of ALS, and were found to accurately recapitulate an ALS-like phenotype in mice 

overexpressing mutant SOD1.  Indeed, by examining the SOD1G93A mouse model of ALS, one 

group was able to show an age-dependent accumulation of copper in parallel with age-

dependent accumulation of CTR1, ATOX1, CCS and COX17 in spinal cord tissue compared to 

SOD1WT and non-transgenic mice332.  When taken in conjunction with the observed age-

dependent decrease of ATP7A in these same mice, these data appear to suggest copper 

dysregulation in the spinal cord of the SOD1G93A mice shifting towards intracellular accumulation 

of copper.  Overexpression of metallothionein isoform I in the same SOD1G93A mouse model333 

significantly prolonged lifespan and dramatically slowed down disease progression without 

affecting disease onset, supporting the hypothesis for copper dysregulation by accumulation.   
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This hypothesis is supported by outcomes which showed that administration of the copper-

chelating compound TTM both delayed symptom onset and prolonged survival in SOD1G93A 

mice334, 335.  However, if anything, these outcomes for TTM reaffirm the complexity of changes 

to copper homeostasis in ALS pathology.  Not least of which, it is not immediately clear how a 

copper chelation strategy may be beneficial in the clinic given that copper levels are reported 

to be decreased in both CSF and serum of ALS cases compared to control257.  But further to this, 

more recent preclinical drug development work indicates that increasing levels of bioavailable 

copper is beneficial in mutant SOD1 mice.   

Certain copper-ligand complexes can regulate and increase copper bioavailability within the 

cell336, and of these compounds diacetylbis(N(4)-methylthiosemicarbazonato)copper(II), or 

more simply CuII(atsm) (Figure 1.8), was shown to have therapeutic benefit in the SOD1G93A 

mouse model of ALS337.  Initially used as a positron emission tomography (PET) tracer for 

hypoxia imaging338, 339, the highly membrane permeable nature of CuII(atsm) and its ability to 

cross the BBB340 makes the compound chemically advantageous as a treatment capable of 

reaching sites of CNS pathology in neurodegenerative diseases.  Potentially through its reported 

actions as a molecular scavenger of peroxynitrite337, the therapeutic activity of CuII(atsm) in 

mutant SOD1 mice involves a commensurate preservation of motor neurons and diminution of 

astrogliosis341.  Since nitrosative stress caused by peroxynitrite is a feature of PD as well as ALS, 

CuII(atsm) was implemented in multiple animal model of PD, resulting in improved locomotor 

function and attenuated neuronal death compared to their sham treated littermates342.  The 

therapeutic potential for CuII(atsm) in ALS is not limited to SOD1 models, with evidence 

suggesting an ability for CuII(atsm) to inhibit the production of TDP-43 aggregates and 

ameliorate TDP-43 positive stress granule formation, indicative of cell duress, in a neuronal cell 

culture model.  

 

 

 

 

 

Figure 1.8:  The chemical structure of diacetylbis(N(4)-methylthiosemicarbazonato)copper(II) 
also known as CuII(atsm).  Image sourced from340. 
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In addition to these potential therapeutic mechanisms, the prior use of CuII(atsm) as an imaging 

agent for hypoxia yielded an alternative insight into the mechanisms through which CuII(atsm) 

is protective in ALS mice.  The depletion of oxygen characteristic of hypoxia can induce an 

impairment of electron flux through the mitochondrial ETC, leading to energy metabolism 

dysfunction.  Under such conditions, it has been established that elevated cellular reducing 

conditions that occur in response to impaired electron flux through the ETC are sufficient to 

drive intracellular dissociation of CuII(atsm), thus increasing bioavailable copper343, 344.  

Significantly, impairment of the ETC under conditions of hypoxia in the context of copper 

release from CuII(atsm) is indistinguishable from other disease-associated forms of ETC 

impairment343.  Therefore, the resultant cellular retention of copper by CuII(atsm) treatment 

under these conditions highlights the potential of a more expansive role for increased copper 

bioavailability in the molecular activity of CuII(atsm), both as an imaging agent and as a 

therapeutic for neurodegenerative disease.  This raises the possibility that copper released from 

CuII(atsm) under disease-associated conditions of mitochondrial impairment, and a consequent 

increase in copper bioavailability, may contribute to the therapeutic activity of CuII(atsm).  

Overall, whilst the specific mechanisms of action for CuII(atsm) remain to be fully elucidated, its 

demonstrable ability to scavenge harmful reactive species, improve copper bioavailability in 

cells with impaired ETC function, and reported neuroprotective capacity both in an ALS and PD 

context, suggest therapeutic promise.  Yet, the apparent conflicting outcomes generated 

through studies showing copper-chelating compounds to be beneficial in ALS mice, underscore 

the fact that the mechanistic role of copper in ALS pathogenesis is far from resolved.  Further 

investigation is required to determine precisely how CuII(atsm) may be able to affect copper 

homeostasis in the cell to reconcile evidence for copper accumulation in ALS spinal cord 

neurons, and the therapeutic benefit of a compound capable of increasing cellular copper 

bioavailability under a redox stressed cellular environment. 
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1.4. Cuproenzyme dysfunction in ALS 
 
Ample evidence exists in the literature supporting the presence of metal dyshomeostasis in 

neurodegenerative diseases.  Copper is a vital cofactor for the catalytic functionality of an 

expanding list of enzymes including SOD1, ceruloplasmin and CCO, which have been observed 

to be perturbed through investigations utilising in vitro and in vivo models.  Furthermore, the 

role of zinc in SOD1 structural formation, and ceruloplasmin in iron metabolism highlights an 

inextricable overlap between copper and other biometals that are implicated in 

neurodegeneration.  The following sections will focus on individual cuproenzymes, and detail 

how perturbations to these cuproenzymes are involved in neurodegenerative disease. 

1.4.1. SOD1 dysfunction in ALS 
 
The discovery of insoluble SOD1 aggregates or inclusions in human cases345, 346 and animal 

models347 of ALS initially provided a basis for describing a gain of function mechanism through 

which SOD1 is hypothesised to exert its toxic effects in disease affected tissues.  It has been 

supposed by various groups that a SOD1 propensity to form such aggregates is exacerbated 

through a disulphide-reduced state more readily created in destabilised and metal-deficient 

SOD1 mutants348, 349.  Once these aggregates have formed, it is observed that they are subjected 

to ubiquitination to allow for degradation by the proteasomal pathway350, with evidence 

suggesting impairment in this pathway may be responsible for an inability to clear these 

aggregates351, 352.   

The idea of aggregate clearance impairment has recently been expanded upon with evidence 

suggesting that autophagy is likely to play an important role in protein removal353, 354, whilst also 

demonstrating that the muscular autophagic response is more efficient than the spinal cord, 

highlighting potential tissue specific differences.  Furthermore, the aggregated SOD1 shows co-

localisation with heat shock proteins355, 356, which act as molecular chaperones required for 

maintaining proper protein conformation and refolding misfolded proteins, implying an inability 

for cells to rectify the impaired folding of aberrant SOD1.  The ability for heat shock protein 

overexpression to suppress intracellular SOD1 aggregate formation and ameliorate cell death 

in a neuronal model of ALS355, also suggests that sequestration of heat shock proteins in SOD1 

aggregates diminishes their available levels thus rendering the cell incapable of dealing with 

pathological levels of protein misfolding357. 

Although toxic insoluble SOD1 aggregates present an attractive hypothesis for ALS pathogenesis 

(Figure 1.9), the accumulation of these aggregates appears to occur at later stages358 suggesting 
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that formation of aggregates may be a down-stream consequence of the disease.  The 

development and implementation of antibodies capable of binding soluble misfolded 

monomeric forms of SOD1 showed that these potential harmful species of SOD1 are present at 

all ages within spinal cord tissue from murine ALS models359.  These results were corroborated 

by another group360 that detected mutant SOD1 strongly as a highly soluble misfolded species.  

Further contradiction of the insoluble SOD1 aggregate-driven disease hypothesis appeared with 

the discovery that heterodimer formation between wild-type and mutant SOD1 was toxic, and 

was characterised by a soluble diffuse presence with an absence of aggregates361.   

More recently it was also reported that in addition to co-expression of mutant SOD1 with wild-

type SOD1 inducing greater cellular toxicity, increasing the solubility of mutant misfolded SOD1 

was also shown to be more toxic, and conversely, decreased mutant misfolded SOD1 solubility 

corresponded to attenuated toxicity362.  Whilst the mechanism of action is yet to be elucidated, 

there appears to be an increasing volume of evidence pointing to a putative soluble toxic 

component of SOD1 capable of inducing pathology. 

 

 

 

 

 

 

Figure 1.9:  Various proposed pathogenic activities of mutant SOD1 involved in ALS including 
aggregation and aberrant ROS production.  Image sourced from363. 

 

The presence of mitochondrial dysfunction in neurodegenerative diseases has been well 

established364, and in the case of ALS aberrations such as mitochondrial swelling and 

vacuolisation have been noted in both animal models365 and human cases366, 367 of the disease.  

A physiological role for SOD1 protection against ROS-induced oxidative damage in the 

mitochondria appears to exist through the detection of wild-type SOD1 and CCS within the 

intermembrane space of yeast368, whilst a concomitantly performed independent study of rat 

mitochondria369 also reported that SOD1 was detectable in the intermembrane space.  These 
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findings were not without controversy as a subsequent investigation reported that wild-type 

SOD1 was not detected in the mitochondrial intermembrane space of non-transgenic or 

SOD1G37R mice from either spinal cord or liver tissues.  However, an age-dependent 

accumulation of the SOD1G37R mutant was detectable in the SOD1G37R mouse spinal cord 

mitochondria alone, as well as in spinal cord mitochondria from human familial ALS cases370.  

The presence of mutant SOD1 within mitochondria has pathological implications for affected 

cells as alterations in mitochondrial calcium buffering have been reported371, leading to 

increased levels of cytosolic calcium which may induce free radical formation and may have 

negative consequences on cell survival.  Furthermore, mutant SOD1 within the mitochondria 

has been shown to correspond to an impairment of the ETC leading to a shift in mitochondrial 

redox balance and ATP depletion372 characteristic of bioenergetic failure.   

As the mechanism through which mutant SOD1 is able to exert its gain of function toxicity has 

not been determined, rigorous investigation has been applied to how the metal status of SOD1 

may be able to contribute to pathogenesis.  The extensive presence of nitrative and oxidative 

damage within cells containing mutant SOD159 led to the hypothesis that mutant SOD1 may be 

acting as a catalyst for the aberrant production of harmful reactive species such as 

peroxynitrite373.  As the therapeutic compound CuII(atsm) (Chapter 1.3.3) was discovered to 

significantly decrease peroxynitrite levels and resultant damage in an ALS mouse model, this 

appears to be an attractive hypothesis, however, if this were the case elevated co-expression 

of wild-type SOD1 in a mutant SOD1 model would be expected to attenuate toxicity as opposed 

to accelerating the toxic mechanism374.  The above hypothesis was reformed with the concept 

that zinc-deficient SOD1, that still maintains bound catalytic copper, was capable of inducing 

significant levels of neuronal death that was dependent on nNOS leading to increased levels of 

nitrative damage375.  

Although still controversial, one hypothesis is that co-expressed wild-type SOD1 is likely to 

stabilise the putative toxic zinc-deficient mutant SOD1 monomer, where the zinc-deficient form 

of SOD1 is capable of inducing motor neuron death through the Fas-mediated induction of NOS, 

leading to peroxynitrite formation376.  Previous work demonstrated that ablation of nNOS gene 

does not appear to have an effect on disease progression in a SOD1G93A ALS mouse model377, 

whilst inducible NOS (iNOS) was undetectable, and nNOS unchanged across different ages in 

the non-transgenic and SOD1G93A littermates.  However, it must be noted that this group failed 

to investigate iNOS levels in the SOD1 mutant mice subjected to nNOS genetic ablation 
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(meaning iNOS may be active in this case), and also highlights that more work is required to 

fully determine the Fas-mediated NOS induction hypothesis. 

An alternative hypothesis of copper-deficient SOD1 mediating pathology initially appeared to 

be insignificant due to observations that genetic ablation of CCS378 had no effect on the onset 

or progression of disease in several SOD1 mutant mouse models of ALS, in spite of an apparent 

decrease in SOD1 copper loading.  Interestingly however, was the proposition that using a 

kinetic data modelling system (Figure 1.10), ALS-causing mutations to SOD1 appear to be more 

prone to unfolding via a copper-deficient pathway and less likely to unfold via a zinc-deficient 

pathway379.  Furthermore, outcomes from an in vivo study established that upon CuII(atsm) 

treatment of SOD1G37R mice there was a significant decrease in the amount of metal-deficient 

SOD1, and a significant increase in fully metallated SOD1 within the spinal cord tissue of these 

mice380.  

 

  

 

 

 

 

Figure 1.10:  (A) The biochemical structure of a fully metallated homodimeric form of SOD1.  
Image sourced from381.  (B) A nine-state kinetic model of SOD1 unfolding that incorporates zinc-
deficient, copper-deficient and fully unmetallated SOD1, where DD represents dimer 
dissociation and Cu,1 represents SOD1 structural change that precedes loss of copper (Cu,2).  
Image sourced from379. 

 

Of these metal-deficient species of SOD1, the zinc-deficient form of SOD1 was not only 

unchanged but also barely detectable, whereas the copper-deficient form of SOD1 was 

abundant and showed a trend towards a decrease with CuII(atsm) treatment that correlated 

with the metal-deficient data.  Furthermore, the levels of soluble and insoluble misfolded 

mutant SOD1 were found to be unchanged, with a trend towards an increase in the levels of 

soluble misfolded SOD1 after CuII(atsm) treatment380.  As these data pertain to a study that 

established the therapeutic benefit of CuII(atsm) on the age of disease symptom onset and life 
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span, the potential role for copper-deficient SOD1 appears to be a viable hypothesis.  With 

evidence supporting pathogenic mechanisms for misfolded SOD1, zinc-deficient SOD1 and 

copper-deficient SOD1 in the context of mutant ALS models, more comprehensive work needs 

to be performed to determine if one or more of these play a causative role in ALS pathogenesis. 

1.4.2. Ceruloplasmin dysfunction in ALS 
 
Ceruloplasmin is a multi-copper oxidase cuproenzyme (Figure 1.11) defined by ferroxidase 

activity dependent upon the binding of copper382.  There exist three different types of copper 

binding sites within ceruloplasmin that are differentiated based on the coordinating residues383, 

384, consisting of six copper binding sites in total.  As ceruloplasmin is the primary copper-

carrying protein, containing between 70% to 95% of plasma copper levels385, 386, and most of 

the ceruloplasmin is reported to be in a metallated state387, the importance of ceruloplasmin in 

systemic copper homeostasis in addition to iron metabolism (Chapter 1.3.1) is patent.   

 

 

 

 

 

 

 

 

 

 

Figure 1.11:  The biochemical structure of fully metallated ceruloplasmin with three types of 
copper binding regions labelled totalling six copper binding sites.  Image sourced from382. 

 

The preponderance of ceruloplasmin is produced and secreted by the liver into circulation388, 

however various others tissues are capable of creating ceruloplasmin389, with a novel 

glycosylphosphatidylinositol (GPI) –anchored variant also discovered and found to be localised 
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on the cell surface of astrocytes390.  Moreover, ceruloplasmin has been shown to be incapable 

of crossing the BBB391, implying an important role for independent localised pools of 

ceruloplasmin in the CNS and periphery.  Aceruloplasminemia is a rare genetic disease that 

results in the impairment or absence of ceruloplasmin both peripherally and within the CNS, 

leading to iron accumulation and an increase in redox active iron levels capable of inducing 

oxidative stress392.  Observations related to both animal models and human cases of 

aceruloplasminemia have shown a range of phenotypic similarities with PD including abnormal 

gait and weakness393, which whilst indicative of iron dyshomeostasis, may also highlight an 

overlap between aceruloplasminemia and neurodegenerative diseases. 

As ceruloplasmin plays a vital role in iron metabolism (Chapter 1.3.1), and a prominent hallmark 

of PD is the abnormal iron deposition in affected neuronal regions such as the substantia 

nigra197, it has been supposed that ceruloplasmin dysfunction may be a contributor to PD 

pathogenesis.  Studies on serum ceruloplasmin concentrations demonstrated that PD cases had 

diminished ceruloplasmin levels on average394, where ceruloplasmin levels were inversely 

correlated with iron deposition levels in disease affected brain regions compared to controls.  

Furthermore, ceruloplasmin ferroxidase activity levels were reported to be decreased in cases 

of PD compared to controls, where decreased ceruloplasmin activity was inversely correlated 

with measurements of substantia nigral area, which is considered a marker of iron deposition 

levels395.   

Investigation of ceruloplasmin in the CSF of PD cases showed a significant increase in oxidative 

modifications to ceruloplasmin396, which may be responsible for the impaired activity of 

ceruloplasmin compared to controls.  As ceruloplasmin is primarily responsible for conversion 

of ‘toxic’ Fe2+ species into Fe3+ for cellular export (Chapter 1.3.1), an impairment in 

ceruloplasmin ferroxidase activity would presumably increase CNS cellular iron retention and 

the amount of free iron available to undergo Haber-Weiss chemical reactions leading to free 

radical production, similar to that shown in the context of ceruloplasmin homozygous knockout 

mice397.  Administration of ceruloplasmin peripherally was shown to ameliorate 

neurodegeneration in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of 

PD398, demonstrating both the connection between peripheral and brain pools of 

ceruloplasmin, and the capacity for utilising ceruloplasmin as a therapeutic in PD. 

Although serum levels of both copper (Chapter 1.3.3) and ceruloplasmin have been observed 

to be elevated in AD cases compared to controls399, robust evidence reporting no change in 

copper and ceruloplasmin levels also exists400, 401 concomitant with findings that ceruloplasmin 
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activity was significantly decreased401.  CSF analysis of AD cases showed post-translational 

modifications to ceruloplasmin similar to those noted in PD396, which may suggest that 

ceruloplasmin dysfunction plays a broader role in neurodegenerative disease.  Investigation of 

the role for ceruloplasmin in recovery following spinal cord injury402 demonstrated that 

ceruloplasmin homozygous knockout mice subjected to spinal cord contusion injury displayed 

increased iron accumulation, motor neuron loss, demyelination and free radical-mediated 

damage in the spinal cord tissue compared to control mice.  Furthermore, these ceruloplasmin 

knockout mice also displayed impaired functional recovery with regards to locomotor function 

compared to the control mice, suggesting that ceruloplasmin plays an important role in 

mitigating motor neuron death following spinal cord trauma. 

Few studies exist in the literature regarding ceruloplasmin in ALS cases, with data indicating 

that serum levels of ceruloplasmin are unchanged403, 404, and that ceruloplasmin activity is also 

unchanged404 compared to controls.  However, in the case of one study403 ceruloplasmin levels 

alone were measured without any consideration for activity or copper levels, whilst in the 

second study404 copper levels were determined to be unchanged contrary to a previous 

report257.  Additionally, as peripheral and CNS pools of ceruloplasmin are purported to be 

independent through an inability for ceruloplasmin to cross the BBB391, investigation of serum 

levels may not necessarily be representative of what is occurring within the CNS of ALS cases.   

Ceruloplasmin activity in the CSF of ALS cases was observed to show a trend towards a decrease 

without significance405, 406 compared to controls.  But whilst ceruloplasmin activity was not 

changed, CSF ceruloplasmin levels were observed to be significantly increased in ALS cases 

compared to controls406.  This discrepancy however was not detected in the plasma of these 

cases, demonstrating a CSF-specific effect.  Though an independent study stated that 

substantial oxidative modifications were not observed for ceruloplasmin in CSF from ALS 

cases396, the aforementioned study406 reported differential expression of ceruloplasmin 

isoforms in ALS cases compared to controls.  This change in ceruloplasmin expression was 

determined to be independent of the astrocyte specific GPI-anchored form of the protein, 

supporting a potential role for the previously labelled unimportant soluble form produced by 

the choroid plexus407 or possibly some hitherto unknown form.  This evidence seems to suggest 

that a yet to be elucidated role for CNS-specific ceruloplasmin dysfunction may be important in 

the pathogenesis of ALS. 
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1.4.3. Cytochrome c oxidase (CCO) dysfunction in ALS 
 
The ETC of the mitochondria is responsible for generating the majority of cellular ATP through 

a combination of electron carriers and redox reactions408.  CCO is the terminal electron acceptor 

of the ETC (mentioned in Chapter 1.3.3), and is a multi-subunit complex that utilises electrons 

from cytochrome proteins to catalyse the reduction of oxygen to water, whilst concomitantly 

channelling protons necessary for the electrochemical gradient that ultimately drives ATP 

production (Figure 1.12).  A combination of thirteen different subunits are required to form the 

complete CCO complex which consists of two iron containing heme centres, and two binding 

sites for three copper atoms needed in proper CCO functioning409, 410.  An additional role for 

CCO in mitochondrial calcium buffering has been determined, as well as inhibitory actions of 

calcium upon CCO activity411, suggesting that CCO may also play an important role in calcium 

homeostasis important for cell survival.  As the ETC is prone to leaking electrons, the production 

of ROS in the mitochondria is thought to be high408, 412, and when coming into contact with the 

CCO assembly process, makes CCO prone to oxidative damage and subsequent impairment413.  

Since the copper atoms bound to CCO are imperative for proper functioning of the ETC through 

their ability to undertake redox reactions, copper dyshomeostasis may play a vital role in CCO, 

and therefore mitochondrial dysfunction. 

Through investigating platelets in the blood from cases of PD, early evidence has shown a 

significant decrease in the activity of CCO compared to controls414.  Subsequent work using 

isolated mitochondria in vitro has demonstrated that the compounds 6-hydroxydopamine415 

and MPTP416, used to induce PD in animal models, also significantly impaired the activity of CCO.  

Although the effect of increased oxidative damage leading to CCO impairment has been 

observed409 and may play an important role, at least in the case of 6-hydroxydopamine 

treatment415, the evidence appears to suggest a direct inhibition of CCO by 6-hydroxydopamine 

independent of free radical production.  More recently, it was demonstrated that mice treated 

with MPTP showed decreased copper levels and CCO activity selectively in the disease affected 

striatum compared to untreated mice417, whilst MPTP treated mice with copper 

supplementation also showed amelioration in neurodegeneration compared to MPTP mice 

without copper supplementation.  Although this group failed to measure copper and CCO 

activity levels in MPTP mice with copper supplementation, these data indicate a connection 

between copper levels and CCO activity in an in vivo model of PD.  Moreover, a neuronal cell 

model of both wild-type and mutant α-synuclein has shown direct interaction of α-synuclein 

with CCO418, further implicating a role for CCO in the pathogenesis of PD. 
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Figure 1.12:  (A) A simplified schematic of the cytochrome c oxidase (CCO) complex displaying 
copper binding sites and heme centres.  Image sourced from418.  (B) A basic diagram of CCO in 
the context of the electron transport chain (ETC) also highlighting the mechanism of ATP 
production, and mitochondrial-specific protein SOD2 (Manganese-dependent superoxide 
dismutase) antioxidant function.  Image sourced from419. 

 

As was the case with PD, cases of AD presented with decreased CCO activity in the absence of 

a change in protein levels within platelet cells compared to controls420, 421, which was not 

observed for other complexes of the ETC.  Investigation of CCO in brain tissue from AD cases 

showed diminished activity in various different regions422, however subsequent work also 

established that a decrease in CCO subunit protein levels was also present in AD cases compared 

to controls423.  Using an animal model, one group tested the enzymatic response of CCO in brain 

mitochondria under conditions where different metals were injected424, and determined that 

copper amongst other metals such as aluminium were able to negatively affect CCO functioning, 

demonstrating the effects of metal dyshomeostasis on CCO activity.  The connection between 

CCO and Aβ has been investigated with in vitro work showing a capacity for CCO to bind directly 

to Aβ, where CCO was subsequently found to localise within amyloid deposits of AD cases425.  

Further work with neuronal primary cell cultures has shown that inhibition of CCO has a 

dramatic effect on cellular calcium homeostasis, and exacerbates the effect of toxic Aβ species 

inducing cellular stress and potential death426.  Moreover, it has been demonstrated that 42 

amino acid Aβ peptide has the capacity to inhibit CCO in a dose-dependent manner, but only in 

the presence of Cu2+ ions427.  Taking the outcomes described above into consideration, there 

appears to be sufficient evidence to warrant further investigation into how CCO dysfunction 

may play a vital role in neurodegeneration. 
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Early work investigating CCO in the context of sporadic ALS showed that the activity of CCO in 

spinal cord tissue was decreased compared to controls, whereas SOD1 activity was reported to 

be unchanged428.  Using the SOD1G93A model, it was found that CCO driven mitochondrial 

respiration was decreased at an early age compared to normal controls, and that this change 

was specific to the brain and spinal cord, with no change observed in non-disease affected liver 

tissue429.  This decrease in respiration was only attributable to decreased CCO activity, which 

was observed at a later stage in the absence of a change in CCO protein levels, leading the group 

to surmise that the impaired respiration was due to cytochrome c dysfunction independent of 

CCO activity.  Although exogenous reduced cytochrome c treatment used to ameliorate ETC 

respiration impairment lends credence to this argument, another group showed that SOD1G93A 

mice overexpressing CCS (CCSxSOD1G93A), which develop an accelerated disease course, showed 

a profound decrease in CCO activity430  when compared to controls.  The SOD1G93A mice also 

showed a trend towards a decrease in CCO activity, however this was not significant.  

Furthermore, SOD1G93A mice expressing SOD1 specifically targeted to the mitochondria431 

displayed the same progressive ALS-like disease course, where this corresponded to a 

significant decrease in CCO activity compared to non-transgenic and SOD1WT mitochondria 

targeted controls.  Although this group did not measure total CCO protein levels, and only 

investigated one age group of mice, a role for CCO dysfunction in ALS cannot be overlooked.  

The diminution of CCO activity in absence of protein level changes observed in ALS models may 

be due to the nitrative damage, argued on the basis that nitric oxide scavenger or NOS inhibitor 

treatment ameliorated CCO impairment in SOD1 mutant cell culture models432.  However, the 

concomitant observation that copper chelation treatment which significantly decreased 

intracellular copper levels also induced a significant decrease in CCO activity, suggests that 

diminished ALS serum and CSF copper concentrations257, leading to CCO impairment428, cannot 

be excluded as a potential pathogenic mechanism. 

Ageing, which is a known predisposing factor for neurodegenerative disease, has been 

associated with an accumulation of mitochondrial DNA mutations433, with evidence showing 

that cases with PD have a greater proportion of mitochondrial DNA mutations compared to 

controls434.  Additionally, in the SOD1G93A model of ALS, mitochondrial DNA repair enzymes 

which are predominant in spinal cord motor neurons, are observed to be impaired435.  

Immunohistochemical analysis of aged human substantia nigra tissue demonstrated a 

connection between CCO-deficient neurons and high levels of mitochondrial DNA mutations436, 

although the casual relationship could not be determined.  Impaired CCO activity may 

furthermore induce oxidative stress through ETC disruption leading to increased ROS 
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production437, with ROS purported to be responsible for damage and subsequent mutations to 

mitochondrial DNA438.  

In the case of ALS, it may be plausible that copper dyshomeostasis leading to decreased CCO 

activity could initiate a harmful positive feedback mechanism that outweighs the antioxidant 

capacity, culminating in mitochondrial dysfunction and cell death.  However, evidence 

supporting a role for nitrative damage and cytochrome c impairment in CCO dysfunction means 

that further work needs to be done to determine how CCO dysfunction in ALS is induced, how 

it may be related to mitochondrial dysfunction as a whole, and if this mechanism is pertinent 

to ALS pathogenesis. 
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1.5. Rationale and hypotheses 
 
Neurodegeneration is an umbrella term used to characterise different diseases such as AD, PD 

and ALS, where these diseases may be defined as being sporadic due to an unknown aetiology, 

or may present with familial components related to myriad different genes and pathways.  

Notwithstanding the inherent genetic complexity of these diseases, dyshomeostasis of essential 

biometals such as zinc, iron and copper, and perturbations to their relevant functions provide a 

commonality across these neurodegenerative diseases. 

ALS is hitherto recognised as being predominantly a sporadic disease, and the minority 

proportion of cases that are familial involve genes that transcribe proteins involved in various 

pathways including antioxidation, RNA processing, angiogenesis, inflammation, vesicle 

trafficking and apoptosis439, 440.  Since its inception, the use of mutant SOD1 models has 

facilitated extensive and comprehensive research into the aberrant actions of mutant SOD1, 

however, it is apparent that this is not the sole mechanism of ALS pathogenesis.  Whilst the use 

of mutant SOD1 mice still entails caveats inherent to models, they are nonetheless able to 

provide an accurate representation of an ALS-like phenotype. 

In the context of ALS, iron accumulation in the motor cortex is a recognised feature of pathology 

which is readily detectable by MRI and prolifically reported in the literature441.  Furthermore, 

the role of mitochondrial dysfunction culminating in bioenergetic disruption and cellular 

degeneration has also been reported extensively in the literature with regards to ALS364.  As 

SOD1 is a cuproenzyme, and the cuproenzymes ceruloplasmin and CCO are also directly 

involved in iron metabolism and mitochondrial function, respectively, we hypothesised that the 

impairment of cuproenzymes due to insufficient bioavailable copper is an underlying feature of 

ALS pathogenesis. 

To test this hypothesis, we first examined cuproenzyme functionality as determined by levels 

and activity of SOD1, ceruloplasmin and CCO in a SOD1G37R mouse model of ALS.  We then 

investigated whether overexpression of the human copper transporter hCTR1 and treatment 

with the copper modulating compound CuII(atsm) acted to restore cuproenzyme function 

concomitantly with phenotypic improvement in two different mutant SOD1 mouse models of 

ALS.  Finally, we examined functionality of the cuproenzymes SOD1 and ceruloplasmin in 

sporadic cases of ALS, defined by an unknown aetiology, as well as expected downstream 

effects in the CNS arising from cuproenzyme dysfunction. 
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2.  Materials and methods 
 

Details of relevant reagents, antibodies and activity assay standards used in this study are 

described in Appendices 10.1 – 10.7.  All experiments were performed at room temperature 

(approximately 20°C) unless stated otherwise. 

2.1. Animal models 
 
Mice ubiquitously expressing a transgene for human SOD1 containing the G37R substitution 

mutation (SOD1G37R) and a control line of mice expressing a transgene for the wild-type form of 

human SOD1 (SOD1WT) were obtained from The Jackson Laboratory (mouse lines B6.Cg-

Tg(SOD1*G37R)42Dpr/J and B6.Cg-Tg(SOD1)2Gur/J respectively.  Both colonies were 

maintained by breeding hemizygous transgenic males with non-transgenic females on a 

congenic C57Bl/6 background, with non-transgenic littermates from the SOD1G37R colony being 

used as an additional control.  Colonies were designated age groups of 13, 17, 21 and 25 weeks 

for SOD1G37R mice and their non-transgenic littermates, with designated age groups of 17, 25, 

33 and 50 weeks for SOD1WT mice. 

Mice ubiquitously expressing a transgene for human SOD1 containing the G93A substitution 

mutation (SOD1G93A) were also obtained from The Jackson Laboratory (mouse line B6SJL-

Tg(SOD1*G93A)1GurJ) and were kindly supplied by the Prize4Life organisation.  Prize4Life is a 

non-profit organisation that aims to facilitate the testing of prospective therapeutic compounds 

in the SOD1G93A mouse model of ALS.  The guidelines for this study include the use of the 

aforementioned SOD1G93A mice on a mixed genetic background, a treatment regime beginning 

no sooner than 50 days of age, and an improved survival of 25% or greater.  This colony was 

maintained by breeding hemizygous transgenic males with non-transgenic females on a mixed 

B6/SJL background, with non-transgenic littermates used a control group. 

Mice ubiquitously expressing a transgene for the human copper transporter 1 (hCTR1) were 

generated by a method previously described380 to establish a colony of hemizygous transgenic 

mice on a congenic C57Bl/6 background.  Hemizygous hCTR1 transgenic mice were also mated 

with hemizygous SOD1G37R transgenic mice (described above) to generate a colony of four 

genotypes: non-transgenic, SOD1G37R, hCTR1 and hCTR1xSOD1G37R. 

For all mouse studies, approximately equal numbers of mice from both genders were allocated 

to each experimental group.  To establish the genotype of each mouse the Extract-N-Amp Plant 

PCR Kit (Appendix 10.3.1) was employed as per the manufacturer’s instructions.  Tail or ear 
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snips from mice were collected and processed using the kit before being run on a 1.7% agarose 

gel to determine the mouse genotype based on differential band sizes upon imaging with the 

Gel Doc Imager.  All research utilising live mice was approved by a University of Melbourne 

Animal Experimentation Ethics Committee (clearance #1111947 and #1312908) and performed 

in adherence to guidelines of the Australian National Health and Medical Research Council. 

2.2. Animal treatments 
 

Mice expressing the SOD1G93A mutation (described above) were distributed equally based on 

gender and litter to either a phenotypic investigation cohort or a biochemical analysis cohort.  

The former group of mice were maintained until phenotypic end-point to collect data relating 

to the effects of treatment on survival, rotarod performance and weight (described below).  

Mice within the biochemical analysis cohort were grouped together with their age- and gender-

matched non-transgenic littermates, and culled at 120 days of age for subsequent analyses 

(described below).   

Mice in each cohort were allocated to either the sham treatment or the CuII(atsm) treatment 

group based on sex and litter; including the non-transgenic littermates in the biochemical 

analysis cohort.  Both treatments were administered via gavage with Standard Suspension 

Vehicle (SSV; 0.9% w/v NaCl, 0.5% w/v Na-carboxylmethylcellulose, 0.5% v/v benzyl alcohol, 

0.4% v/v Tween-80) acting as the sham treatment, and SSV supplemented with CuII(atsm) acting 

as the CuII(atsm) treatment.  Each mouse in the CuII(atsm) treatment group was administered 

with a dose of 50 mg/kg body weight of CuII(atsm).  Both sham and CuII(atsm) treatments 

commenced from 50 days of age and were administered twice daily (14 times per week) until 

phenotypic end-point, or 120 days of age (biochemical analysis cohort). 

An independent cohort of SOD1G37R mice, generated from a previous study380, were either sham 

treated with SSV or treated with the compound CuII(atsm) suspended in SSV.  Both treatments 

were administered via gavage once daily, and each mouse in the CuII(atsm) treatment group 

was given a dose 30mg/kg body weight of CuII(atsm).  These mice were derived from a colony 

derived from the same lines as those used in the SOD1G37R ageing study described above.  All 

mice were culled at 24 weeks of age and tissues collected for biochemical analyses.  Quantities 

of CuII(atsm) were synthesised and kindly provided by Dr Paul Donnelly and Dr Gojko Buncic 

from the Department of Chemistry, The University of Melbourne. 
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2.3. Phenotypic assessments of animal models 

All SOD1G37R and non-transgenic mice from the SOD1G37R ageing study were subjected to 

phenotypic assessments for locomotive function using the well described rotarod apparatus442-

444, and for weight across the duration of the study.  The mice were habituated on the rotarod 

for 5 days prior to assessment.  During the testing phase, mice were subjected to two 

consecutive runs on the rotarod each involving a 180 second test period during which the 

rotation speed accelerated linearly from 4 rpm to 40 rpm.  The time taken to fall off the rotarod 

(latency to fall) was recorded, with the higher score used for subsequent analysis.  Rotarod data 

were collected once weekly until the age of 17 weeks, then twice weekly thereafter since the 

locomotor function of SOD1G37R mice begins to progressively decline at approximately 21 weeks 

of age341, 445.  The body weight of each mouse was recorded once a week across the duration of 

the study for additional analysis. 

For the SOD1G93A study, all mice in the phenotypic investigation cohort were assessed for 

locomotor performance twice a week using rotarod conditions described above, and for body 

weight once a week until study end-point.  In accord with prescribed study conditions from the 

Prize4Life organisation these mice were also assessed for phenotype progression using the 

previously described Neurological Score system446.  Survival data relating to the SOD1G93A mice 

were collected in accordance with recommended guidelines446, 447, where survival end-point 

was defined as the age at which an individual mouse was unable to right itself after 15 seconds 

of being placed on its side. 

2.4. Animal tissue collection and processing 
 

All mice were heavily anaesthetised by intraperitoneal injection with a cocktail of ketamine 

(120mg/kg) and xylazine (16mg/kg) made up in 1X PBS prior to transcardial perfusion with 

perfusion buffer containing 1X PBS supplemented with 0.25% (v/v) phosphatase inhibitor 

cocktail 2 (Sigma), EDTA-free protease inhibitor cocktail (Roche; 1 tablet/100mL) and 20U/mL 

(w/v) heparin.  Lumbar sections of spinal cord to be used for Luxol fast blue (LFB) staining were 

isolated and stored at 4⁰C in 1X PBS supplemented with 4% (v/v) paraformaldehyde.  Spinal 

cord, whole brain, liver, kidney and quadriceps tissues were also collected from mice and snap 

frozen on dry ice before storage at -80⁰C for subsequent biochemical analyses. 

Samples for biochemical analysis were mechanically homogenised using a polypropylene pestle 

in PBS extraction buffer containing 1X PBS supplemented with 5% (v/v) DNase, EDTA-free 

protease inhibitor cocktail solution (1 tablet/100mL) and 1% (v/v) phosphatase inhibitor cocktail 
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2.  Homogenates were then subjected to centrifugation at 18,000 x g for 30 minutes at 4⁰C to 

separate the supernatant from the insoluble pellet.  In order to investigate the insoluble fraction 

the pellet from each sample was washed and resuspended in 1X TBS then vortexed thoroughly.  

All supernatants and insoluble fractions were measured for protein content using the well 

described BCA assay448, 449 and normalised to a consistent protein concentration with PBS 

extraction buffer (PBS soluble supernatant) or 1X TBS (PBS insoluble pellets). 

2.5. Human tissue and CSF samples 
 
Post-mortem spinal cord, motor cortex and CSF samples collected from human sporadic ALS 

cases and age- and gender-matched controls were obtained from the Victorian Brain Bank 

Network (VBBN).  Post-mortem spinal cord tissue collected from MS cases and age- and gender-

matched controls were also obtained from the VBBN.  Fresh-frozen tissues and CSF samples 

were stored at -80⁰C with tissue sections sliced using a scalpel on a dry ice cooled petri dish.  All 

procedures involving human samples were approved by a University of Melbourne Human 

Research Ethics Committee (Project ID 1238124) and were performed in accordance with 

relevant guidelines.  Prior to tissue processing the dura mater from the spinal cord slices was 

removed to prevent indissoluble interference with experiments.  Tissues were processed 

mechanically as described above, but were instead homogenised in TBS extraction buffer 

containing TBS 1X supplemented with 5% (v/v) DNase, EDTA-free protease inhibitor cocktail 

solution (1 tablet/100mL) and 1% (v/v) phosphatase inhibitor cocktail 2.   

2.6. SDS-PAGE and native western blotting 

 

To detect PBS/TBS soluble proteins using SDS-PAGE, desired sample volumes were prepared in 

reducing and denaturing sample buffer containing 62.2mM Tris supplemented with 5% (v/v) 

glycerol, 2% (w/v) SDS, 0.5% (v/v) β-mercaptoethanol and 0.0025% (w/v) bromophenol blue.  In 

order to properly detect PBS/TBS insoluble proteins using SDS-PAGE the sample buffer was 

supplemented with 0.1% (v/v) Triton-X 100 detergent to permeabilise and partially solubilise 

cell membranes450.  Prepared samples were heated at 95⁰C for 5 minutes to further denature 

the proteins, then vortexed and left to cool to room temperature.  For PBS/TBS insoluble protein 

detection, samples were subjected to centrifugation at 18,000 x g for 3 minutes at 4⁰C after 

cooling to remove indissoluble elements.  Samples were vortexed and loaded onto 4-12% 

NuPAGE Novex Bis-Tris gels and resolved by electrophoresis at 200V for 40 minutes in 1X MES 

SDS running buffer, then transferred onto PVDF membranes using iBlot gel transfer stacks as 

per the manufacturer’s instructions. 
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Detection of misfolded SOD1 requires native conditions451, therefore, desired sample volumes 

were prepared in non-reducing and non-denaturing sample buffer containing 50mM Tris 

supplemented with 5% (v/v) glycerol and 0.05% (w/v) bromophenol blue.  As heating was 

avoided, samples were vortexed and loaded directly onto 12% Novex Tris-Glycine gels and 

resolved by electrophoresis at 125V for 90-120 minutes, then transferred onto PVDF 

membranes using iBlot transfer stacks. 

Transferred membranes were incubated for 1 hour in blocking buffer (1X PBS supplemented 

with 0.05% (v/v) Tween-20 (PBS-T) and 4% (w/v) skim milk powder) before overnight incubation 

at 4⁰C with blocking buffer containing primary antibodies.  Primary antibodies (Appendix 10.4.1) 

were employed to detect human SOD1 (1:100,000), mouse SOD1 (1:1000), human + mouse 

SOD1 (1:1000), transferrin (1:1000), ferroportin (1:1000), ferritin light chain (1:500), ferritin 

heavy chain (1:1000) GAPDH (1:5000), α-1-antitrypsin (1:2000), citrate synthase (1:1000), COXII 

(1:1000) and TOMM20 (1:1000) within PBS/TBS soluble tissue samples and CSF samples.  

Primary antibodies were employed to detect ceruloplasmin (1:1000), CNPase (1:500), MOG 

(1:1000) and β-actin (1:5000) within PBS/TBS insoluble tissue samples.  Misfolded SOD1 was 

probed for using A5C3 (1:250), B8H10 (1:250) and C4F6 (1:250) primary antibodies under native 

conditions.  These misfolded SOD1 antibodies were developed to target different epitopes 

specific to misfolded human SOD1 without detecting natively folded forms of SOD1451, 452.  

Membranes were washed 3 times for 5 minutes in PBS-T before 1 hour incubation with blocking 

buffer containing horseradish peroxidase-conjugated secondary antibodies (Appendix 10.4.2) 

for anti-rabbit IgG (1:5000) or anti-mouse IgG (1:5000) targeting the primary antibody.  

Membranes were then washed 5 times for 5 minutes in PBS-T before visualisation of 

immunoreactive protein bands was performed by adding Enhanced Chemiluminescence (ECL) 

onto the membranes to detect luminescence using a FujiFilm LAS-3000 imager.  Quantitation 

of luminescence from immunoreactivity was performed with TIF file images using ImageJ 

software.  In the cases of cross-gel analysis, all gels to be quantified together were loaded with 

consistent internal control samples for accurate analysis. 

2.7. SOD1 activity 
 

To measure SOD1 activity, PBS/TBS soluble tissue samples were assessed using a pyrogallol 

based assay453, 454 whereby pyrogallol oxidation induced by reactions with superoxide radicals 

produces a measurable colour change that can be inhibited by SOD1 activity.  This assay 

measures the activity of both endogenous mouse and human forms of SOD1 thereby assessing 

total SOD1 activity within each sample.  Inhibition of copper-dependent enzyme activity was 
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achieved using potassium cyanide (KCN) for the purpose of measuring activity attributable to 

SOD158, 453, 455.  Therefore, supernatant samples were added to plate wells in duplicate 

preloaded with ±10mM KCN for direct comparison.  Pyrogallol (Sigma) was made up to a final 

concentration of 200µM in 50mM Tris buffer supplemented with 1mM EGTA and corrected to 

a physiological of pH 7.4, then allowed to reach steady-state equilibrium for 1 minute.  This 

reaction buffer was added to each well to initiate the assay and then monitored in a plate reader 

for change in absorbance at 325nm every 40 seconds for 30 minutes. 

SOD1 activity was initially determined by calculating the rate of absorbance change through the 

linear phase of reaction from each sample ±KCN.  A standard curve (Appendix 10.7.1) was also 

established using known concentrations of holo (copper metallated and thus purified 

enzymatically active) bovine SOD1 (Sigma) ±KCN to determine concentrations of active SOD1 

with regards to changes in absorbance.  For each sample, the linear change in absorbance was 

quantified in relation to the standard curve to express data as pmol of holo SOD1 per mg tissue 

protein.  As this activity assay is unable to discriminate between mouse and human SOD1 the 

measurements collected are reflective of the total SOD1 population within each sample.  

Control wells containing equivalent volumes of PBS/TBS extraction buffer ±KCN were run in 

parallel to control for buffer interference and SOD1-independent activity.  The use of ‘specific 

activity’ in this study represents SOD1 activity levels expressed relative to SOD1 protein levels 

as determined via western blot, for each individual sample.  In the case of mice overexpressing 

human SOD1 and human cases, specific activity was calculated as SOD1 activity expressed 

relative to human SOD1 levels.  Mice that do not overexpress human SOD1 have specific activity 

calculated as SOD1 activity expressed relative to endogenous mouse SOD1 levels.    Specific 

activity was then represented as a percentage made relative to control groups. 

2.8. Ceruloplasmin activity 
 

The activity of ceruloplasmin was measured using an established ferroxidase assay456 whereby 

ceruloplasmin catalyses the production of ferric (Fe3+) iron from ferrous (Fe2+) iron, and loading 

of Fe3+ onto transferrin corresponds to a measurable colour change based on diferric transferrin 

production.  Due to phosphate interference with ferroxidase based assays456-458 the insoluble 

fractions were resuspended in 1X TBS (described above) and aliquots of these fractions were 

supplemented with 0.1% (v/v) Triton-X 100 to permeabilise cells and partially solubilise the 

membranes450, 459 before centrifugation (18,000 x g, 3 minutes, 4⁰C) and collection of Triton-X 

100 soluble fraction.  Sample fractions were added to plate wells in duplicate preloaded with 
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±20mM KCN to determine KCN-sensitive copper-dependent enzyme activity attributable to 

ceruloplasmin460-462.   

For each assay run fresh solutions of 250µM human apotransferrin (Sigma) and 1mM FeSO4 

were prepared in N2 gas-purged dH2O to mitigate ferroxidase-independent oxidation of iron.  

Wells were then loaded with HEPES-buffered saline (50mM HEPES, 150mM NaCl, pH 7.2) for 

optimal physiological assay conditions456, followed by 50µM human apotransferrin solution.  

Reactions were initiated with 100µM FeSO4 solution and immediately monitored in a plate 

reader for change in absorbance at 460nm every 10 seconds for 5 minutes.  Ceruloplasmin 

activity was initially determined by calculating the rate of absorbance change through the linear 

phase of reaction from each sample ±KCN. 

Using Beer’s law (Appendix 10.7.5), ceruloplasmin activity was defined as nmol of diferric (holo) 

transferrin (extinction coefficient at 460nm = 4.56mM-1 cm-1) produced per minute per mg of 

tissue protein.  Control wells containing equivalent volumes of 1X TBS supplemented with 0.1% 

(v/v) Triton-X 100 ±KCN were also used to control for buffer interference and ceruloplasmin-

independent activity. The use of ‘specific activity’ in this study represents ceruloplasmin activity 

levels expressed relative to ceruloplasmin protein levels as determined via western blot, for 

each individual sample.  Specific activity was then represented as a percentage made relative 

to control groups. 

2.9. Mitochondrial isolation from animal tissue 
 

To collect intact mitochondria, SOD1G37R mice and non-transgenic littermates were culled by 

cervical dislocation at 25 weeks of age without perfusion followed by immediate dissection of 

fresh liver and spinal cord tissues.  For improved mitochondrial yields four spinal cords were 

combined and a single liver was used to produce individual mitochondrial preparations for each 

tissue.  All procedures were performed at 4⁰C or on ice.  Freshly dissected tissues were quickly 

placed into ice-cold isolation buffer A (210mM mannitol, 70mM sucrose, 5mM HEPES, 1mM 

EGTA and 0.5% (w/v) BSA, pH 7.2 corrected with KOH).  Tissues from each mouse were 

transferred onto a glass petri dish on ice then minced and weighed before placement in a 

Dounce homogeniser with 2-5mL of isolation buffer A.  The loose pestle was used to perform 4 

passes followed by 8 passes with the tight pestle then the homogenates were transferred to 

15mL tubes and subjected to centrifugation at 650 x g for 10 minutes.  Sample supernatants 

were then transferred to fresh 15mL tubes and subjected to further centrifugation at 5000 x g 

for 10 minutes.   
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The resulting supernatants were discarded and pellets resuspended in 5-6mL of isolation buffer 

A before centrifugation at 650 x g for 10 minutes and collection of resulting supernatants.  

Supernatants were again subjected to centrifugation at 5000 x g for 10 minutes with the 

resultant pellets resuspended in 3mL of 14% Percoll prepared in isolation buffer B (320nM 

sucrose, 10mM Tris and 1mM EDTA, pH 7.4 corrected with HCl).  Suspensions were layered on 

top of a premade Percoll gradient made from 4mL of 40% Percoll and 6mL of 19% Percoll (both 

prepared in isolation buffer B) and subjected to centrifugation at 30700 x g for 15 minutes.  

Material at the 40% and 19% Percoll interface was collected and volume of the collected 

material recorded before diluting to 1:4 with isolation buffer B.  Samples were subjected to 

centrifugation at 16000 x g for 20 minutes with resulting supernatants discarded and pellets 

resuspended in 1mL of isolation buffer B supplemented with 0.01% (w/v) BSA.  Samples were 

then transferred to 1.5mL microfuge tubes and subjected to centrifugation at 7500 x g for 10 

minutes followed by removal of supernatants and resuspension of pellets in 50-100µL isolation 

buffer B.  Protein concentration of mitochondrial preparations were measured using the BCA 

assay then normalised with isolation buffer B and stored at -80⁰C.  

2.10. Cytochrome c oxidase activity 
 
Activity of CCO was investigated using a described assay463, 464 which measures the rate at which 

the reduced form of cytochrome c (ferrocytochrome c) is oxidised by CCO to ferricytochrome c.  

Initially, equal volumes of 8mM cytochrome c and 100mM L-ascorbate dissolved in 10mM 

KH2PO4 buffer (pH 7.4) were combined to reduce the cytochrome c.  The resultant 

ferrocytochrome c was separated by liquid chromatography based on previous literature 465 

using a 20mL pipette as a column and porous Sephadex G-25 suspended in 10mM KH2PO4 buffer 

as the stationary phase.  To minimise cytochrome c re-oxidation, the KH2PO4 buffer was N2 gas-

purged before Sephadex G-25 suspension and run through the column 5 times to remove 

oxygen from the stationary phase.  Elution was performed with KH2PO4 buffer and the middle 

¾ of the cytochrome c band was collected and aliquoted into N2 gas-purged 1.5mL microfuge 

tubes for storage at - 80⁰C.  Aliquots of ferrocytochrome c were measured for concentration 

using a plate reader set to absorbance at 550nm and calculated using Beer’s law (extinction 

coefficient of 27.7mM-1 cm-1). 

To measure CCO activity mitochondrial preparations were added to plate wells in duplicate 

±2mM KCN to determine KCN sensitive copper-dependent enzymatic activity attributed to 

CCO463-465.  Each well was then loaded with ferrocytochrome c solution made to a final 

concentration of 20µM using N2 gas-purged KH2PO4 buffer to initiate reaction and measured in 
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a plate reader for change in absorbance at 550nm every 3 seconds for 90 seconds.  CCO activity 

was determined by calculating the rate of absorbance change through the linear phase of each 

sample ±KCN.  Control wells containing equivalent volumes of KH2PO4 buffer ±KCN were also 

used to control for buffer interference and CCO-independent activity.  Using Beer’s law 

(Appendix 10.7.7), CCO activity was defined as µmol of reduced cytochrome c (extinction 

coefficient at 550nm = 27.7mM-1 cm-1) lost per minute per mg of mitochondrial protein. 

2.11. Citrate synthase activity 

 

As CCO activity may be affected by mitochondrial numbers in each tissue sample, the copper-

independent enzyme citrate synthase was measured as an additional control following 

published methods463, 466.  Initially, 125mM Tris buffer (pH 8.0) was made up and used to 

prepare 2mM DTNB aliquots whilst 6mM acetyl-CoA aliquots were made up with dH2O.  Plate 

wells were loaded with ±2µg of mitochondrial protein then 10µL DTNB solution and 10µL acetyl-

CoA solution were added with Tris buffer used to make each well up to 190µL.  To initiate the 

reaction, 10µL of 10mM oxaloacetate solution made up fresh in dH2O and mixed thoroughly 

was added to each well and measured on a plate reader for change in absorbance at 412nm 

every 3 seconds for 150 seconds.  Citrate synthase activity was determined by calculating the 

rate of absorbance change through the linear phase of the reaction.  Wells without sample were 

used to control for buffer interference and citrate synthase-independent activity.  Using Beer’s 

law (Appendix 10.7.9), citrate synthase activity was defined as nmol of TNB (extinction 

coefficient at 412nm = 13.6mM-1 cm-1) produced per minute per mg of mitochondrial protein. 

2.12. Inductively coupled plasma - mass spectrometry (ICP-MS) 
 
Frozen sections of tissue were weighed and then measured for total levels of copper, zinc and 

iron according to a previously described protocol467.  For additional accuracy, sections from 

these tissues were processed and measured for protein concentration using BCA assay, and 

total levels of molybdenum were analysed as a control element.  Frozen tissue sections were 

transferred to 1.5mL microfuge tubes, freeze-dried and then lyophilised samples were digested 

overnight in calculated volumes of concentrated nitric acid (65% HNO3).  Samples were then 

incubated at 90⁰C for 20 minutes then an equivalent volume of hydrogen peroxide (30% H2O2) 

added.  Samples were allowed to equilibrate for approximately 30 minutes before further 

heating at 70⁰C for 15 minutes.  The decrease in volume after these steps was recorded and the 

average decrease in volume was determined before samples were diluted with 1% HNO3 by a 

predetermined factor which was recorded for subsequent calculations. 
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Metal content measurements were made using an Agilent 7700 Series ICP-MS instrument with 

a Helium Reaction Gas Cell under routine multi-element operating conditions.  The instrument 

was calibrated using 0, 5, 10, 50, 100 and 500 parts-per-billion (ppb) of certified multi-element 

ICP-MS standard calibration solutions for selected elements.  An internal control standard 

solution made from 200ppb of yttrium (isotope Y89) was employed as an internal control.  

Results for each element were initially measured as ppb and then expressed as either µg/g wet 

weight tissue or µg/mg tissue protein.  All bulk ICP-MS analyses were performed by Ms Irene 

Volitakis at the Biometals Facility within the Florey Institute of Neurosciences and Mental 

Health. 

2.13. Luxol fast blue (LFB) staining 
 

Lumbar spinal cord sections from the SOD1G37R study (13 and 25 week age groups) were 

subjected to LFB staining to identify differences in myelination through imaging and semi-

quantitation.  Samples were paraffin-wax embedded as described above and then cut into 5µm 

sections before being ‘deparaffinised’ and hydrated in 95% (v/v) ethyl alcohol.  Sections were 

then incubated at 60⁰C overnight in LFB solution made from 0.1% (w/v) LFB in 95% (v/v) ethyl 

alcohol supplemented with 10% (v/v) glacial acetic acid.  Excess stain was then washed off 95% 

(v/v) ethyl alcohol and sections were rinsed in dH2O to remove excess ethyl alcohol.  Each 

section was then ‘differentiated’ with 0.05% (w/v) lithium carbonate made up in dH2O for 30 

seconds followed by further differentiation in 70% ethyl alcohol for another 30 seconds and 

rinsing in dH2O to remove excess solutions. 

Staining quality was checked for definition under a microscope with lithium carbonate 

differentiation steps repeated if necessary.  Counter-staining was performed for 30-40 seconds 

with 0.1% (w/v) Cresyl Echt Violet made up in dH2O supplemented with 10 drops of 10% (v/v) 

glacial acetic acid prior to use.  Sections were then rinsed in dH2O to remove excess counterstain 

and further differentiated in 95% (v/v) ethyl alcohol for 5 minutes followed by two 5 minute 

dehydration washes in 100% ethanol.  Each section was cleared in xylene with two 5 minute 

washes and then mounted under coverslips using mounting medium with care to avoid bubbles.  

Sectioning and staining were performed by the Biomedical Sciences Histology facility, The 

University of Melbourne under the guide of Ms Laura Leone. 

Sections were viewed under the Leica DM2500 brightfield microscope using magnification 

objectives of 5x and 10x (specifications available from manufacturer).  Images of whole spinal 

cord sections (5x) and ventral horn regions (10x) from each mouse were taken using the Leica 
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DC300 digital camera under consistent conditions.  Areas of myelin corresponded to blue 

staining, whereas Cresyl Violet was employed for Nissl staining of neurons and appeared as 

either dark blue or purple staining. 

2.14. Oriole staining 
 
As the BCA assay relies upon copper reduction to measure protein concentration448, 449 there 

exists potential interference from free copper within the CSF samples from human cases.  To 

control for any interference CSF samples were analysed for protein concentration using the well 

described Oriole staining protocol468 in addition to a standard BCA assay.  Volumes of 7.5µL neat 

CSF were made up to 10µL in denaturing and reducing sample buffer described above were 

loaded onto a 4-12% NuPAGE Novex Bis-Tris gel and resolved by electrophoresis at 200V for 40 

minutes in 1X MES SDS running buffer.  The gel was then incubated in 50mL of 1X Oriole™ 

fluorescent gel stain overnight on a rocker at room temperature with aluminium foil used to 

wrap gel container to protect from light.  To remove excess staining solution the gel was rinsed 

for 5 minutes 3 times in dH2O and then imaged for UV excitation in a UV imager.  Quantitation 

of fluorescence was performed in ImageJ using TIFF file image setting. 

2.15. Liquid chromatography – inductively coupled plasma - mass 
spectrometry (LC-ICP-MS) 
 
To assess metal containing proteins in the CSF of human sporadic ALS cases, LC-ICP-MS was 

performed using a high performance liquid chromatography (HPLC) apparatus (Agilent 1290) 

equipped with binary pumps, in-line degasser, thermostat-controlled column compartment, 

variable wavelength detector and temperature controlled auto sampler445, 469.  CSF samples 

were initially centrifuged to remove indissoluble material at 16,000 x g for 3 minutes at 4⁰C with 

BCA and Oriole stain measurements used to calculate the injection volume required to inject 

60µg of protein.   

A size exclusion column (BioSEC3 Agilent, 4.6x300mm, 3µm, 150Å) with 200mM ammonium 

nitrate (pH 7.75) containing 10µg/L Caesium (Cs) and Antimony (Sb) was calibrated to a flow 

rate of 0.4mL/minute at 30⁰C to resolve neat CSF samples.  The HPLC was directly connected to 

a Micromist nebuliser (Glass Expansion) with PEEK tubing and UV absorbance at 280nm was 

monitored using the variable wavelength detector to confirm equal protein loading for each 

sample.  The ICP-MS (Agilent 7700) was operated under standard multi-elemental conditions 

using helium collision gas at 3.0mL/minute to minimise polyatomic interference with 

measurements.  The integration time for 56Fe, 121Sb and 133Cs was 0.1 seconds.  All LC-ICP-MS 
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analyses were performed by Dr Blaine Roberts at the Florey Institute of Neuroscience and 

Mental Health.  The distribution of iron binding to the CSF proteome was investigated via ICP-

MS, with a known concentration of transferrin protein standard used to isolate the specific iron 

binding peak for quantitation. 

2.16. Clinical magnetic resonance imaging (MRI) 
 
The investigation of iron levels214, 215, 470 and myelination abnormalities471-473 in clinical patients 

has been documented previously through the utilisation of MRI analyses.  In this study, nineteen 

patients diagnosed with sporadic ALS recruited from neurology outpatient clinics at the Royal 

Brisbane Women’s Hospital (RBWH) and nineteen age- and gender-matched control subjects 

were examined.  All patients diagnosed with sporadic ALS by a neurologist were identified as 

clinically definite, clinically probably or clinically probable (through laboratory support) 

according to the El Escorial criteria17, 18.  Sporadic ALS and control subjects were rigorously 

examined to ensure no history of cerebrovascular events, intracranial pathology or other 

neurological diseases were present.  This study was ethically approved by the RBWH Human 

Research Ethics Committee and all subjects provided written consent prior to participation. 

MRI data was collected using a 3T Siemens TimTrio machine fitted with a 12-channel head coil 

and utilising sequences from VB17 Neuro applications.  High-resolution structural images were 

acquired for each subject using a 1mm3 isotropic 3D T1 MPRAGE (FOV 24x25.6x17.6cm; 

TR/TE/TI 2300/2.26/900ms; flip angle 9).  Resultant T1-weighted images were meticulously 

registered to the Montreal Neurological Institute (MNI) atlas and then subsequently classified 

into brain mask, grey matter, white matter, and CSF maps through expectation maximisation 

segmentation474.  All images were then parcellated by segmentation propagation using a 

database of 843 atlases, where each atlas having been previously parcellated through the 

Automated Anatomical Labelling (AAL) software package475.  For each subject the 20 most 

accurate atlases were selected on a 2-dimensional manifold and non-linearly registered to 

target images, then the parcellations were combined using the Similarity and Truth Estimation 

for Propagated Segmentations (STEPS) approach476.  The resultant phase images were trimmed 

for values outside -2048 to 2048 and the mean-phase values were computed for all selected 

AAL regions by fitting a Gaussian distribution.  All MRI analyses were performed by Dr Robert 

Henderson from the Department of Neurology, RBWH, as well as Dr Stephen Rose and Dr Amir 

Fazlollahi from CSIRO Health and Biosecurity, The Australian eHealth Research Centre, RBWH. 
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2.17. Immunocytochemistry (ICC) 
 

To investigate the staining distribution of CNPase within oligodendrocytes, mixed glial cultures 

were prepared with cells seeded to poly-D-lysine coated coverslips in a 12 well plate.  The media 

was then removed and the cells were fixed by adding 4% (v/v) PFA into each well for 20 minutes.  

Each well was then washed with 1X PBS following removal of PFA and left to incubate for 5 

minutes, after which cells were permeabilised with 0.2% (v/v) Triton X-100 in 1X PBS for a 

further 10 minutes.  Once the permeabilisation solution was removed, blocking buffer (1X PBS 

supplemented with 1% (w/v) bovine serum albumin (BSA) and 0.2% (v/v) Triton X-100) was 

added to each well and left to incubate for 1 hour.  Each coverslip was then removed from the 

plate and stored in a humidified container to incubate overnight at 4°C with CNPase (1:200) and 

GFAP (1:200) primary antibodies made up in blocking buffer.   

Coverslips were then transferred back to the plate with blocking buffer removed and washed 

for 10 minutes 3 times in 1X PBS.  Anti-rabbit (1:200) and anti-mouse (1:200) secondary 

antibodies were made up in blocking buffer and each coverslip was incubated for 1 hour in a 

humidified contained.  The anti-rabbit secondary antibody targeting GFAP was conjugated with 

a green Alexa Fluor (488nm) and the anti-mouse secondary antibody specific for CNPase was 

conjugated with a red Alexa Fluor (568nm).  The coverslips were then returned to the plate and 

washed for 10 minutes a further 3 times in 1X PBS, with this and all subsequent steps performed 

in the dark.  To stain for nuclei, a DAPI stock solution was made from 0.5% (v/v) DAPI in 1X PBS 

and this was used to prepare a DAPI working solution of 1% (v/v) DAPI stock solution in 1X PBS.  

The DAPI working solution was then aliquoted into each well for 5 minutes and washed 3 times 

for 10 minutes in 1X PBS.  Each coverslip was then mounted onto microscope slides using a 

small volume of mounting medium, and left to dry overnight before slides were cleaned with 

70% (v/v) ethanol.  Images were taken with the fluorescence setting of the Leica DM2500 

microscope using the DC300 digital camera under consistent conditions. 

2.18. Molecular modelling  
 

Examination of the methionine synthase (MTR) structure and potential metal binding sites were 

performed using molecular modelling software.  Regional templates of MTR, previously 

elucidated via X-ray crystallography and NMR analyses, were accessed through the SWISS-

MODEL online database477-480.  Construction of the full MTR structure based on homology 

molecular modelling481 was performed manually using the DeepView Swiss PDB Viewer 

software482 to generate a structural approximation of MTR.  Estimations of thermodynamic 
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stability and model accuracy based on biophysical attributes were calculated through the 

SWISS-MODEL server and DeepView software.  To determine model fidelity a combination of 

QMEAN and Z scores483-487 were calculated for predicted C beta interaction energy, all-atom 

pairwise energy, solvation energy, torsion angle energy, secondary structure agreement and 

solvent accessibility agreement.  These scores were then combined for a total normalised 

QMEAN score and total Z score which are commonly used as an estimation of validity for a 

predicted molecular structure. 

For further examination of model accuracy the DeepView software and SWISS-MODEL database 

were employed to construct representative Ramachandran blots, and assessments of individual 

residue interactions to determine potential model regions for optimisation.  In order to 

corroborate the model accuracy based on estimated calculations, an additional approximation 

of the model global distance test total score (GDT_TS)486, 488, 489 was also considered.  To 

investigate potential metal binding sites of the MTR model, DeepView was employed to isolate 

and label amino acid residues of interest then calculate distances between nominated metal 

binding groups on each residue.  Further analysis of predicted metal binding regions was 

undertaken using PyMOL software490 and performed by Dr Zhiguang Xiao and Prof Anthony 

Wedd from the Department of Chemistry, University of Melbourne.  

2.19. Statistical analyses 
 
Initially data sets were assessed for outliers using the Grubbs’ outlier test.  The hypothesis prior 

to each individual experiment within this study was to explicitly measure a difference between 

means, and therefore, parametric statistical tests were employed except for in cases where 

data was determined to be non-parametric using a D’Agostino-Pearson normality test. A Mann-

Whitney test or a Kruskal-Wallis test with the Dunn’s multiple comparisons post hoc test were 

performed in cases of non-parametric data.  Otherwise, a two-tailed Student’s t test or a one-

way ANOVA test with a Sidak’s multiple comparisons post hoc test were used.  Rotarod, weight 

and neurological scoring data sets were analysed using a two-tailed repeat measures ANOVA 

test with a Bonferroni post hoc test.  Survival data pertaining to the SOD1G93A mice were 

analysed using a Cox proportion hazard model, which was performed by Dr Noel Faux from the 

Florey Department of Neuroscience and Mental Health.  All data are presented and mean ± 

standard error of the mean (S.E.M.) with n values stated within figures legends in addition to 

the specific statistical tests performed for each data set.  All statistical analyses were performed 

using GraphPad Prism version 6 and statistical significance was presented on each relevant data 

set as *P<0.05 
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3. Cumulative cuproenzyme dysfunction corresponds with 
disease progression in a mouse model of ALS 

 

The potential pathogenic effects of mutant SOD1 have been widely investigated, with the 

putatively toxic misfolded form of SOD1 and aggregation maintaining a prominent focus.  In this 

study, an ageing study was initially performed with the SOD1G37R mouse model of ALS to 

examine if changes in cuproenzyme functionality corresponded to disease progression, and 

identify whether any potential changes were CNS-specific.  As the mitochondria play a critical 

role in energy production, and thus cellular survival, disease end-stage SOD1G37R mice were 

investigated for functionality of the mitochondrial cuproenzyme CCO.  Levels of misfolded SOD1 

in the context of mutant SOD1 mouse models of ALS were then investigated to determine 

whether this corresponded to disease progression.  The final focus – also published in the 

following manuscript491 - was to investigate metal levels, SOD1 levels and SOD1 activity in 

various disease and non-disease affected tissues from SOD1G37R mice to elucidate CNS-specific 

conditions that may be conducive to pathology 

3.1. Cuproenzyme dysfunction corresponds with disease progression in a 
SOD1G37R mouse model of ALS 
 

As the evidence in the literature related to copper and cuproenzyme changes in ALS is variable 

and largely focused on the CSF, we aimed to investigate the functionality of SOD1 and 

ceruloplasmin cuproenzymes with age in disease affected spinal cord tissue from a mouse 

model of ALS.  To examine how biochemical changes corresponded with disease progression, 

rotarod and weight measurements were performed until designated age of sacrifice or disease 

end-stage (Figures 3.1A, 3.1B).  When compared to age and gender-matched non-transgenic 

littermates, a progressive locomotor impairment became apparent in the SOD1G37R mice at 14 

weeks of age reaching statistical significance at 18 weeks of age.  Changes in mouse weight 

occurred later in the disease course with a decrease in weight of the SOD1G37R mice apparent 

from approximately 17 weeks of age, however this was not significant.  All mice from different 

age groups used in biochemical analyses were subjected to rotarod and weight analysis, where 

each designated age group is highlighted (Figures 3.1A, 3.1B) by dashed lines at 13, 17, 21 and 

25 weeks of age.  No phenotypic data were collected from the SOD1WT mice, but prior 

examination of this hemizygous model has concluded that no disease phenotype, or change in 

weight is apparent when compared to non-transgenic littermates61. 
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Figure 3.1:  Progressive locomotor function decline in SOD1G37R mice compared to non-
transgenic littermates.  (A) Measurements of locomotor function for SOD1G37R mice and non-
transgenic littermates were performed using the rotarod assay twice weekly.  (B) Weight 
measurements of SOD1G37R mice and non-transgenic littermates were performed once weekly.  
Rotarod performance data for SOD1G37R mice on each assessment day were expressed relative 
to the performance of non-transgenic littermates as a percentage.  Weight data for both 
SOD1G37R mice and non-transgenic littermates were expressed relative to initial weight at study 
commencement as a percentage.  Vertical grey dashed lines indicate the age at which different 
mouse groups were harvested for tissue collection and analysis.  Data in (A, B) were analysed 
using a two-tailed repeat measures ANOVA with a Bonferroni post hoc test.  All data are 
expressed as second order non-linear fit ± S.E.M. with statistical significance indicated as a P 
value on the graph (A) where *P<0.05; n = 15-21 per group. 

 

Analysis of total human SOD1 levels in spinal cord tissue from SOD1G37R mice (Figure 3.2A) 

showed that mutant SOD1 accumulates with phenotypic progression in an age-dependent 

manner, reaching statistical significance at 17 weeks of age.  No differences in total human 

SOD1 levels were observed in SOD1WT spinal cord (Figure 3.2B), or liver tissues from SOD1G37R 

or SOD1WT mice (Figures 3.2A, 3.2B), indicating this age-dependent accumulation was spinal 

cord specific for disease affected mice.  Endogenous mouse SOD1 levels were also found to be 

unaffected in spinal cord and liver tissues of SOD1WT, SOD1G37R and their non-transgenic 

littermates (Figures 3.2C-3.2E), demonstrating an accumulation specific for mutant SOD1. 

To determine whether this accumulation of human SOD1 within the spinal cord tissue of 

SOD1G37R mice occurred in parallel with a commensurate increase in SOD1 activity, spinal cord 

and liver tissues from all mice were investigated.  As expected, levels of SOD1 activity were 

greater in SOD1WT and SOD1G37R mice compared to non-transgenic littermates, corresponding 

to the overexpression of human SOD1, with SOD1WT mice showing the highest level of activity 

(Figures 3.2F, 3.2H).  No age-dependent differences in SOD1 activity were observed in either 
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spinal cord or liver tissues from any genotype, meaning the age-dependent accumulation of 

human SOD1 in the spinal cord tissue from SOD1G37R mice (Figure 3.2A) was not met with a 

commensurate increase in activity.  When SOD1 activity was expressed relative to levels of 

SOD1, this calculated ‘specific activity’ showed a progressive decrease in the spinal cord which 

became significant at 17 weeks, corresponding to an accumulation of catalytically inactive SOD1 

(Figure 3.2G).  This age-dependent change in SOD1 specific activity was not observed in liver 

tissue from the SOD1G37R mice (Figure 3.2I).  Since SOD1 requires copper to become catalytically 

active, this decrease in specific SOD1 activity provides support for an accumulation of copper-

deficient SOD1 within the spinal cord tissue of SOD1G37R mice. 
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Figure 3.2:  Progressive accumulation of enzymatically inactive SOD1 selectively in spinal cord 
tissue from SOD1G37R mice.  (A, B) Western blot images and densitometric quantitation of total 
human SOD1 levels in disease affected spinal cord and non-disease affected liver tissues from 
SOD1G37R (A) and SOD1WT (B) control mice across different age groups.  (C-E) Western blot 
images and densitometric quantitation of total endogenous mouse SOD1 levels in spinal cord 
and liver tissues from SOD1G37R mice (C), their non-transgenic littermates (D) and SOD1WT 
control mice (E) across difference age groups.  Levels of human SOD1 and endogenous mouse 
SOD1 were normalised to the loading control GAPDH and expressed relative to abundance in 
the 13 week old mouse group for SOD1G37R mice and their non-transgenic littermates, and the 
17 week old mouse group for SOD1WT mice.  (F, H) SOD1 activity levels in spinal cord (F) and 
liver (H) tissues from SOD1G37R mice, their non-transgenic littermates and SOD1WT control mice 
across different age groups.  Levels of SOD1 activity were derived from the amount of 
enzymatically active SOD1 per mg tissue protein in each sample from both tissues.  (G, I) Specific 
SOD1 activity levels in spinal cord (G) and liver (I) tissues from SOD1G37R mice, their non-
transgenic littermates and SOD1WT control mice across different age groups.  Specific activity of 
SOD1 represents the total amount of SOD1 activity expressed relative to total amount of SOD1 
protein in each sample from both tissues.  All specific activity data were then expressed as a 
percentage relative to the specific SOD1 activity of the non-transgenic littermates at 13 weeks 
old, as indicated by the horizontal grey dashed line.  Data in (A-I) were analysed using a one-
way ANOVA with a Sidak’s multiple comparisons post hoc test if parametric, or a Kruskal-Wallis 
test with a Dunn’s multiple comparisons post hoc test if non-parametric.  All data are expressed 
as mean ± S.E.M. with statistical significance indicated as *P<0.05; n = 5-8 per group. 

 

In order to ascertain whether cuproenzymes other than SOD1 were affected in the SOD1G37R 

mice, we assessed levels and copper-dependent ferroxidase activity of ceruloplasmin.  Levels of 

ceruloplasmin within the spinal cord tissue of SOD1G37R mice showed an age-dependent 

accumulation that reached significance at 25 weeks of age (Figure 3.3A).  Conversely, 

ceruloplasmin levels were found to be unchanged within non-transgenic littermate and SOD1WT 

spinal cord tissue (Figures 3.3B, 3.3C), as well as in liver tissue from SOD1G37R mice, their non-

transgenic littermates and SOD1WT mice (Figures 3.3A-3.3C).  Furthermore, the activity of 

ceruloplasmin demonstrated an age-dependent decrease in the SOD1G37R spinal cord reaching 

significance at 17 weeks, whilst activity was unchanged in SOD1WT and non-transgenic spinal 

cord tissue (Figure 3.3D).   

Curiously, activity levels of ceruloplasmin were also higher in the non-transgenic mice from the 

earliest time point.  When ceruloplasmin activity was expressed relative to ceruloplasmin 

protein levels to calculate specific activity, an age-dependent decrease in the specific activity of 

ceruloplasmin was observed specifically for SOD1G37R mice, reaching significance at 21 weeks of 

age (Figure 3.3E).  Due to the opaque nature of the liver tissue leading to interference in 



    

  75 
   

absorbance at the 460nm wavelength, no ceruloplasmin activity data could be collected from 

this tissue.  As observed for SOD1, the accumulation of protein levels was not matched by a 

commensurate increase ceruloplasmin activity, lending support for a spinal cord selective 

accumulation of copper-deficient SOD1 and ceruloplasmin in the SOD1G37R mice. 

 

Figure 3.3:  Progressive accumulation of enzymatically inactive ceruloplasmin selectively in 
spinal cord tissue from SOD1G37R mice.  (A-C) Western blot images and densitometric 
quantitation of ceruloplasmin levels in spinal cord and liver tissues from SOD1G37R mice (A), their 
non-transgenic littermates (B) and SOD1WT control mice (C) across different age groups.  Levels 
of ceruloplasmin were normalised to the loading control β-actin and expressed relative to 
abundance in the 13 week old mouse group for SOD1G37R mice and their non-transgenic 
littermates, and the 17 week old mouse group for SOD1WT mice.  (D) Ceruloplasmin activity 
levels in spinal cord tissue from SOD1G37R mice, their non-transgenic littermates and SOD1WT 
control mice.  Levels of ceruloplasmin activity were derived from the amount of holo diferric 
transferrin produced per minute per mg tissue protein in each sample from spinal cord tissue.  
(E) Specific ceruloplasmin activity levels in spinal cord tissue from SOD1G37R mice, their non-
transgenic littermates and SOD1WT control mice.  Specific activity of ceruloplasmin represents 
the total amount of ceruloplasmin activity expressed relative to the total amount of 
ceruloplasmin protein in each sample.  All specific activity data were then expressed as a 
percentage relative to the specific ceruloplasmin activity of the non-transgenic littermates at 
13 weeks old, as indicated by the horizontal grey dashed line.  Data in (A-E) were analysed using 
a one-way ANOVA with a Sidak’s multiple comparisons post hoc test or a Kruskal-Wallis test 
with a Dunn’s multiple comparisons post hoc test.  All data are expressed as mean ± S.E.M. with 
statistical significance indicated as *P<0.05; n = 5-8 per group. 
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3.2. Misfolded SOD1 levels do not correspond with disease progression in ALS 
model mice and human sporadic cases of ALS 
 

As mutant SOD1 and copper-deficient SOD1 have a known propensity to misfold, which is 

thought to initiate or exacerbate pathology in relevant familial ALS cases and mouse models, 

we examined levels of misfolded SOD1 in the disease affected spinal cord tissue of SOD1G37R 

mice across different ages.  Due to the prevalence of antibodies specific for different epitopes 

available to bind misfolded forms of human SOD1, spinal cord extracts from SOD1WT, SOD1G93A, 

SOD1G37R mice and their non-transgenic littermates were probed for misfolded SOD1 using the 

A5C3, B8H10 and C4F6 antibodies (Figures 3.4A-3.4C).  Levels of misfolded SOD1 were 

substantially higher in the SOD1G93A mice using the A5C3 and C4F6 antibodies, whereas levels 

between the SOD1G37R and SOD1WT mice were unchanged.  Probing with the B8H10 antibody 

yielded no difference in misfolded SOD1 protein levels between SOD1G37R and SOD1G93A 

genotypes, but a significant increase in the non-disease affected SOD1WT group.   

 

Figure 3.4:  Misfolded SOD1 and total human SOD1 levels in spinal cord tissue from SOD1G93A, 
SOD1WT, SOD1G37R and their non-transgenic littermates at 25 weeks of age.  (A-C) Western blots 
and densitometric quantitation of misfolded SOD1 levels in spinal cord tissue from SOD1G37R, 
SOD1G93A and SOD1WT mice using A5C3 (A), B8H10 (B) and C4F6 (C) misfolded SOD1 antibodies.  
Levels of misfolded SOD1 were normalised to an internal control sample and expressed relative 
to abundance in the SOD1G37R mouse group.  (D) Western blot and densitometric quantitation 
of total human SOD1 levels in spinal cord tissue from SOD1G37R, SOD1G93A and SOD1WT mice.  
Levels of total human SOD1 were normalised to the loading control GAPDH and expressed 
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relative to abundance in the SOD1G37R mouse group.  (E) Quantitation of misfolded SOD1 levels 
using the B8H10 antibody relative to total human SOD1 levels in spinal cord tissue from 
SOD1G37R, SOD1G93A and SOD1WT mice.  Levels of misfolded SOD1 relative to total human SOD1 
were expressed relative to abundance in the SOD1G37R mouse group.  (F, G) Representative 
western blot images of standard (F) and low voltage (G) western blot transfer methods for 
SOD1G37R, SOD1G93A and SOD1WT spinal cord tissue probed for misfolded SOD1 using the B8H10 
antibody.  All data (A-E) were analysed using a one-way ANOVA test with a Sidak’s multiple 
comparison post hoc test.  All data are expressed as mean ± S.E.M. with statistical significance 
indicated as *P<0.05; n = 6 per group. 

 

To ensure that the misfolded SOD1 antibody results were not a reflection of total SOD1 levels, 

all genotype groups were probed for human SOD1 (Figure 3.4D).  As these misfolded SOD1 

antibodies do not interact with the endogenous mouse form of SOD1, the human SOD1 levels 

represent the total pool of SOD1 available for misfolded SOD1 antibody binding.  Total human 

SOD1 levels were found to be significantly lower in the SOD1G93A spinal cord tissue compared to 

SOD1G37R and SOD1WT tissue, illustrating that the misfolded SOD1 antibodies are not reflective 

of total human SOD1 levels, and therefore detect a distinct pool of SOD1.  When expressed 

relative to levels of total human SOD1 (Figure 3.4E), misfolded SOD1 levels were found to make 

up a larger proportion of SOD1 in the non-disease affected SOD1WT mice compared to SOD1G37R 

ALS model mice, although this was not statistically significant. 

Protein misfolding can be induced by elevated temperatures, so, to determine whether the 

temperature conditions of native western blot transfer induced artificial misfolding of SOD1, 

standard iBlot transfer voltage conditions and low voltage conditions were tested.  The use of 

standard conditions leads to an elevation in transfer temperature which may induce artificial 

protein misfolding, whereas low voltage conditions do not.  Using the misfolded SOD1 antibody 

B8H10 spinal cord extracts from SOD1G37R, SOD1G93A and SOD1WT mice were probed and showed 

no difference in relative levels of misfolded SOD1 which validated the use of standard iBlot 

transfer conditions (Figures 3.4F, 3.4G).  Deviations in perceived molecular weights of different 

genotypes were explained by point changes in amino acids indicative of SOD1 mutants affecting 

electrophoresis, whereas no signal was detectable from spinal cord extracts of non-transgenic 

littermates. 

Investigation of misfolded SOD1 in spinal cord tissue from pre-symptomatic to end-stage 

SOD1G37R mice established a non-linear and non-significant change in levels (Figure 3.5A). This 

non-linear change has been previously reported492, and was hypothesised to be the result of 

motor neuron death within spinal cord tissue from mutant mice at end-stage.  However, when 
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contrasted with the progressive linear accumulation of total human SOD1 measured herein 

(Figure 3.2A), it appears that this non-linear change is specific for the putatively misfolded 

species of SOD1.  Contrary to the literature360, misfolded SOD1 was readily detectable within 

both SOD1WT mice (Figures 3.5C, 3.5D) and non-disease affected liver tissue (Figures 3.5B, 

3.5D), demonstrating that detection of misfolded SOD1 was not specific to the spinal cord 

tissue.  Furthermore, spinal cord and liver tissues from SOD1G37R mice showed comparable 

levels of misfolded SOD1 protein, suggesting that bulk levels are unlikely to be responsible for 

spinal cord pathology in these mice.   

 

Figure 3.5:  Investigation of misfolded SOD1 levels in spinal cord and liver tissues from SOD1G37R 
and SOD1WT mice. (A, B) Western blots and densitometric quantitation of misfolded SOD1 levels 
in spinal cord (A) and liver (B) tissues from SOD1G37R mice across different age groups using the 
B8H10 antibody.  (C, D) Western blots and densitometric quantitation of misfolded SOD1 levels 
in spinal cord (C) and liver (D) tissues from SOD1WT mice across different age groups using the 
B8H10 antibody.  Levels of misfolded SOD1 were normalised to an internal control sample and 
expressed relative to abundance in the 13 week old mouse group.  Data in (A-D) were analysed 
using a one-way ANOVA test with a Sidak’s multiple comparisons post hoc test or a Kruskal-
Wallis test with a Dunn’s multiple comparisons post hoc test.  All data are expressed as mean ± 
S.E.M. with statistical significance indicated as *P<0.05; n = 5-8 per group. 
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3.3. Normal functionality of the cuproenzyme cytochrome c oxidase (CCO) in 
mitochondria from SOD1G37R spinal cord tissue 
  

Aside from the cuproenzymes SOD1 and ceruloplasmin, the mitochondrial based CCO was 

examined to determine whether impaired functionality was present at end-stage in the 

SOD1G37R mice.  The necessity for fresh and whole spinal cord tissue for mitochondrial 

preparations meant that samples used to investigate CCO were independent from the cohorts 

used above.  Since CCO is a multi-subunit complex, levels of the catalytic subunit called COXII 

were assessed within spinal cord and liver mitochondrial preparations from 25 week old 

SOD1G37R mice and non-transgenic littermates.  No difference in COXII levels was observed 

within spinal cord or liver tissues from either group (Figure 3.6A).  When the copper-dependent 

activity of CCO was measured, again no difference was observed between SOD1G37R mice and 

non-transgenic mice in either the spinal cord or liver tissues (Figure 3.6B).  Taken together these 

data suggest that the cuproenzyme CCO is not functionally impaired within the spinal cord 

mitochondria of SOD1G37R mice.  However, this outcome is not without precedent as outlined 

by another study which showed that SOD1G93A mice were found to have CCO activity levels 

comparable to non-transgenic littermates493. 

To ensure that the results obtained for CCO were not related to changes in overall mitochondrial 

levels, the protein levels and activity of citrate synthase, another mitochondrial enzyme 

independent of copper, were assessed.  Levels of citrate synthase within spinal cord and liver 

tissues from SOD1G37R mice and non-transgenic littermates were unchanged (Figure 3.6C), and 

this was also observed for activity levels (Figure 3.6D).  This outcome for citrate synthase further 

suggests that CCO is functionally unimpaired within the spinal cord mitochondria of SOD1G37R 

mice, even at 25 weeks equating to disease end-stage. 
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Figure 3.6:  Normal cytochrome c oxidase functionality at disease end-stage within SOD1G37R 
mitochondria from spinal cord and liver tissues.  (A) Western blot images and densitometric 
quantitation of COXII, the catalytic subunit of cytochrome c oxidase in spinal cord and liver 
mitochondria from SOD1G37R mice and non-transgenic littermates at 25 weeks of age.  (C) 
Western blot images and densitometric quantitation of the copper-independent mitochondrial 
enzyme citrate synthase in spinal cord and liver mitochondria from SOD1G37R mice and non-
transgenic littermates.  Levels of COXII and citrate synthase were normalised to the loading 
control TOMM20 and expressed relative to abundance in non-transgenic littermates.  (B, D) 
Activity of cytochrome c oxidase (B) and citrate synthase (D) in spinal cord and liver 
mitochondria from SOD1G37R mice and non-transgenic littermates.  Levels of cytochrome c 
oxidase activity were derived from the amount of cytochrome c oxidation per minute per mg 
tissue protein from each sample in both tissues.  Levels of citrate synthase activity were derived 
from the amount of 5-thio-2-nitrobenzoic acid (TNB) produced from DTNB per minute per mg 
tissue protein from each sample in both tissues.  Data in (A-D) were analysed using a two-tailed 
Student’s t test.  All data are expressed as mean ± S.E.M. with statistical significance indicated 
as *P<0.05; n = 3-4 per group. 
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3.4. Failure to satisfy SOD1 copper requirements is CNS tissue specific in a 
SOD1G37R mouse model of ALS 
 

Considering that progressive cuproenzyme impairment was seen to correspond to disease 

progression where misfolded SOD1 levels did not, SOD1 functionality was investigated across 

various tissues in SOD1G37R mice to assess CNS tissue-specific susceptibility to mutant SOD1 

overexpression.  Data in this subsection have also been published in the manuscript491.  Due to 

the copper requirement for SOD1 catalytic activity, measurements of bulk copper, total mouse 

and human SOD1, and SOD1 activity levels in both disease affected CNS tissues and non-disease 

affected peripheral tissues were performed.  In order to be able to assess changes of total SOD1 

protein in SOD1G37R mice (endogenous mouse and human mutant SOD1) relative to non-

transgenic mice (endogenous SOD1), an antibody capable of detecting both mouse and human 

SOD1 was employed.  Activity of SOD1 was significantly elevated in SOD1G37R tissues compared 

to the same tissues from non-transgenic littermates (Figure 3.7A), with the liver yielding a much 

greater level of activity compared to other tissues.  This ubiquitous elevation in SOD1 activity 

across tissues in the SOD1G37R mice was anticipated due to the overexpression of human mutant 

SOD1 combined with the endogenous mouse SOD1. 

 

Figure 3.7:  Levels of SOD1 activity in SOD1G37R mice and non-transgenic littermates across 
different disease affected and non-disease affected tissues.  (A) SOD1 activity levels in spinal 
cord, whole brain, liver, quadriceps and kidney tissues from 25 week old SOD1G37R mice and 
non-transgenic littermates.  Levels of SOD1 activity were derived from the amount of 
enzymatically active SOD1 per mg tissue protein in each sample from all tissues.  (B) SOD1 
activity levels from all SOD1G37R tissues (A) expressed relative to SOD1 activity levels in non-
transgenic mice from corresponding tissues.  Levels of SOD1 activity in SOD1G37R tissues were 
expressed relative to non-transgenic littermates (ΔSOD1 activity) for each tissue type.  Data in 
(A, B) were analysed using a two-tailed Student’s t test.   All data are expressed as box (median 
±95% CI) and whisker (maximum and minimum) plots with statistical significance indicated as 
*P<0.05; n = 6-7 per group. 
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When levels of SOD1 activity in SOD1G37R tissues were made relative to levels within the same 

tissues from non-transgenic littermates (Figure 3.7B), the comparative elevation (ΔSOD1 

activity) in SOD1G37R tissue activity ranged from 1.5 fold within the brain up to approximately 

4.7 fold in the quadriceps.  Total SOD1 protein levels in all tissues from each mouse (Figures 

3.8B, 3.8C) were examined, and variable expression across tissues in both SOD1G37R mice and 

non-transgenic littermates was observed.  Subsequent analysis of total SOD1 protein levels in 

SOD1G37R mice expressed relative to non-transgenic littermates for individual tissue (Figure 

3.8E) produced differences (ΔSOD1 total protein) ranging from a 3.2 fold elevation in kidney 

tissue up to 16 fold within the spinal cord. 

 

Figure 3.8:  Total levels of endogenous mouse and human SOD1 in SOD1G37R mice and non-
transgenic littermates across tissues.  (A) Representative western blot images demonstrating 
the selective immunoreactivity of different SOD1 antibodies for endogenous mouse SOD1 
(expressed in both SOD1G37R mice and non-transgenic littermates) and human SOD1 (expressed 
solely in SOD1G37R mice).  The antibody utilised in this study detects both endogenous mouse 
and human forms of SOD1 to enable total SOD1 pool comparisons between SOD1G37R mice and 
non-transgenic littermates.  (B, C) Western blots and densitometric quantitation of total SOD1 
(endogenous mouse and human) levels from SOD1G37R mice and non-transgenic littermates 
across different tissues relative to kidney levels.  All tissues per mouse were loaded onto a single 
gel to be able to compare total SOD1 levels across various tissues.  (D) Representative western 
blot images demonstrating comparative levels of total SOD1 between SOD1G37R mice and non-
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transgenic littermates across different tissues.  (E) Densitometric quantitation of total SOD1 
levels observed through western blot imaging (D) from SOD1G37R mice and non-transgenic mice 
across different tissues.  Each tissue was investigated from all mice used in this study on a single 
gel to allow for comparison of total SOD1 levels between SOD1G37R mice and non-transgenic 
littermates in each tissue.  Levels of total SOD1 were normalised to the loading control GAPDH 
and then levels in SOD1G37R mice were expressed relative to non-transgenic littermates (ΔSOD1 
protein) for each tissue type.  Data in (B, C, E) were analysed using a two-tailed Student’s test.   
All data are expressed as box (median ±95% CI) and whisker (maximum and minimum) plots 
with statistical significance indicated as *P<0.05; n = 5-7 per group. 

  

Examination of overall SOD1 activity (Figure 3.7A) expressed relative to overall SOD1 protein 

levels (Figure 3.8E) between SOD1G37R mice and non-transgenic littermates in each tissue 

revealed a lack of commensurate increase in SOD1 activity with increased levels in the CNS 

tissues from the SOD1G37R mice (Figure 3.9A).  The values for overall SOD1 protein levels used 

for analysis in (Figure 3.9A) also took into account the variation in SOD1 levels across different 

tissues as illustrated in (Figures 3.8B, 3.8C).  When ΔSOD1 activity (Figure 3.7B) was expressed 

relative to ΔSOD1 protein (Figure 3.8E), the resultant ratio of ΔSOD1 activity: ΔSOD1 protein 

revealed a strong disparity between CNS tissues and the non-disease affected peripheral tissues 

(Figure 3.9B).  This ratio between ΔSOD1 activity and ΔSOD1 total protein was calculated to be 

between 0.7 and 0.8 for peripheral tissues, and approximately 0.2 for CNS tissue, demonstrating 

that a disparity between SOD1 activity and SOD1 levels evident in the SOD1G37R mice is selective 

for the CNS tissue. 

 

 

 

 

 

 

Figure 3.9:  Tissue-specific differences between SOD1 activity and total SOD1 protein levels in 
SOD1G37R mice and non-transgenic littermates.  (A) Overall SOD1 activity from (3.7A) expressed 
relative to SOD1 protein levels from (3.8E) was used to derive the ratio of SOD1 activity: SOD1 
protein in each tissue.  This was employed to investigate whether this ratio observed in a 
specific tissue from non-transgenic mice is sustained following mutant human SOD1 
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overexpression in the same tissue from SOD1G37R mice.  (B) Tissue-specific changes in SOD1 
activity from SOD1G37R mice (ΔSOD1 activity from (3.7B)) expressed relative to tissue-specific 
changes in SOD1 protein levels from SOD1G37R mice (ΔSOD1 protein from (3.8E)).  Values of 1 
denoted by the grey dotted line represent a commensurate increase in SOD1 activity with 
increased SOD1 levels in the SOD1G37R mice.  Values below 1 illustrate a disproportionately 
lower increase in SOD1 activity with increased levels of SOD1.  Data in (A) were analysed using 
a two-tailed Student’s t test.  All data are expressed as box (median ±95% CI) and whisker 
(maximum and minimum) plots with statistical significance indicated as *P<0.05; n = 5-7 per 
group.  Percentage values situated above statistically significant comparisons in (A) highlight 
the difference mean values for SOD1G37R mice compared to non-transgenic littermates. 

 

It must be noted that for western blot analysis of total SOD1 levels, conditions were 

implemented that ensured detection of the monomeric pool, whereas SOD1 is catalytically 

active as a dimer.  As a result of this, it would be expected that the ratio between ΔSOD1 activity 

and ΔSOD1 total protein would have a maximum of 0.5, i.e. one unit of activity for every two 

units of SOD1 monomer (equating to one unit of functional SOD1 dimer).  However this artefact 

may be explained through several possibilities including the quantitative limitations inherent 

within the western blot methodology, or the presence of copper-deficient SOD1 in non-

transgenic mice.  Nonetheless, the disparity between SOD1 activity and SOD1 total protein 

levels was evidently greater within the CNS tissues compared to peripheral tissues. 

Due to the aforementioned requirement of copper for SOD1 catalytic activity in addition to 

published evidence for copper-deficient SOD1 in the spinal cord tissue of SOD1G37R mice363, 380, 

it was hypothesised that the apparent disparity between activity and levels of SOD1 in the 

mutant mice may be due to limitations in copper availability to CNS tissues.  Observations of 

remarkably slow copper turnover times within the CNS494 also provide evidence for a potential 

inability of the CNS to satisfy enhanced copper requirements caused by mutant SOD1 

overexpression.  Assessment of copper levels showed a significant elevation within SOD1G37R 

peripheral tissues compared to non-transgenic littermates (Figure 3.10A), with a significant but 

meagre elevation in the brain, and no difference within the spinal cord.  The observation of 

increased zinc levels within all SOD1G37R tissues compared to controls (Figure 3.10B) is 

supported by the additional requirement of SOD1 for a zinc atom per monomer to maintain 

structure.  Measurement of other elements (Figures 3.10C-3.10E) yielded no relevant 

differences between SOD1G37R mice and non-transgenic littermates, further supporting a SOD1 

induced elevation in copper and zinc levels. 
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Figure 3.10:  Metal levels across different tissues from SOD1G37R mice and non-transgenic 
littermates.  Total amounts of copper (A), zinc (B), magnesium (C), phosphorus (D) and 
potassium (E) were measured in all tissues from SOD1G37R mice and non-transgenic littermates 
using ICP-MS.  Levels of metal content (A-E) were normalised to tissue wet weight (g) and 
analysed using a two-tailed Student’s t test.  All data are expressed as box (median ±95% CI) 
and whisker (maximum and minimum) plots with statistical significance indicated as *P<0.05; n 
= 6-7 per group. 

 

The necessary molar ratio of copper and zinc for catalytically active SOD1 is 1:1 due to one atom 

of each element required per monomeric subunit, therefore differences in copper (Δµmol Cu) 

and zinc (Δµmol Zn) levels between SOD1G37R and non-transgenic mice across all tissues were 

assessed (Figures 3.11A, 3.11B).  This representation provided a clearer picture of bulk copper 

and zinc levels by demonstrating a significant elevation of copper and zinc in SOD1G37R tissues 

compared to non-transgenic littermates, except for a marginal albeit significant elevation of 
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copper levels in the brain, and no difference in the spinal cord (Figure 3.11A).  More importantly, 

when Δµmol Cu (Figure 3.11A) was then expressed relative to Δµmol Zn (Figure 3.11B), the 

requirement for a 1:1 molar ratio to ensure proper SOD1 metallation is shown to be unmet in 

SOD1G37R CNS tissues (Figure 3.11C) as a result of an insufficient increase in copper levels.  

Contrarily, the molar ratios of copper and zinc within the liver and kidney tissues were shown 

to be approximately 1:1, as would be expected in the case of fulfilled metal requirements.  

Whilst the molar ratio of copper and zinc within the quadriceps was similar to CNS tissues, this 

appears to be due to a disproportionate increase in zinc levels in the SOD1G37R mice, as opposed 

to an insufficient elevation in copper levels.  Furthermore, the comparable ratios of ΔSOD1 

activity to ΔSOD1 total protein (Figure 3.9B) between the quadriceps and other peripheral 

tissues from SOD1G37R mice would suggest that elevated copper requirements for SOD1 are 

satisfied in the quadriceps. 

 

Figure 3.11:  Disproportionate elevations of copper and zinc levels in tissues from SOD1G37R mice 
relative to non-transgenic littermates.  (A, B) Changes in copper and zinc levels of different 
tissues from SOD1G37R mice compared to the mean for copper and zinc of corresponding tissues 
from non-transgenic littermates.  Levels of copper from (3.10A) and zinc from (3.10B) were 
used to calculate change in copper (Δμmol Cu) and change in zinc (Δμmol Zn) observed in 
SOD1G37R mice relative to non-transgenic littermates.  (C) Tissue-specific changes in copper 
levels from SOD1G37R mice (Δμmol Cu from (A)) expressed relative to tissue-specific changes in 
zinc levels from SOD1G37R mice (Δμmol Zn protein from (B)).  Values of 1 denoted by the grey 
dotted line represent a commensurate increase in copper levels with increased zinc levels in 
the SOD1G37R mice.  Values below 1 illustrate a disproportionately lower increase in copper 
levels with increased zinc levels.  Data in (A, B) were analysed using a two-tailed Student’s t 
test.  All data are expressed as box (median ±95% CI) and whisker (maximum and minimum) 
plots with statistical significance indicated as *P<0.05; n = 6-7 per group. 
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Previous determination of SOD1 concentration within spinal cords from SOD1G37R mice using 

mass spectrometry found that 130µM of monomeric SOD1 was present380.  Extrapolating from 

the western blot quantitation in (Figure 3.8E), a 16-fold lower concentration of SOD1 in the 

spinal cord tissue from non-transgenic littermates compared to SOD1G37R mice equates to a 

SOD1 concentration difference of 122µM (Table 3.1).  The spinal cord tissue copper and zinc 

concentrations calculated from ICP-MS in (Figures 3.10A, 3.10B) demonstrate a difference 

between SOD1G37R mice and non-transgenic mice of 14µM for copper and 139µM for zinc.  

Consequently, the increase in SOD1G37R spinal cord zinc concentration effectively follows an 

increase in monomeric SOD1 concentration, whilst the concentration of copper shows a greatly 

diminished elevation.  Although caveats exist through the extrapolation of SOD1 concentration 

via western blots, these data indicate an inability of the SOD1G37R spinal cord to improve copper 

availability to match the overexpression of human mutant SOD1.  This 1:1 ratio appears to be 

met in relation to the increase of zinc levels with an increase in human mutant SOD1, and 

therefore copper is selectively affected. 

 

 

 

 

 

 

Table 3.1:  Calculations of SOD1, copper and zinc concentrations within spinal cord tissue from 
SOD1G37R mice and non-transgenic littermates.  #Calculations of SOD1 concentration (µM) in 
spinal cord tissue from both direct measurement of SOD1 concentration from SOD1G37R mice380 
and the differences observed between SOD1G37R mice and non-transgenic littermates from 
(3.8E).  *Calculations of copper and zinc concentrations from data presented in (3.10A, 3.10B) 
with the assumption that 1g tissue = 1mL.  N/A: The concentration of SOD1 exceeds the copper 
concentration for these mice.   

 

Overall these results demonstrate that despite an apparent lack of impairment in the 

mitochondrial cuproenzyme CCO at disease end-stage, progressive cuproenzyme dysfunction 

to SOD1 and ceruloplasmin of the spinal cord corresponded with disease progression in a 

SOD1G37R mouse model of ALS.  In the case of SOD1, this dysfunction was related to functionality 
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where the putatively toxic misfolded form of SOD1 did not correspond with disease progression 

in these mice.  Tissue-specific variations in relative copper levels and SOD1 functionality suggest 

that the CNS is particularly susceptible to SOD1 overexpression through an inability to satisfy 

the consequent increased requirement for copper.  Taken together, these outcomes provide 

evidence for explaining the CNS-specific susceptibility to SOD1 mutations leading to progressive 

cuproenzyme dysfunction extending beyond SOD1, conceivably due to insufficient copper 

availability. 
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3.5. Summary and discussion 
 

Following the discovery of SOD1 mutations as a cause of ALS, observations of SOD1-positive 

aggregates in the CNS of familial ALS cases345 became a template for understanding disease 

pathogenesis.  Although maintaining a status as a distinct hallmark feature of ALS pathology, 

these aggregates typically arise late in disease495, and while SOD1-positive inclusions have also 

been found in cases of sporadic ALS346 their pathogenic importance remains to be elucidated.  

The emergence of antibodies specifically targeted towards a putatively ‘misfolded’ form of 

SOD1 led to research into these species that are commonly thought to precede aggregate 

formation.  These developed antibodies are selectively reactive for mutant SOD1496, and target 

epitopes of SOD1 that are buried within the intact form of the protein360, 497, 498.  Previous 

investigations of misfolded SOD1 using the C4F6 antibody have found both an absence of signal 

in non-disease affected regions, and in SOD1WT mice360, 451. 

In this study we analysed the A5C3, B8H10 and C4F6 versions of the misfolded antibodies and 

confirmed the reactivity of these antibodies for the SOD1G37R and SOD1G93A mutations, although 

in the cases of the A5C3 and C4F6 antibodies there was much greater selectivity for the 

SOD1G93A mutation.  Also, probing for misfolded SOD1 using these antibodies demonstrated 

robust reactivity in both SOD1WT mice, and non-disease affected liver tissue from SOD1G37R and 

SOD1G93A mouse models of ALS.  To control for potential artificial protein misfolding driven by 

experimental conditions, different western blot transfer conditions were tested.  Furthermore, 

the progressive accumulation of total human SOD1 levels with age in the SOD1G37R spinal cord 

did not mirror what was observed for levels of misfolded SOD1 in these same tissue samples.  

To measure human SOD1, reducing and denaturing western blot conditions were employed to 

analyse the total monomeric pool, which would suggest the misfolded SOD1 antibody was 

detecting a different pool of SOD1.  These data demonstrated that the presence of putatively 

toxic misfolded SOD1 is neither a CNS nor a mutant SOD1 specific event.  The non-linear changes 

observed in misfolded SOD1 levels from the SOD1G37R spinal cord have previously been 

reported492, and was concluded as being the result of motor neuron death.  However, total 

levels of human SOD1 presented a progressive linear accumulation suggesting that this result is 

selective for the misfolded pool of SOD1 detected by these antibodies. 

As stated above the concept of the misfolded SOD1 antibodies is to detect buried hydrophobic 

regions in mutant SOD1 not available for binding in fully functional and native forms of SOD1.  

The inference from this is that SOD1 species capable of interacting with these antibodies are 

characterised as toxic, and therefore thought to be involved in pathogenesis.  Following 
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translation, the monomeric SOD1 polypeptide moves through various stages of development 

to form the fully functional native structure, including binding of a structural zinc atom and then 

interaction with CCS to promote copper metallation and disulphide bond creation52.  Once wild-

type SOD1 exists in the form of a fully metallated homodimer, it is recognised as one of the 

most stable proteins known with a melting point of between 85-95C⁰ indicative of a strong 

thermodynamic capacity for resisting conformational change499, 500.  The introduction of point 

mutations to SOD1 can incur a decrease in structural stability leading to weaker binding 

affinities for both zinc and copper, and therefore a greater propensity to unfold501, 502.   

In spite of the immense stability characteristic of wild-type SOD1, taking a linear approach to 

its formation is a reductionist concept and requires a more detailed consideration.  The 

transition of a nascent polypeptide into a fully formed protein follows various steps, each of 

which are in equilibrium to various extents as defined by kinetics and thermodynamics503, 504.  

Whilst these transition states are thermodynamically unfavourable, and therefore unstable, 

their stability can dictate the rate of folding and unfolding505.  Thus, where mutant forms of 

SOD1 with lessened structural stability may be thought to be more prone to misfolding or 

unfolding506, the wild-type species of SOD1 is not immune to unfolding.  Mutant SOD1 has been 

observed to exist in metal-deficient states and in an apo form in vivo380, where monomeric SOD1 

under these conditions are believed to be most conducive towards misfolding and 

aggregation363, 507.   

In sporadic cases of ALS independent of mutations to SOD1, it has been reported that misfolded 

wild-type SOD1 detected using the C4F6 antibody was present within spinal cord motor neurons 

and followed a diffuse staining pattern451.  The capacity for wild-type SOD1 to undergo 

misfolding is thought to be due to either demetallation or disulphide bond reduction55, 508 

affecting overall protein stability, leading to an ability to undergo aggregation509, 510.  Therefore, 

metal-deficient and disulphide bond reduced wild-type SOD1 may present as a monomeric 

species with an aberrant exposure of hydrophobic protein regions, although to a lesser extent 

than SOD1 mutants507.  Mice with homozygous expression of human wild-type SOD161 also 

develop ALS-like phenotypic symptoms, as well as diffuse staining of misfolded SOD1 within 

motor neurons, and cytoplasmic inclusions positive for misfolded SOD1.  Only approximately 

15% of SOD1 in the spinal cord tissue from these mice were adjudged to be enzymatically active, 

which was due to insufficient copper charging, with prominent levels of disulphide bond 

reduction also observed.  This substantial pool of metal deficient and disulphide bond reduced 
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SOD1 was likely due to the prodigious expression of human wild-type SOD1, leading to SOD1 

misfolding and aggregate formation. 

Considering evidence above for the capacity of wild-type SOD1 to misfold in both sporadic ALS 

cases and mice homozygous for human wild-type SOD1, the presence of misfolded SOD1 in both 

hemizygous SOD1WT mice and non-disease affected tissue would be anticipated.  Furthermore, 

the data presented in this study suggest that the presence of misfolded SOD1 not only did not 

correspond with disease progression in SOD1G37R mice, but also was neither a CNS nor mutant 

SOD1 model specific phenomenon.  Where the distinction between wild-type SOD1 and mutant 

SOD1 was initially thought to be at least partly distinguishable based on structural stability, the 

recent discovery of the L117V mutation, characterised by low penetrance and slow 

progression62, has confounded this notion.  The assumption that mutant SOD1 causes ALS 

through decreased structural stability would appear to be misguided with consideration that 

the L117V mutation has been reported to demonstrate levels of stability equal to wild-type 

SOD1.  Although this mutation is atypical in its characteristics, it seems to represent a middle 

ground between mutant SOD1 misfolding in familial ALS and wild-type SOD1 misfolding in 

sporadic ALS by its nature as a SOD1 mutation capable of misfolding62, yet maintaining 

biophysical attributes comparable to wild-type SOD1.   

The totality of the evidence pertaining to misfolded SOD1 in this study suggests that this form 

of SOD1 detected by the particular antibodies used is unlikely to represent a mechanism of 

pathogenesis in mutant SOD1 mouse models of ALS.  However, these misfolded antibodies may 

be in fact interacting with an unfolded pool of SOD1 distinct from a misfolded SOD1 pool 

capable of toxicity.  Furthermore, it may be that the decrease in misfolded SOD1 levels observed 

in the soluble spinal cord fractions from SOD1G37R mice at 25 weeks compared to 21 weeks is 

due to conversion of soluble misfolded SOD1 into detergent-insoluble SOD1 aggregates.  These 

aggregates have been shown to accumulate in an age-dependent fashion in several different 

mutant SOD1 mouse models, including the SOD1G37R mice352, 358.  Yet, a subsequent study has 

demonstrated that SOD1 aggregates appear to be a protective response by the cell, and that 

increasing the solubility of misfolded SOD1 leads to greater toxicity362.  This would suggest that 

the high levels of mutant SOD1 present within the SOD1G37R mouse spinal cord is being 

sequestered into aggregates in an attempt to ameliorate the toxicity of soluble misfolded SOD1.  

Nonetheless, as the evidence shown here did not support a role for misfolded SOD1 in the 

pathogenesis of ALS, the next part of this study was focused on different aspects of SOD1 

biochemistry and why the CNS is susceptible to pathology in ALS. 
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The ubiquitously expressed SOD1 is endowed with both catalytic copper and structural zinc in 

its functional form, therefore, the overexpression of SOD1 induces an increased requirement in 

all tissues for these metals in order for SOD1 to become metallated.  Despite this necessity, 

when SOD1G37R spinal cord tissue was examined a large proportion of SOD1 was found to exist 

in a metal-deficient state, with copper-deficient SOD1 accounting for most of this pool380.  

Furthermore, treating these mice with CuII(atsm) significantly decreased the levels of metal-

deficient SOD1, as reflected through lower levels of copper-deficient SOD1, and consequently 

elevated the levels of fully metallated holo SOD1.  The data herein demonstrated a CNS-specific 

inability to fulfil the increased requirement for copper as a direct result of mutant SOD1 

overexpression in the SOD1G37R mice.  This was supported by the observation of a 

disproportionate increase in SOD1 activity in relation to SOD1 levels specific for the CNS tissues, 

which equated to a greater burden of catalytically inactive SOD1 in these tissues due to 

overexpression.  From these outcomes it can be inferred that the level of copper-dependent 

SOD1 activity in brain and spinal cord tissues being diminished, considering the total SOD1 

protein levels, is a direct result of the paucity of copper available to satisfy demand. 

Considering that copper and zinc metallation are critical for SOD1 structural stability and 

function, it follows that a paucity in bioavailable copper may act to promote misfolding and 

aggregation of SOD1 as described above.  Whilst the cause behind a CNS-specific inability to 

cope with elevated copper requirements following mutant SOD1 remains to be elucidated, it 

could conceivably be related to differences in copper turnover across tissues.  Where the half-

life of radioisotopic copper turnover in the peripheral tissues of rats was observed to be 

approximately 4 days, with exception of the heart at 23 days, this turnover rate dropped to 

approximately 450 days for the brain, and decreased further to almost 7000 days under copper 

deficient diet conditions494.  This remarkable contrast in copper turnover rates highlights the 

rigid control of the CNS environment via the BBB511 and depicts a potential impediment for the 

CNS in being able to respond to enhanced copper demands.  Moreover, in addition to slow 

copper turnover rates, it has been demonstrated that the CNS shows slower SOD1 turnover 

rates compared to peripheral tissues, regardless of whether SOD1 is wild-type or mutant in 

nature512.  Given the slow turnover of copper and SOD1 in the CNS, an inability of the CNS to 

meet elevated copper demands and deal with slow turnover of mutant SOD1 may partly explain 

the susceptibility of the CNS to pathology in mutant SOD1 mouse models of ALS. 
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 Copper turnover (t1/2 days) 
Tissue Copper replete diet Copper deficient diet 
Plasma 3 3 

Liver 4 2 
Kidney 5 1 
Muscle NC# 2 
Heart 23 NC# 
Brain 457 6930 

 
Table 3.2:  First order rate kinetics of copper turnover in different tissues from adult rats fed 
either a copper replete or a copper deficient diet (# data not calculated).  Data sourced from494.  

 

The obligate requirement for copper within motor neurons is emphasised in the context of the 

newly developed model for spinal muscular atrophy (SMA), in which ATP7A is selectively 

deleted from the motor neurons513.  Mutations to the ATP7A gene typically lead to either 

Menkes disease514, 515 or occipital horn syndrome516, 517, however recently identified missense 

mutations to ATP7A have been found to induce X-linked distal hereditary motor neuropathy, 

described as a non-fatal form of MND518, 519.  These distal hereditary motor neuropathies, of 

which SMA is included, present with motor neuron dysfunction in the absence of sensory 

impairments, and show no noticeable impairment in systemic copper homeostasis or 

cuproenzyme function518, 519.  This lack of systemic copper change was also observed in the 

conditional ATP7A knockout mouse model, although interestingly the deletion of ATP7A from 

motor neurons led to a decrease in spinal cord copper content513.  Impaired ATP7A-dependent 

copper homeostasis leading to decreased bulk copper levels and motor neuron death in the 

spinal cord lends credence to the imperative for sufficient bioavailable copper, with the data 

herein demonstrating an insufficiency specific to the CNS with mutant SOD1 overexpression.  

This observation is not exclusive to mutant SOD1 overexpression, with the previously discussed 

homozygous human wild-type SOD1 mice found to have only approximately 15% enzymatically 

active SOD1 in the spinal cord61.  The proportion of active SOD1 in the brain was adjudged to 

be higher than the spinal cord, with much higher levels observed in the muscle and liver tissues.  

Furthermore, the administration of Cu2+ to these spinal cord extracts yielded a 7-fold increase 

in the level of SOD1 activity suggesting that insufficient copper metallation was the likely cause 

of diminished activity. 

Despite these outcomes, it must be noted that the homozygous human wild-type SOD1 mice 

described above express much greater levels of SOD1 compared to the mutant SOD1 mouse 
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models commonly used, and the hemizygous human wild-type SOD1 mice used in this study 

express levels of SOD1 comparable to mutant SOD1 mice but do not develop an ALS-like 

phenotype.  Although wild-type SOD1 has been shown to induce ALS-like phenotypes in mice, 

and evidence exists for a role in sporadic ALS pathogenesis, it is unlikely that elevated copper 

requirements driven by expression levels is the cause of disease alone, and that the impact of 

mutations endow SOD1 with additional pathogenic properties.  As evinced by the L117V 

mutation to SOD1, the pathogenic capacity imbued by the mutation need not relate to the 

stability of the protein, with the levels of activity being comparable to wild-type SOD1, implying 

normal metallation62.  This may suggest a pathogenic gain-of-function mechanism for mutant 

SOD1 adversely affecting vital copper chaperones and transporters, as has been previously 

reported in several different mutant SOD1 mouse models of ALS332, 334.  It was shown that 

copper homeostasis within the spinal cord tissue from these mice was disrupted via a shift in 

the copper trafficking systems leading to elevated intracellular copper levels, where this shift 

was independent of the copper-binding abilities of the SOD1 mutants334. 

Having identified copper bioavailability conditions specific to the CNS that may be in part 

responsible for the pathogenicity of mutant SOD1, examination of total human SOD1 and SOD1 

activity levels were performed across various age groups of a SOD1G37R mouse model.  We 

demonstrated an age-dependent accumulation of human mutant SOD1 in spinal cord tissue 

which corresponded to disease progression in these mice.  The lack of a commensurate increase 

in SOD1 activity with protein levels was presented as an age-dependent decrease in specific 

SOD1 activity levels indicative of the total amount of SOD1 activity relative to total human SOD1 

levels.  This disparity in SOD1 activity and levels was specific for the disease affected spinal cord 

tissue, with the control liver tissue shown to be unchanged in terms of both activity and levels.  

Although direct measurement of copper levels on SOD1 was not performed in this study, the 

identification of large copper-deficient SOD1 pools in the SOD1G37R spinal cord380 and the copper 

requirement for SOD1 activity suggest an age-dependent accumulation of copper-deficient 

SOD1 in the spinal cord. 

Since the CNS was shown to be unable to satisfy the enhanced copper requirements of mutant 

SOD1 as a result of overexpression, it was posited that alternative cuproenzymes would also to 

varying degrees be adversely affected.  The ferroxidase cuproenzyme ceruloplasmin 

predominantly exists in the CNS in a GPI-anchored state on the astrocytes, and plays a vital role 

in iron trafficking and metabolism390, 407.  Although the differential expression profiles and 

functional roles of the ATP7A and ATP7B copper transporter proteins remains to be fully 
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elucidated, evidence shows that ATP7B is co-expressed with ceruloplasmin in the brain strongly 

suggesting participation in ceruloplasmin biosynthesis and metallation292, 301.  Based on the 

evidence for impaired copper trafficking and homeostasis332, 334 in mouse models of ALS, and 

the requirement of ceruloplasmin for functional copper transporters to instigate biosynthesis, 

it was hypothesised that impairment of ceruloplasmin would be present.  A spinal cord specific 

age-dependent accumulation of ceruloplasmin was observed which corresponded to both 

disease progression and SOD1 accumulation in the SOD1G37R mice.  In contrast, ceruloplasmin 

activity was observed to follow an age-dependent decline which translated into a marked 

decrease in ceruloplasmin specific activity with age. 

Where the observation of elevated copper levels and copper metabolism markers with age in 

mouse models of ALS was proposed to be evidence of the toxic accumulation of copper332, 334, 

the outcomes of this study would suggest that these changes to copper homeostatic markers 

may be a feedback response to the unsatisfied copper requirements of important 

cuproenzymes.  A caveat in this reasoning is the fact that mutant SOD1 is overexpressed to 

unnatural levels in these cases driving a greatly exaggerated requirement for copper.  

Nonetheless, the outcomes presented in this study highlight two independent cuproenzymes 

that are metallated through different copper trafficking pathways showing a progressive 

accumulation of a catalytically inactive form in the spinal cord. 

Considering the impairment of SOD1 and ceruloplasmin in spinal cord tissue from SOD1G37R 

mice, it may be thought that CCO would also exhibit catalytic impairment; however the data 

herein showed that not to be the case.  This observed lack of change is supported by the same 

result being found in the CNS tissues of SOD1G93A mice493, which represents a more pernicious 

model of ALS than the SOD1G37R mice.  Overexpression of human CCS in SOD1G93A mice 

(CCSxSOD1G93A) has previously been shown to incur a model of rapid disease progression520 

characterised by severe neurological deficits, SOD1 aggregation and mitochondrial pathology.  

The discovery that overexpression of the copper chaperone for SOD1 instead of mitigating 

disease progression actually acts to exacerbate decline, would ostensibly suggest that a 

hypothesis of copper-deficient mutant SOD1 in the pathology is misguided.  Furthermore, this 

rapid disease progression for the CCSxSOD1G93A mice was also replicated493, where it was 

demonstrated that these mice had greatly diminished levels of CCO activity in the CNS 

compared to SOD1G93A mice and SOD1WT mice. 

Treatment of SOD1G93A mice with CuII(atsm) has been shown to significantly extend survival in 

the study mentioned above493, but remarkably when the CCSxSOD1G93A mice were continuously 
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treated with CuII(atsm), survival was extended from 8-13 days to an average of 20 months 

(Figure 3.12).  This phenomenal survival prolongation also greatly surpassed that of mice 

overexpressing SOD1G93A alone, whether treated with CuII(atsm) or not.  Biochemically these 

mice showed a full restoration of CCO activity within the CNS, yet paradoxically total levels of 

human SOD1 in the spinal cord accumulated to levels nearly double that of the SOD1G93A mice.  

Whilst the levels of human SOD1 were largely elevated, the percentage of copper-deficient 

SOD1 fell substantially indicating an increase in SOD1 metallation. 

 

Figure 3.12.  (A) The chemical structure of CuII(atsm).  (B) Extension of survival in SOD1G37R mice 
treated with CuII(atsm) compared to sham treated SOD1G37R mice.  Image adapted from341.  (C) 
Treatment of CCSxSOD1G93A mice from birth with CuII(atsm) led to a remarkable 1.7 year (or 
3,800%) extension in survival compared to sham treatment CCSxSOD1G93A mice.  Image adapted 
from493. 

 

The significance of this result is related back to the kinetics of SOD1 protein folding and 

metallation, whereby zinc concentrations expected under in vivo conditions act to shift SOD1 

towards more well-folded states, and increase the rate of SOD1 folding approximately 100 

fold521.  As described earlier, the next stage of SOD1 maturation involves CCS acquiring copper 

and incorporating it directly onto SOD1, in conjunction with disulphide bond formation for 

protein stability52, 522.  Considering the profoundly slow copper turnover rate in the spinal cord 

and brain compared to peripheral tissues494, an increased requirement for copper would be 

difficult to satiate in the CNS potentially leading to an accumulation of copper-deficient SOD1.  

The reported inability of endogenous mouse CCS to induce complete human SOD1 maturation 

irrespective of CuII(atsm) treatment may suggest that copper-deficient SOD1 accumulation in 

the SOD1G93A mice is due to inefficiency of the mouse CCS, thus limiting the SOD1 copper 

delivery effects of CuII(atsm)493.  Furthermore, despite a compensatory upregulation of 
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endogenous mouse CCS in the SOD1G93A mice, levels would still be insufficient to meet elevated 

demand due to SOD1 overexpression.  When human CCS is overexpressed in the SOD1G93A mice 

this inefficiency is no longer an impediment, and consequently copper can be diverted away 

from other vital cuproenzymes such as CCO.  The impact of this copper diversion is based on 

the affinity gradients of different copper chaperones, with CCS maintaining a much greater 

affinity for copper than COX17, the chaperone for CCO523.   

Treatment of CCSxSOD1G93A mice with CuII(atsm) would therefore provide sufficient copper 

supply for the efficient loading of copper by human CCS onto mutant human SOD1, whilst 

concomitantly preventing the diversion of copper away from other cuproenzymes.  In the 

context of this study, it is likely that human mutant SOD1 coupled with endogenous mouse CCS 

presents an impediment that cannot be overcome by increased copper bioavailability alone.  

The absence of a change in CCO activity from the spinal cord tissue of both SOD1G93A mice493 

and SOD1G37R mice shown herein may imply a ‘hierarchy’ of copper delivery by nature of 

chaperone copper affinity.  In these models of ALS, the presence of overexpressed mutant SOD1 

appears not to have enough pathological impetus to drive CCO dysfunction.  Whilst CCO was 

unaffected in these mice, progressive impairment of both SOD1 and ceruloplasmin was 

observed in the SOD1G37R spinal cord, suggesting that selective cuproenzyme dysfunction may 

play a role in pathology. 
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4. Cuproenzyme dysfunction is restored by genetic and 
therapeutic interventions in mouse models of ALS 

 

As described in the previous chapter, utilisation of the SOD1G37R mouse model of ALS provided 

evidence for an unmet copper requirement in the disease affected CNS tissue which translated 

into an age-dependent decrease in the specific activity of cuproenzymes in affected spinal cord 

tissue. An extension of these outcomes, with implications pertaining to the development of 

effective treatment options in ALS, is that improving copper bioavailability in the disease 

affected spinal cord may represent a new opportunity for attenuating disease progression.  This 

potential treatment mechanism was explored further in the present chapter via two 

independent approaches to improve copper bioavailability.  Given evidence for progressive 

cuproenzyme dysfunction in the SOD1G37R model demonstrated in the previous chapter, 

functionality of these enzymes was assessed in mutant SOD1 mouse models of ALS in response 

to overexpression of the human copper transporter hCTR1, and in response to oral treatment 

with the BBB-penetrant copper compound CuII(atsm). 

4.1. Cuproenzyme dysfunction is restored by hCTR1 overexpression in a 
mouse model of ALS 
 

Overexpression of hCTR1 in SOD1G37R mice (hCTR1xSOD1G37R) has been previously established 

to improve survival compared to SOD1G37R littermates380.  To confirm that overexpression of the 

copper transport hCTR1 resulted in improved copper availability, we measured metal levels 

within the spinal cord tissue of non-transgenic, hCTR1, SOD1G37R and hCTR1xSOD1G3R mice 

(Figures 4.1A-4.1C).  Levels of copper (Figure 4.1A) were significantly elevated in hCTR1 mice 

compared to non-transgenic mice, and in hCTR1xSOD1G37R compared to SOD1G37R mice.  

Elevations of copper in mice expressing mutant SOD1 were observed to be greater in the liver 

compared to the spinal cord, and was likely due to the demand for copper resulting from SOD1 

overexpression which corroborated earlier outcomes from this study (Chapter 3.4).  When zinc 

and iron levels (Figures 4.1B, 4.1C) were analysed, no difference was observed between hCTR1 

and non-transgenic mice, or between hCTR1xSOD1G37R and SOD1G37R mice, indicating that the 

effects of hCTR1 overexpression were specific to copper.  Furthermore, when copper levels 

were examined in the liver, no difference between hCTR1 and non-transgenic mice, or between 

SOD1G37R and hCTR1xSOD1G37R mice was observed in contrast to the spinal cord (Figure 4.1D).  

As was observed for the spinal cord, levels of both iron and zinc were unchanged between these 

cohorts also (Figures 4.1E, 4.1F). 
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Figure 4.1:  Bulk metal levels in spinal cord and control liver tissues from non-transgenic, hCTR1, 
SOD1G37R and hCTR1xSOD1G37R mice at 25 weeks of age.  (A-C) Total amounts of copper (A), zinc 
(B) and iron (C) were measured in spinal cord tissue using ICP-MS.  (D-F) Total amounts of 
copper (D), zinc (E) and iron (F) were measured in control liver tissue using ICP-MS.  Levels of 
metal content were normalised to tissue wet weight (g) and analysed using a one-way ANOVA 
test with a Sidak’s multiple comparisons post hoc test.  All data are expressed as mean ± S.E.M. 
with statistical significance indicated as *P<0.05; n = 6 per group. 

 

This increase in spinal cord copper levels from the hCTR1xSOD1G37R mice did not translate into 

a change in human SOD1 levels compared to the SOD1G37R mice (Figure 4.2A), with no change 

in human SOD1 levels also observed within the liver (Figure 4.2F).  Moreover, levels of misfolded 

SOD1 were also unchanged in both the spinal cord (Figure 4.2E) and liver (Figure 4.2J) tissues.  

Curiously, whilst no difference in endogenous mouse SOD1 levels was seen as a result of hCTR1 

overexpression in either spinal cord or liver tissues, expression of the SOD1G37R mutant 

corresponded to a diminishment in endogenous SOD1 levels from both tissues (Figures 4.2B, 

4.2G).  However, due to the substantial overexpression of human SOD1 in the SOD1G37R mice 

this decrease in endogenous mouse SOD1 is unlikely to be pathologically relevant.  Levels of 

SOD1 activity within the SOD1G37R expressing mice were predictably elevated in both spinal cord 

and liver tissues (Figures 4.2C, 4.2H), although hCTR1xSOD1G37R mice were observed to have a 

significant, albeit modest, increase in spinal cord SOD1 activity compared to SOD1G37R mice.  Due 
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to minimal and paralleled changes to SOD1 activity and levels, SOD1 specific activity was not 

affected by hCTR1 overexpression (Figures 4.2D, 4.2I). 
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Figure 4.2:  Cuproenzyme restoration selectively within spinal cord tissue of SOD1G37R mice 
overexpressing the copper transporter hCTR1.  (A, B) Western blot images and densitometric 
quantitation of total human SOD1 (A) and total endogenous mouse SOD1 (B) levels in spinal 
cord tissue from non-transgenic, hCTR1, SOD1G37R and hCTR1xSOD1G37R mice at 25 weeks of age.  
(F, G) Western blot and densitometric quantitation of total human SOD1 (F) and total 
endogenous mouse SOD1 (G) in the corresponding control liver tissue.  Levels of total human 
SOD1 and total endogenous mouse SOD1 were normalised to the loading control GAPDH and 
expressed relative to abundance in non-transgenic littermates.  (C, H) SOD1 activity levels from 
spinal cord (C) and liver (H) tissues across all phenotype groups.  Levels of SOD1 activity were 
derived from the amount of enzymatically active SOD1 per mg tissue protein in each sample 
across all phenotypic groups from both tissues.  (D, I) Specific activity levels of SOD1 from spinal 
cord (D) and liver (I) tissues.  Levels of specific activity were derived from SOD1 activity 
expressed relative to total SOD1 levels.  (E, J) Western blot and densitometric quantitation of 
misfolded SOD1 levels in spinal cord (E) and liver (J) tissues.  Data sets were analysed using a 
one-way ANOVA test with a Sidak’s multiple comparisons post hoc test, except for data in (A, 
D) which were analysed using a two-tailed Student’s t test.  All data are expressed as mean ± 
S.E.M. with statistical significance indicated as *P<0.05; n = 5-6 per group. 

 

Ceruloplasmin levels were significantly elevated in the spinal cord tissue from SOD1G37R mice 

(Figure 4.3A), where ceruloplasmin levels in the hCTR1xSOD1G37R spinal cord were comparable 

to the non-transgenic littermates.  Levels of ceruloplasmin within the non-disease affected liver 

tissue were observed to be unchanged (Figure 4.3D).  Measurement of spinal cord 

ceruloplasmin activity showed a significant decrease in SOD1G37R compared to non-transgenic 

mice (Figure 4.3B), however more notably, a significant restoration in ceruloplasmin activity 

was observed in hCTR1xSOD1G37R compared to SOD1G37R mice.  Furthermore, specific activity of 

ceruloplasmin within the hCTR1xSOD1G37R spinal cord was significantly elevated to levels similar 

to non-transgenic mice when compared to SOD1G37R mice (Figure 4.3C), demonstrating a 

restoration in ceruloplasmin functionality following hCTR1 overexpression in the SOD1G37R mice. 
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Figure 4.3:  Cuproenzyme restoration selectively within spinal cord tissue of SOD1G37R mice 
overexpressing the copper transporter hCTR1.  (A, D) Western blot images and densitometric 
quantitation of ceruloplasmin levels in spinal cord (A) and liver (D) tissues from non-transgenic, 
hCTR1, SOD1G37R and hCTR1xSOD1G37R mice at 25 weeks of age.  Levels of ceruloplasmin were 
normalised to the loading control β-actin and expressed relative to abundance in non-
transgenic littermates.  (B) Ceruloplasmin activity levels from spinal cord tissue across all 
phenotype groups.  Levels of ceruloplasmin activity were derived from the amount of holo 
diferric transferrin produced per minute per mg tissue protein in each sample across all 
phenotype groups.  (C) Ceruloplasmin specific activity levels in spinal cord tissue.  Levels of 
specific activity were calculated as total ceruloplasmin activity (B) expressed relative to total 
ceruloplasmin levels (A) per sample.  Data in (A-D) were analysed using a one-way ANOVA test 
with a Sidak’s multiple comparisons post hoc test.  All data are expressed as mean ± S.E.M. with 
statistical significance indicated as *P<0.05; n = 5-6 per group. 

 

 

 

 



    

  103 
   

4.2. Cuproenzyme dysfunction is restored by treatment with CuII(atsm) 
treatment in mouse models of ALS 
 

In accordance with the Prize4Life guidelines (described in Chapter 2.2), mice from all treatment 

groups were subjected to phenotypic assessments including rotarod, weight, survival and 

neurological scoring.  Whilst there was no difference in weight between SOD1G93A mice treated 

with SSV and CuII(atsm) (Figure 4.4F), all other behavioural parameters showed a significant 

improvement in phenotype following treatment with CuII(atsm).  Rotarod analysis (Figure 4.4E) 

illustrated a marked improvement in locomotor function in the CuII(atsm) treated mice reaching 

significance at 113 days of age, and this was reflected in a comparable improvement in 

neurological score (reaching significance at 107 days of age, Figure 4.4C).  On the basis of 

neurological scoring, the age of symptom onset was delayed by 9.1 days (Figure 4.4D).  In 

addition to improved neurological function, treating with CuII(atsm) extended overall survival 

of the SOD1G93A mice (Figure 4.4A) which equated to a 13.9 day extension in mean survival 

(Figure 4.4B). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4:  Phenotypic improvement in SOD1G93A mice following treatment with the 
therapeutic agent CuII(atsm).  (A, B) Survival curves from sham and CuII(atsm) treated SOD1G93A 
mice (A) and comparison of age at phenotypic end-point (B) for both treatment groups.  (C, D) 
Curves of neurological score calculated once weekly from sham and CuII(atsm) treated SOD1G93A 
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mice (C) and comparison of age at neurological symptom onset (D) for both treatment groups.  
(E) Measurements of locomotor function using the rotarod assay for sham and CuII(atsm) 
treated SOD1G93A mice calculated twice weekly.  (F) Weight measurements of sham and 
CuII(atsm) treated SOD1G93A mice performed once weekly.  Weight data for sham and CuII(atsm) 
treated SOD1G93A mice were made relative to initial weight at study commencement and 
expressed as a percentage.  Vertical grey dashed lines indicate the age at which mouse groups 
were harvested for tissue collection and analysis.  Data in (A) were analysed using a Cox 
proportional hazards model, data in (C, E, F) were analysed using a two-tailed repeats measures 
ANOVA test and data in (B, D) were analysed using a two-tailed Student’s t test.  All data except 
for (B, D) are expressed as mean ± S.E.M. as indicated by corresponding grey dotted lines tracing 
each curve whilst data in (B, D) are expressed as box (median ±95% CI) and whisker (maximum 
and minimum) plots, with statistical significance indicated as *P<0.05; n = 23-24 per group. 

 

In contrast with the overexpression of hCTR1 (Chapter 4.1), treatment with CuII(atsm) led to a 

substantial increase in spinal cord copper levels (Figure 4.5A) compared to their sham treated 

littermates.  Curiously, a concomitant increase in spinal cord zinc levels was only observed in 

the CuII(atsm) treated SOD1G93A mice relative to sham treated, and not in the non-transgenic 

littermates (Figure 4.5B).  As observed in the hCTR1 mouse study, no changes to iron levels were 

observed across any of the groups (Figure 4.5C).  These data confirm the ability of treatment 

with CuII(atsm) to elevate levels of copper at the primary site of pathology in the SOD1G93A mice.  

When treated with CuII(atsm), both the SOD1G93A mice and the non-transgenic littermates 

showed a significant increase in liver copper levels compared to their sham treated 

counterparts (Figure 4.5D).   

As this finding was not observed for the hCTR1 mice, these changes may be explained by the 

fact that CuII(atsm) administration via gavage is initially circulated to the liver after uptake into 

the body.  Considering that levels of SOD1 activity in CuII(atsm) treated mice compared to sham 

treated are unchanged in the liver (Figure 4.6H), this suggests that the copper is not being made 

readily bioavailable to SOD1 in the liver tissue.  Furthermore, this lack of translation of CuII(atsm) 

induced copper elevation into increased SOD1 activity is also observed in the spinal cord tissue 

of non-transgenic mice treated with CuII(atsm) compared to sham treated (Figures 4.5A, 4.6C).  

As such, it is likely that within the SOD1G93A spinal cord, an excessive reductive environment 

associated with pathology precipitates the disassociation of bioavailable copper from the atsm 

backbone molecule (discussed in Chapter 1.3.3). In contrast, the normal cellular redox 

environment within the liver and non-transgenic spinal cord tissues may mean that copper is 

still bound to atsm.  However, a direct measure of CuII(atsm) levels specifically in the liver tissue 

would be required to confirm this, whilst the tracking of isotopically enriched copper380 may 
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also be informative.  Aside from copper, elevations in zinc levels in the liver tissue were also 

observed following CuII(atsm) treatment (Figure 4.5E), and interestingly, SOD1G93A mice treated 

with CuII(atsm) showed decreased levels of iron in the liver compared to sham treated (Figure 

4.5F). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5:  Bulk metal levels in spinal cord and control liver tissues from sham and CuII(atsm) 
treated SOD1G93A mice non-transgenic littermates.  (A-C) Total amounts of copper (A), zinc (B) 
and iron (C) were measured in spinal cord tissue using ICP-MS.  (D-E) Total amounts of copper 
(D), zinc (E) and iron (F) were measured in liver tissue using ICP-MS.  Levels of metal content 
were normalised to tissue wet weight (g) and analysed using a one-way ANOVA test with a 
Sidak’s multiple comparisons post hoc test.  All data are expressed as mean ± S.E.M. with 
statistical significance indicated as *P<0.05; n = 6 per group. 

 

Investigation of total human SOD1 protein levels in the spinal cord (Figure 4.6A) yielded a 

significant increase following treatment with CuII(atsm) compared to sham treated transgenic 

littermates.  Interestingly, levels of human SOD1 were not changed within the non-disease 

affected liver tissue from these same mice (Figure 4.6F).  Furthermore, despite this elevation in 

total human SOD1 levels, no difference in spinal cord misfolded SOD1 levels was apparent 

between sham treated and CuII(atsm) treated SOD1G93A mice (Figure 4.6E), where this was also 
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observed for the liver (Figure 4.6J).  A noticeable diminishment in endogenous mouse SOD1 

levels from the SOD1G93A mice replicated what was observed in the hCTR1 mouse study, 

although SOD1G93A mice treated with CuII(atsm) showed a further decrease in levels compared 

to sham treated SOD1G93A mice (Figure 4.6B).  This additional diminishment in endogenous 

mouse SOD1 levels following CuII(atsm) treatment was not observed in the liver (Figure 4.6G), 

highlighting a spinal cord specific change in both human and endogenous mouse SOD1 levels 

due to CuII(atsm) treatment. 
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Figure 4.6:  Cuproenzyme restoration selectively within spinal cord tissue from SOD1G93A mice 
treated with the therapeutic agent CuII(atsm).  (A, B) Western blot images and densitometric 
quantitation of total human SOD1 (A) and total endogenous mouse SOD1 (B) levels in spinal 
cord tissue from sham and CuII(atsm) treated SOD1G93A mice and non-transgenic littermates at 
120 days (17 weeks) of age.  (F, G) Western blot and densitometric quantitation of total human 
SOD1 (F) and total endogenous mouse SOD1 (G) in corresponding control liver tissue.  Levels of 
total human SOD1 and total endogenous mouse SOD1 were normalised to the loading control 
GAPDH and expressed relative to abundance in sham treated non-transgenic littermates.  (C, 
H) SOD1 activity levels from spinal cord (C) and liver (H) tissues across all treatment groups.  
Levels of SOD1 activity were derived from the amount of enzymatically active SOD1 per mg 
tissue protein in each sample across all treatment groups from both tissues.  (D, I) Specific 
activity levels of SOD1 from spinal cord (D) and liver (I) tissues.  Levels of specific activity were 
derived from SOD1 activity expressed relative to total SOD1 levels.  (E, J) Western blot and 
densitometric quantitation of misfolded SOD1 levels in spinal cord (E) and liver (J) tissues.  Data 
sets were analysed using a one-way ANOVA test with a Sidak’s multiple comparisons post hoc 
test, except for data in (A, E) which were analysed using a two-tailed Student’s t test.  All data 
are expressed as mean ± S.E.M. with statistical significance indicated as *P<0.05; n = 5-6 per 
group. 

 

Expression of SOD1G93A corresponded to substantially higher SOD1 activity levels in the spinal 

cord (Figure 4.6C), with the CuII(atsm) treated SOD1G93A mice demonstrating vastly greater SOD1 

activity compared to sham treated SOD1G93A mice.  Levels of SOD1 activity in the liver tissue also 

demonstrated an expected elevation due to SOD1G93A expression (Figure 4.6H), but more 

interestingly, there was no difference in liver activity between CuII(atsm) and sham treated 

SOD1G93A mice in accord with human SOD1 levels (Figure 4.6F).  Since both total human SOD1 

and SOD1 activity levels were elevated to a comparable degree, no difference in SOD1 specific 

activity was observed in either the spinal cord or the liver tissues (Figures 4.6D, 4.6I). 

Investigation of spinal cord ceruloplasmin levels showed an increase of 180% and 141% in sham 

treated SOD1G93A mice compared to sham treated non-transgenic mice and CuII(atsm) treated 

SOD1G93A mice, respectively (Figure 4.7A); however only the former was statistically significant.  

Expectedly, the levels of ceruloplasmin within the non-disease affected liver tissue were 

unchanged across all treatment groups (Figure 4.7D).  Whilst the extent of the changes in 

ceruloplasmin activity levels were not as prominent as observed in the hCTR1 study, a 

significant decrease was observed in the sham treated SOD1G93A mice compared to the sham 

treated non-transgenic mice (Figure 4.7B).  This was also observed concomitantly with a 10% 

restoration in ceruloplasmin activity from CuII(atsm) treated SOD1G93A mice compared to sham 

treated SOD1G93A mice, however this was not significant.  When specific activity was calculated 
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(Figure 4.7C), the sham treated SOD1G93A mice showed a significant decrease compared to sham 

treated non-transgenic littermates and a trend towards impaired ceruloplasmin in the SOD1G93A 

mice being restored by CuII(atsm) treatment was observed, but again this was not statistically 

significant.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7:  Cuproenzyme restoration selectively within spinal cord tissue of SOD1G93A and 
SOD1G37R mice treated with the therapeutic agent CuII(atsm).  (A, D) Western blot images and 
densitometric quantitation of ceruloplasmin levels in spinal cord (A) and liver (D) tissues from 
sham and CuII(atsm) treated SOD1G93A mice and non-transgenic littermates at 120 days (17 
weeks) of age. (E) Western blot images and densitometric quantitation of ceruloplasmin levels 
in spinal cord tissue from sham and CuII(atsm) treated SOD1G37R mice at 24 weeks of age.  Levels 
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of ceruloplasmin were normalised to the loading control β-actin and expressed relative to 
abundance in sham treated non-transgenic mice (A, D) or sham treated SOD1G37R mice (E).  (B) 
Ceruloplasmin activity levels from spinal cord tissue across all SOD1G93A and non-transgenic 
littermate treatment groups.  (F) Ceruloplasmin activity levels from spinal cord tissue across 
SOD1G37R treatment groups.  Levels of ceruloplasmin activity were derived from the amount of 
holo diferric transferrin produced per minute per mg protein in each sample across both 
treatment groups. (C) Ceruloplasmin specific activity levels in spinal cord tissue from all 
SOD1G93A and non-transgenic littermate treatment groups.  (G) Ceruloplasmin specific activity 
levels in spinal cord tissue from SOD1G37R treatment groups.  Levels of specific activity were 
calculated as total ceruloplasmin activity (B, F) expressed relative to total ceruloplasmin levels 
(A, E) per sample.  Data in (A-D) were analysed using a one-way ANOVA test with a Sidak’s 
multiple comparisons post hoc test.  Data in (E-G) were analysed using a two-tailed Student’s t 
test.  All data are expressed as mean ± S.E.M. with statistical significance indicated as *P<0.05; 
n = 5-6 per group for (A-D), n = 10-11 per group for (E-G). 

 

The apparent trend observed for ceruloplasmin in the SOD1G93A mice indicates that treating 

with CuII(atsm) may act to improve ceruloplasmin specific activity in the spinal cord of mutant 

SOD1 mice.  To further explore the potential restorative actions of CuII(atsm) on ceruloplasmin, 

protein levels and activity were assessed in spinal cord tissue collected from SOD1G37R mice 

treated with CuII(atsm) or sham treated.  Treating SOD1G37R mice with CuII(atsm) has previously 

been shown to extend survival and improve phenotype compared to sham treated, where this 

improvement exceeded that of hCTR1 overexpression380.  In these same mice, the CuII(atsm) 

treatment had no effect on ceruloplasmin levels (Figure 4.7E), but activity was significantly 

increased by CuII(atsm) treatment (Figure 4.7F).  Overall, this restoration of ceruloplasmin 

activity translated into a restoration of ceruloplasmin specific activity in the spinal cord tissue 

from CuII(atsm) treated SOD1G37R mice compared to sham treated SOD1G37R mice (Figure 4.7G). 
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4.3. Summary and discussion 
 

Considering the lack of CCO activity impairment in the SOD1G37R and SOD1G93A mice, 

examination of cuproenzyme functionality in these models following improved copper 

bioavailability was focused on SOD1 and ceruloplasmin.  The overexpression of hCTR1 in a 

SOD1G37R mouse model of ALS was previously shown to improve survival compared to SOD1G37R 

mice380, however, the impact on survival was greater in SOD1G37R mice treated with CuII(atsm) 

(Figure 4.8).  In this study, the investigation of hCTR1xSOD1G37R mice compared to SOD1G37R mice 

yielded no change in spinal cord human SOD1 levels, however, a modest but significant 

improvement in SOD1 activity was recorded.  As bulk metal assessments showed elevated 

copper levels within the spinal cord due to hCTR1 overexpression, this improvement in SOD1 

activity was likely the result of greater copper bioavailability.   

 

 

 

 

 

 

Figure 4.8.  (A) Extension of survival with hCTR1 overexpression in SOD1G37R mice.  Image 
adapted from380.  (B) Correlation between spinal copper availability and lifespan in SOD1G37R 
mice.  Improving spinal cord copper levels in SOD1G37R mice with hCTR1 overexpression leads to 
extended survival, which is extended further still with CuII(atsm) treatment that elevates spinal 
cord copper availability to a greater extent. 

 

Treatment of SOD1G93A mice with CuII(atsm) led to a prominent elevation in spinal cord SOD1 

activity when compared to sham treated SOD1G93A mice.  This large increase in activity 

corresponded to a much greater improvement in spinal cord copper levels following CuII(atsm) 

treatment compared to hCTR1 overexpression.  Total levels of human SOD1 were also 

significantly increased in the CuII(atsm) treatment group, demonstrating that a higher level of 

mutant SOD1 does not necessitate a worsening survival outcome.  It appears likely that these 

data represent an improvement in mutant SOD1 metallation following CuII(atsm) treatment, 

with a decrease in copper-deficient SOD1 levels surmised from improved SOD1 activity. 
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The notion that levels of mutant SOD1 in CNS tissue corresponds to disease severity has been 

considered a major factor in ALS pathology, and as a result has led to the development of 

techniques designed to decrease levels mutant SOD1524-526.  In the study described above380, 

this hypothesis is seemingly contradicted, whereby the treatment of SOD1G37R mice with 

CuII(atsm) elevated spinal cord levels of mutant SOD1 and misfolded SOD1, although the latter 

was not statistically significant.  Herein, misfolded SOD1 levels in hCTR1xSOD1G37R mice and 

SOD1G93A mice treated with CuII(atsm) were observed to be unchanged compared to SOD1G37R 

mice or sham treated SOD1G93A mice at the same age.  This absence of a change in misfolded 

SOD1 occurred in both the spinal cord and liver tissues, demonstrating that misfolded SOD1 

levels also did not correspond to improved survival with hCTR1 overexpression or treatment 

with the therapeutic CuII(atsm).  Overall, these data suggest that the levels of total mutant SOD1 

and misfolded SOD1 do not correspond to disease progression, and that instead, the 

functionality of SOD1 – indicative of its copper metal state – may provide more information on 

the biochemical mechanisms that contribute to the development of an ALS-like phenotype in 

these mice. 

Both ceruloplasmin protein and activity levels were significantly restored towards control levels 

in the spinal cord tissue from hCTR1xSOD1G37R mice.  This corresponded to an inferred overall 

decrease in copper-deficient ceruloplasmin, which likely resulted from the improvement in 

spinal cord copper bioavailability.  Surprisingly, this restoration of ceruloplasmin protein and 

activity levels was not observed in the SOD1G93A spinal cord following treatment with CuII(atsm).  

One possible explanation for this may be that ceruloplasmin dysfunction, and downstream 

effects of ceruloplasmin impairment, are a long term and late-stage consequence which might 

not be observed in a quicker progressing disease model of ALS.  Although ceruloplasmin is 

thought to be an acute-phase reactant527, 528, ceruloplasmin homozygous knockout mice 

demonstrate evidence for iron accumulation in the brain only at 12 months, and this was not 

greatly elevated until 24 months of age529. 

The ferroxidase hephaestin has been shown to be able to compensate for the ceruloplasmin 

deficiency, and notably hephaestin knockout mice develop iron accumulation at 6-7 months of 

age530.  Whilst these outcomes do not explain the absence of a significant ceruloplasmin result 

in the more pernicious SOD1G93A model, it does highlight an element of redundancy in 

ceruloplasmin function where impairment and iron accumulation may only present as a chronic 

and delayed late-stage consequence220.  Further support that the observed absence of a 

ceruloplasmin change in the SOD1G93A spinal cord was due to the model and not CuII(atsm) 
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treatment is illustrated by the fact that ceruloplasmin activity and specific activity were 

recovered in the SOD1G37R mouse spinal cord with CuII(atsm) treatment.   

This totality of evidence indicates that both genetic and therapeutic methods for elevating 

spinal cord copper levels induce a perceived increase in the proportion of copper replete, and 

thus functional, SOD1 and ceruloplasmin.  Moreover, neither hCTR1 overexpression nor 

CuII(atsm) treatment led to ceruloplasmin or SOD1 changes in the non-disease affected liver 

tissue from SOD1G37R and SOD1G93A mice, highlighting that the interventions used to improve 

copper levels generated cuproenzyme recovery selectively in the spinal cord.  Consequently, 

this lends further support for a CNS-specific inability to cope with elevated copper demands 

following mutant SOD1 overexpression, where these demands are not met for both SOD1 and 

ceruloplasmin, yet can be partly rectified by improving levels of bioavailable copper in the CNS. 
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5.1. Cuproenzyme dysfunction and iron accumulation manifest in 
disease affected CNS tissue from sporadic ALS cases 

 

Given the above evidence for cuproenzyme impairment in a mutant SOD1 mouse model of ALS, 

and the improvement of cuproenzyme functionality following elevated copper bioavailability, 

sporadic ALS cases were then investigated to ascertain whether cuproenzyme dysfunction 

extends beyond the context of familial ALS caused by SOD1 mutations.  As mentioned 

previously (Chapter 1.4.1), prior investigations of SOD1 have largely focused on misfolding and 

aggregation, whilst ceruloplasmin has only been described in the context of biofluids such as 

serum and CSF; unequivocal data relating to cuproenzyme functionality in ALS disease affected 

CNS tissue to our knowledge do not exist.  The present chapter therefore describes assessments 

of SOD1 and ceruloplasmin in disease affected CNS tissue from sporadic cases of ALS.  Due to 

the involvement of ceruloplasmin in iron efflux, we also examined markers of iron trafficking 

and homeostasis in disease affected CNS tissue and CSF from sporadic ALS cases. 

Post-mortem spinal cord tissue from sporadic ALS cases and controls was initially analysed for 

total SOD1 levels and, contrary to the SOD1G37R mouse model of ALS (Figure 3.2A), as expected 

the levels of SOD1 were unchanged (Figure 5.1A).  However, a significant decrease in SOD1 

activity was observed in sporadic ALS cases (Figure 5.1B).  When SOD1 protein levels and activity 

were calculated on a case-by-case basis to determine SOD1 specific activity, the apparent 

decrease in SOD1 specific activity compared to control cases was not statistically significant 

(Figure 5.1C).  Investigation of misfolded SOD1 levels in spinal cord tissue from sporadic ALS 

cases showed no difference with any of the A5C3, B8H10 or C4F6 misfolded SOD1 antibodies 

(Supplementary Figure 11.1).  By contrast, analysis of ceruloplasmin in spinal cord tissue from 

these sporadic ALS cases did demonstrate a significant change in specific activity compared to 

controls.  As per the SOD1G37R mouse spinal cord (Figure 3.3A), protein levels of ceruloplasmin 

were found to be elevated in the disease affected spinal cord from sporadic cases of ALS (Figure 

5.1D).  And despite no change in ceruloplasmin activity (Figure 5.1E), in contrast to the SOD1G37R 

mice (Figure 3.3D), the resultant discrepancy between protein levels and activity of 

ceruloplasmin yielded a significant decrease in ceruloplasmin specific activity. (Figure 5.1F).   

Spinal cord bulk metal levels were then investigated and demonstrated a significant decrease 

in copper levels (Figure 5.2A) relative to controls, whereas zinc levels (Figure 5.2B) were 

unchanged.  Curiously, levels of iron (Figure 5.2C) were also found to be unchanged despite a 

significant decrease in the specific activity of ceruloplasmin related to its role as a ferroxidase 

enzyme.   
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As the motor cortex constitutes a major region of pathology in ALS, post-mortem motor cortex 

tissue from sporadic ALS cases and controls was also analysed for comparison to the spinal cord.  

In accordance with data for the spinal cord (Figure 5.1A), total SOD1 levels were not changed in 

the motor cortex of sporadic ALS cases (Figure 5.1G).  However, in contrast to the spinal cord, 

SOD1 activity was unchanged in the motor cortex (Figure 5.1H), and consequently SOD1 specific 

activity in the motor cortex was unchanged (Figure 5.1I). 
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Figure 5.1:  Cuproenzyme dysfunction in disease affected human spinal cord and motor cortex 
tissues from sporadic ALS cases.  (A, G) Western blot images and densitometric quantitation of 
total human SOD1 levels in post-mortem spinal cord (A) and motor cortex (G) tissues from 
human cases of sporadic ALS.  Levels of human SOD1 were normalised to the loading control 
GAPDH and expressed relative to abundance in corresponding post-mortem tissues from 
control cases.  (B, H) SOD1 activity levels in post-mortem spinal cord (B) and motor cortex (H) 
tissues from human cases of sporadic ALS.  Levels of SOD1 activity were derived from the 
amount of enzymatically active SOD1 per mg tissue protein in each sample and expressed 
relative to abundance in corresponding tissues from control cases.  (D, J) Western blot images 
and densitometric quantitation of ceruloplasmin levels in post-mortem spinal cord (D) and 
motor cortex (J) tissues from human cases of sporadic ALS.  Levels of ceruloplasmin were 
normalised to the loading control β-actin and expressed relative to abundance in corresponding 
post-mortem tissues from control cases. (E, K) Ceruloplasmin activity levels in post-mortem 
spinal cord (E) and motor cortex (K) tissues from human cases of sporadic ALS.  Levels of 
ceruloplasmin activity were derived from the amount of holo diferric transferrin produced per 
minute per mg tissue protein in each sample and expressed relative to abundance in 
corresponding tissues from control cases.  (C, I) Specific activity of SOD1 in spinal cord (C) and 
motor cortex (I) tissues from human cases of sporadic ALS.  Levels of specific activity were 
calculated as total SOD1 activity (B, H) expressed relative to total SOD1 levels (A, G) per sample.  
(F, L) Specific activity of ceruloplasmin in spinal cord (F) and motor cortex (L) tissues from human 
cases of sporadic ALS.  Levels of specific activity were calculated as total ceruloplasmin 
ferroxidase activity (E, K) expressed relative to total ceruloplasmin levels (D, J) per sample.  Data 
in (A-L) were analysed using a two-tailed Student’s t test.  All data are expressed as mean ± 
S.E.M. with statistical significance indicated as *P<0.05; n = 5-6 per group (A-F) or n = 10-11 per 
group (G-L). 

  

Levels of ceruloplasmin were then measured and found to be significantly elevated in sporadic 

ALS cases compared to controls (Figure 5.1J).  As opposed to SOD1, which showed differences 

between the spinal cord and motor cortex, changes to ceruloplasmin in the motor cortex largely 

recapitulated the changes observed for the spinal cord.  Protein levels of ceruloplasmin were 

significantly elevated in the disease affected motor cortex of sporadic ALS cases compared to 

controls (Figure 5.1J).  More importantly, levels of ceruloplasmin activity were significantly 

decreased (Figure 5.1K), which collectively gave rise to a significant decrease in ceruloplasmin 

specific activity within the motor cortex of sporadic ALS cases (Figure 5.1L).   

A bulk analysis of metal levels in the motor cortex yielded no difference in copper levels 

between sporadic ALS cases and controls (Figure 5.2D), in contrast to the spinal cord, despite 

evidence for cuproenzyme dysfunction.  Zinc levels were also unchanged in the sporadic ALS 

motor cortex (Figure 5.2E), yet iron levels were shown to be significantly elevated (Figure 5.2F).  

These outcomes represent the first direct measurement of bulk iron in CNS tissue from sporadic 
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cases of ALS, and support previous investigations of elevated iron in the motor cortex as 

performed using indirect measurements such as histological Perls’ staining and qualitative MRI 

assessments of ALS cases214, 441.  Our own assessment of sporadic ALS patients via MRI also 

supports previous studies and the data from our direct measurement of bulk iron in the motor 

cortex.  Patients were compared to age- and gender-matched healthy controls and subjected 

to MRI assessment, whereby SWI phase images were subsequently analysed and indicated an 

accumulation of iron specifically within the motor cortex of sporadic ALS patients (Figures 5.2K, 

5.2M).  This elevation in the iron signal was not attributable to changes in motor cortical volume 

(Figures 5.2L, 5.2N), and demonstrated that observed iron accumulation appears to precede 

detectable tissue atrophy.  
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Figure 5.2:  MRI-detectable iron accumulation in disease affected motor cortex tissue from 
sporadic ALS cases.  (A-F) Total amounts of copper (A, D), zinc (B, E) and iron (C, F) were 
measured from post-mortem spinal cord (A-C) and motor cortex (D-F) tissues using ICP-MS.  
Levels of metal content were normalised to tissue protein concentration.  (G-J) Western blot 
images and densitometric quantitation of transferrin (G), ferroportin (H), ferritin light chain 
(ferritin-L) (I) and ferritin heavy chain (ferritin-H) (J) levels in post-mortem motor cortex tissue 
from sporadic ALS cases.  All protein levels were normalised to the loading control GAPDH and 
expressed relative to abundance in motor cortex tissue from control cases.  (K, L) 
Representative susceptibility weighted imaging (SWI) phase image (K) T1-weighted MRI image 
(L) from a sporadic ALS patient.  Iron accumulation indicated by the green arrow is localised to 
the motor cortical region and is detected via signal intensity changes within the precentral gyrus 
of the SWI phase image (K).  The orange arrow on the T1-weighted MRI image (L) indicates the 
same motor cortical region assessed for volume due to atrophy.  Phase signals from SWI phase 
images were adjusted for age then quantitated (M) and total brain volume adjusted for age (N) 
was also quantitated as a control.  Data in (A-N) were analysed using a two-tailed Student’s t 
test.  All data are expressed as mean ± S.E.M. with statistical significance indicated as *P<0.05; 
n = 6 per group (A-F), n = 10-11 per group (D-J) or n = 19 for control and n = 36 for sporadic ALS 
cases (M, N). 

 

As a consequence of iron accumulation, it would be anticipated that proteins involved in iron 

transport and metabolism are also altered.  We therefore assessed a number of proteins 

associated with iron handling, including the iron trafficking protein transferrin and the iron 

efflux transporter ferroportin.  Levels of neither protein were altered in the motor cortex of 

sporadic ALS cases compared to controls (Figures 5.2G, 5.2H).  This result was not unexpected 

as these proteins are more likely to be altered in terms of localisation as opposed to total 

protein levels.  In contrast, levels of ferritin heavy chain, but not ferritin light chain, were 

curiously shown to be significantly decreased in the sporadic ALS motor cortex compared to 

controls (Figures 5.2I, 5.2J).  Considering the reported ferroxidase activity of ferritin heavy 

chain531, 532, this result suggests a widespread diminution in motor cortex ferroxidase activity in 

sporadic ALS cases linked to iron accumulation. 

Given the role of ceruloplasmin in iron oxidation from Fe2+ to Fe3+ for efflux via ferroportin and 

subsequent binding to transferrin, CSF samples from sporadic ALS cases were investigated for 

consequences of ceruloplasmin dysfunction.  Iron levels in the CSF showed a trend towards a 

decrease in sporadic ALS cases compared to controls (Figure 5.3A).  However, total CSF protein 

levels were also decreased (Figures 5.3B, 5.3C) equating to no difference in CSF iron levels from 

sporadic ALS cases compared to controls when expressed relative to levels of CSF protein 

(Figure 5.3D).  Consistent with the absence of any difference between sporadic ALS cases and 
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controls with respect to CSF iron levels, the abundance of transferrin was also unchanged 

(Figure 5.3G).  However, our analysis of iron bound to transferrin in the CSF via LC-ICP-MS 

revealed a significant decrease in levels of transferrin-bound iron in sporadic ALS cases 

compared to controls (Figures 5.3E, 5.3F). 

 

Figure 5.3:  Decreased levels of iron binding to transferrin in post-mortem CSF samples from 
sporadic ALS cases.  (A) Total iron levels within post-mortem CSF samples from sporadic ALS 
and control cases measured via ICP-MS.  (B, C) Total protein content of post-mortem CSF 
samples from sporadic ALS and control cases measured via densitometric quantitation of Oriole 
staining (B).  (D) Total iron levels from (A) expressed relative to total protein concentration (B) 
in corresponding CSF samples from sporadic ALS and control cases.  (E) Total iron content in 
post-mortem CSF normalised to total protein content from sporadic ALS and control cases 
measured via LC-ICP-MS.  Time on the x axis indicates separation of CSF protein fractions via 
size exclusion chromatography performed prior to iron content measurements within the 
different resolved protein fractions.  The protein fraction containing transferrin elutes at 360 
second and is indicated using a black arrow identifying the relevant peak.  (F) Quantitation of 
iron binding to transferrin through measurement of peaks at 360 second elution time 
corresponding to transferrin.  (G) Western blot image and densitometric quantitation of 
transferrin levels in post-mortem CSF samples from sporadic ALS cases.  Levels of transferrin 
were normalised to the loading control α-1-antitrypsin and expressed relative to abundance in 



    

  119 
   

CSF samples from control cases.  Data in (A-H) were analysed using a two-tailed Student’s t test.  
All data are expressed as mean ± S.E.M. with statistical significance indicated as *P<0.05; n = 11 
per group. 

 

Collectively, these results indicate that as per the mutant SOD1 mouse models of ALS, 

cuproenzyme dysfunction is evident within disease affected tissues from the sporadic form of 

ALS with an unknown aetiology.  Although the functionality of SOD1 was perturbed in the spinal 

cord, the more consistent impairment of cuproenzyme functionality was evident for the 

ferroxidase ceruloplasmin.  The decrease in ceruloplasmin specific activity related to the spinal 

cord was not associated with an overt change to bulk iron levels, but an accumulation of iron, 

consistent with decreased ceruloplasmin activity and specific activity, was evident in the motor 

cortex.  Furthermore, consequences of abnormal iron metabolism in the motor cortex were 

evident in the CSF through decreased levels of iron bound to transferrin. 
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5.2. Summary and discussion 
 

The overexpression of mutant SOD1 inducing copper malfunction, and by extension, 

cuproenzyme dysfunction may represent a viable mechanism in the mouse models described 

above, however, SOD1 mutations only constitute approximately 2% of all ALS cases533 and these 

models express unnatural levels of SOD1.  It presents a much greater challenge to extend this 

potential mechanism into other genetic bases of ALS not ostensibly related to copper, as well 

as in the cases of sporadic ALS which represent approximately 90% of all cases, and present 

with no known genetic aetiology.  In lieu of alternative mouse models of ALS, which are at 

varying stages of development, sporadic ALS cases were examined to investigate whether 

cuproenzyme dysfunction was implicated in a much broader proportion of ALS cases.   

When spinal cord tissue from sporadic ALS cases was assessed it was observed that misfolded 

SOD1 was present in both the ALS cases as well as the control cases, which has been reported 

in an earlier study using the C4F6 antibody360.  Levels of misfolded SOD1 in this study were also 

shown to be detectable, but unchanged across spinal cord tissue from sporadic ALS and control 

cases using the A5C3, B8H10 and C4F6 misfolded SOD1 antibodies.  Despite evidence for SOD1 

misfolding in sporadic ALS451, 497, 534 the idea remains controversial496, and the potential 

pathogenic role for wild-type SOD1 in ALS is yet to be elucidated.  Aside from these studies 

related to misfolded SOD1 in sporadic ALS, the activity of SOD1 has been observed to be 

unchanged in both erythrocytes535 and the Brodmann area 6 of the frontal cortex536 from 

sporadic ALS cases.  Considering that sporadic ALS is independent of mutations to SOD1, it 

would be hypothesised that peripheral and non-disease affected tissue regions would exhibit 

no change in SOD1 activity.  However, since the CNS, and in particular the spinal cord, show an 

inability to satisfy elevated copper demands in a mutant SOD1 mouse model, we hypothesised 

that cuproenzyme dysfunction would be restricted to susceptible regions such as the spinal cord 

and motor cortex. 

Impairment in SOD1 activity was observed only in the spinal cords of sporadic ALS cases, 

however this did not translate into a change in SOD1 specific activity.  A significant elevation in 

spinal cord ceruloplasmin levels with a lack of commensurate activity elevation translated into 

significant decrease in ceruloplasmin specific activity.  The observation of decreased spinal cord 

copper levels lent support to an impairment in copper bioavailability for cuproenzymes, 

however, curiously levels of iron were seen to be unchanged.  Conversely, whilst a decrease in 

ceruloplasmin specific activity was also observed in the motor cortex, iron levels were 

significantly elevated and copper levels unchanged.  Although levels of copper were not 
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decreased in the motor cortex tissue from sporadic ALS cases, it is a CNS-specific inability to 

cope with enhanced copper demands that we propose is important.  Nonetheless, it should be 

noted that oxidative stress in ALS disease-affected CNS tissues may also contribute to enzymatic 

inactivation via oxidative modifications, as has been observed in the CSF from PD cases396, 537. 

Since ceruloplasmin is up-regulated as part of an inflammatory response527, the data herein 

suggest that the bioavailability of copper in CNS tissue from sporadic ALS cases is insufficient to 

properly metallate this pool of ceruloplasmin.  The copper-dependent ferroxidase activity of 

ceruloplasmin has been shown to have important roles in neuroprotection405, and therefore, if 

unmetallated is incapable of providing a fully functional response.  Given that relative copper 

binding affinities ensure a diversion towards SOD1 via CCS523, and the stoichiometric 

requirement of ceruloplasmin for six copper atoms per subunit382, 538, 539 compared to one for 

monomeric SOD1, it could be thought that complete metallation of elevated ceruloplasmin 

would be thermodynamically unfavourable.  Furthermore, whilst this capacity for increased 

metallation may be fulfilled in peripheral tissues, the relatively low copper bioavailability and 

slow turnover rate in the CNS would adversely affect the ability to meet elevated copper 

demands. 

Although iron accumulation in the spinal cord has been reported in aged mutant SOD1 mouse 

models220, a subcellular investigation of the spinal cord from sporadic ALS cases found that iron 

accumulation was only marginally elevated, and that this result was dependent on cell type210.  

Whilst this study observed an accumulation of iron in the spinal cord neurons, a more recent 

examination of spinal cord tissue found motor neurons to be devoid of iron accumulation, which 

was exclusively localised to activated glia214.  It is apparent that perturbations to iron levels in 

the spinal cord tissue of ALS cases are more subtle than those observed in the motor cortex213-

217, and therefore a bulk analysis of spinal cord iron levels as performed in this study may not 

be expected to show an obvious difference. This was supported by another study that showed 

a lack of MRI signal intensity changes related to iron accumulation in the corticospinal tract 

from sporadic ALS patients540, however a dearth of data exists for iron related MRI assessment 

of the spinal cord due to technical limitations. 

Where investigations of changes in the brain during ageing or neurodegenerative diseases have 

shown iron accumulation to be prominent541-543, studies pertaining to the spinal cord are very 

limited.  In the case of aceruloplasminemia, genetic mutations to the ceruloplasmin gene lead 

to impaired functionality, and the disease is characterised clinically by a nominal triad of 

diabetes mellitus, retinal degeneration and neurological symptoms including ataxia544, 545.  
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Pathologically, the systemic impairment of ceruloplasmin results in iron accumulation across 

various organs most notably in the liver and multiple regions of the brain546, 547.  Despite the 

presence of iron overload in the brain, curiously several autopsy cases have shown that this 

prominent accumulation of iron was not observed within the spinal cord548, 549.  As 

ceruloplasmin in the CNS is largely GPI-anchored to astrocytes, iron accumulation was found to 

occur in association with astrocyte deformation in the brain, yet neither astrocyte nor iron 

disturbances were observed within the spinal cord550.  Accordingly, the apparent absence of 

iron accumulation in the spinal cord tissue from aceruloplasminemia cases, despite ubiquitous 

expression of impaired ceruloplasmin, agrees with the observation in this study that 

ceruloplasmin dysfunction in the sporadic ALS spinal cord did not correspond to changes in bulk 

iron levels.   However, these results do not preclude the presence of iron overload in the ALS 

spinal cord which may be cell-specific, and thus not readily detected via bulk measurements. 

Whilst the sporadic ALS spinal cord showed no change in ceruloplasmin activity despite a 

decrease in specific activity, the motor cortex was found to have a 15% decrease in 

ceruloplasmin activity in addition to diminished specific activity.  Although this may explain the 

motor cortex specific iron accumulation, another possible explanation for this disparity in 

pathological iron changes between the spinal cord and brain may be due to the differential 

tissue expression of proteins involved in iron metabolism.  One such protein is frataxin, in which 

a pathogenic mutation leads to a trinucleotide repeat expansion causing decreased mRNA and 

protein expression resulting in Friedreich’s ataxia, another disorder characterised by disrupted 

iron homeostasis551, 552.  Although the exact roles of frataxin are still unknown, it has been 

implicated in a variety of different iron metabolic functions (Figure 5.4) including iron-sulphur 

cluster and heme synthesis, as well as the regulation of mitochondrial iron553-555.   

 

 

 

 

 

Figure 5.4:  Schematic of purported roles for frataxin in iron (Fe) homeostasis and metabolism.  
Iron transported into the mitochondria is thought to be processed by frataxin for the generation 
of iron-sulphur clusters and heme groups.  Frataxin has also been proposed to be involved in 
mitochondrial iron storage, although the mechanism is yet to be elucidated. 
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Being a mitochondrial protein frataxin is expressed highest within highly metabolic tissues 

containing large quantities of mitochondria556, with the largest expression levels found in the 

heart and spinal cord557.  By virtue of the purported functions and relative tissue expression 

levels of frataxin, in the case of Friedreich’s ataxia the deficiency of frataxin induces 

mitochondrial iron overloading and oxidative stress558, 559, leading to cardiomyopathy and 

neurodegeneration amongst other pathologies560.  Whilst the differential expression of a single 

iron metabolism protein is unlikely to be solely responsible for selective regional iron 

accumulation, the higher basal levels of frataxin expression could represent one facet in which 

the spinal cord may be better equipped than the brain to cope with iron perturbations. 

The outcomes from this study corroborated reports in the literature of iron accumulation in the 

ALS motor cortex through both bulk metal and MRI analyses of sporadic ALS cases, which in 

turn led to the further examination of iron metabolism markers in the motor cortex.  Total levels 

of the transferrin were shown to be unchanged in the motor cortex of sporadic ALS cases, which 

was also observed in the spinal cord by another group561, where transferrin was found to be 

instead mislocalised into inclusions called Bunina bodies.  Ferroportin levels in the sporadic ALS 

motor cortex were also seen to be unchanged which is curious considering the presence of iron 

accumulation, which would at first thought anticipate an up-regulation of ferroportin 

expression to efflux excess iron.  However, further investigations into ferroportin have 

demonstrated the requirement for catalytically active GPI-anchored ceruloplasmin to stabilise 

ferroportin on the cell surface for iron export185, 450.   

In the absence of stabilisation by GPI-anchored ceruloplasmin, ferroportin binds to the protein 

hepcidin and quickly becomes internalised then degraded following ubiquitination, leading to 

diminished expression levels of ferroportin185, 562 (Figure 5.5).  The result of this was an impaired 

ability for cultured astrocytes to efflux iron, where this occurred with only very little effect on 

astrocytes being able to influx iron.  Furthermore, it was observed that in these astrocytes 

expressing GPI-anchored ceruloplasmin, the ferroxidase activity was necessary for ferroportin 

stabilisation whereas ferroportin was seen to be stable in cells that do not express GPI-anchored 

ceruloplasmin.  This would suggest that under conditions of impaired ceruloplasmin ferroxidase 

activity ferroportin becomes prone to degradation; however this appears to be selective for 

astrocytes.  The addition of soluble ceruloplasmin to cultures at a concentration similar to that 

observed in the CSF was also found to restore iron efflux by a meagre 9%, suggesting that efflux 

is predominantly performed by GPI-anchored ceruloplasmin.  In this study, ceruloplasmin 

activity and specific activity were significantly decreased in the motor cortex, which could 
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disrupt ferroportin cell surface stability through the presence of catalytically inactive GPI-

anchored ceruloplasmin.  Whilst this may be the case for astrocytes, ferroportin is also 

expressed on neurons and oligodendrocytes as well563, and therefore a decrease in ferroportin 

levels on astrocytes may be missed in whole tissue analyses due to the absence of a change for 

other CNS cell groups. 

 

Figure 5.5:  Schematics of iron export mechanisms under normal conditions and conditions of 
enzymatically inactive GPI-anchored ceruloplasmin (Cp).  (A)  Typically, iron in the Fe2+ state is 
exported by ferroportin (Fpn) with assistance from the cuproenzyme ceruloplasmin which 
facilitates iron oxidation from Fe2+ to Fe3+ through its ferroxidase activity.  (B) Under 
pathological conditions whereby the copper-dependent ferroxidase activity of ceruloplasmin is 
impaired, iron cannot be properly exported via this pathway and can accumulate within the cell.  
Furthermore, since ferroportin requires enzymatically active ceruloplasmin for stabilisation, 
when ceruloplasmin is impaired the protein hepcidin (Hep) binds to ferroportin resulting in 
ubiquitination and internalisation within the cell. 
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Previous investigations of ferritin in the context of ALS pathogenesis have largely been focused 

on patient serum levels, with increased levels of ferritin observed in ALS patients and higher 

levels correlating with diminished survival duration211, 403, 564.  Ferritin is expressed ubiquitously 

and acts as an intracellular iron storage complex which is typically composed of both ferritin 

heavy chain and ferritin light chain proteins forming a 24 subunit structure565, 566.  This complete 

structure forms a spherical shell capable of storing over 4000 iron atoms566, whereby the ferritin 

heavy chain oxidises iron via ferroxidase activity567, 568 and the ferritin light chain promotes iron 

mineralisation for storage569.  In considering the role of ferritin chains in iron storage, it would 

be thought that under pathological conditions of iron accumulation the expression of both 

ferritin chains would be elevated.  Although one study has demonstrated that ferritin and iron 

were co-localised within activated microglia of the deep grey matter in the ALS motor cortex214, 

evidence of ferritin changes in disease affected tissue from ALS cases is limited.   

In the context of PD, where iron accumulation within the substantia nigra is a hallmark 

pathological event, studies have shown both a lack of change570 and a significant decrease571, 572 

in substantia nigra ferritin levels.  Regardless of the contrast in results from these studies, the 

fact that ferritin levels are not upregulated in response to iron accumulation may suggest a 

cellular inability to compensate for excessive iron.  Regulation of the ferritin heavy chain is 

dependent upon the binding of iron regulatory proteins to mRNA which are responsible for the 

inhibition of ferritin translation189.  Curiously, in 12 month old SOD1G37R mice it was observed 

that iron regulatory protein binding activity was significantly elevated in the spinal cord, 

suggesting a decrease in ferritin translation, despite iron accumulation220.  In this study, it was 

found that levels of ferritin light chain within the sporadic ALS motor cortex were unchanged, 

whereas, ferritin heavy chain levels were found to be significantly decreased concurrent with 

iron accumulation. 

Understanding the potential implications for changes in ferritin heavy and light chains is further 

confounded by differences in expression amongst cell types.  Experiments staining for ferritin 

have shown that neurons express primarily the heavy chain, microglia express primarily the 

light chain, oligodendrocytes express both chains, and astrocytes appear to stain very weakly 

for either ferritin chain if at all573, 574.  A recent study investigating the effects of kainate induced 

neurotoxicity in ceruloplasmin antisense oligonucleotide cell cultures demonstrated that 

decreased ceruloplasmin levels potentiated iron accumulation, increased ferritin light chain 

staining in activated microglia, and decreased ferritin heavy chain staining in neurons574.  

Despite the absence of particular ferritin chain staining in different CNS cell types, each ferritin 
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chain is ubiquitously expressed, and thus likely to be present in all cell types, even if at levels 

that are not readily detectable189, 575.  Considering these factors, the above opposing changes in 

ferritin heavy and light chain expression under ceruloplasmin deficiency conditions appear to 

shift the light chain to heavy chain ratio.  Ferritin structures with a greater proportion of light 

chains demonstrate the greatest efficiency at incorporating iron569, and therefore a shift 

towards greater light chain expression may highlight a cellular response to store iron in a bound 

and mineralised form if accumulated. 

Although an elevated ferritin light chain to heavy chain ratio may indicate a cellular response 

towards iron mineralisation and storage, conversely, a decrease in ferritin heavy chain levels 

has also been demonstrated to induce an increase in the putative labile iron pool576, 577.  This 

labile iron pool (Figure 5.6) is described as being a readily accessible midway point in cellular 

iron metabolism that exists in steady state equilibrium578, 579.  It is proposed that this labile iron 

pool occurs as a result of the continuous demand for iron within the cell; however the presence 

of catalytically active iron has been implicated in oxidative damage through interactions with 

ROS579.  Furthermore, the use of iron chelators have demonstrated therapeutic efficacy in 

mutant SOD1 mouse models of ALS218-220, and have also shown a capacity to attenuate labile 

iron pool levels and confer protection against oxidative damage580.  Whilst the successful utility 

of iron chelator treatments in ALS models suggests a role for iron accumulation in pathology, 

the decrease in ferritin heavy chain and lack of change in ferritin light chain observed from the 

sporadic ALS motor cortex in this study implies a more complicated relationship between iron 

regulatory proteins that remains to be elucidated. 

 

Figure 5.6:  Simplified schematics of intracellular iron regulation after influx.  (A) Under typical 
conditions, some iron is proposed to exist in a labile iron pool (LIP) which is in equilibrium with 
other iron regulatory pathways.  Required iron may be diverted to places where it is needed, 
such as the mitochondria, or alternatively stored in the cell by ferritin and effluxed from the cell 
via ferroportin (Fpn) and ceruloplasmin (Cp).  (B) Impairment of iron efflux or storage 
mechanisms can lead to iron dysregulation, and consequently this may produce a larger labile 
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iron pool.  This pool of iron is implicated in pathology, and has been shown to be targeted by 
iron chelators which have shown efficacy in mouse models of ALS. 

 

Given the iron accumulation seen in the sporadic ALS motor cortex, it was then hypothesised 

that the consequences of this pathological event would be detectable within the CSF of these 

cases.  Analyses of potential biomarkers within the CSF of ALS cases have been performed by a 

range of different groups, and yielded positive hits including markers of BBB degeneration, 

motor neuron degeneration and inflammation581.  With regards to iron metabolism markers, 

although total levels of iron have been shown to be unchanged in the CSF of ALS cases, it has 

been reported that CSF from ALS cases have higher levels of iron bound to biomolecules termed 

‘inappropriate ligands’ compared to controls582.  Interaction of iron with these ligands was 

proposed to lead to the formation of redox-active complexes, which demonstrate a propensity 

to generate hydroxyl radicals capable of causing oxidative damage583.  A previous study on CSF 

samples from sporadic ALS cases found a modest decrease in transferrin levels compared to 

controls584, whereas in this study we observed no difference in the CSF levels of iron or 

transferrin between sporadic ALS and control cases.  However, herein it was observed that the 

levels of iron bound to transferrin in the CSF of sporadic ALS cases were significantly decreased 

compared to control cases, suggesting that measuring the metal state of transferrin has more 

clinical utility than bulk levels. 

As described above, the role of ceruloplasmin in the CNS is to facilitate the export of iron from 

the cell through stabilisation and interaction with ferroportin185, 450.  The ferroxidase activity of 

ceruloplasmin is responsible for the conversion of iron from Fe2+ into Fe3+, thereby allowing the 

binding of two Fe3+ iron species onto transferrin for transport450, 585.  This holo diferric transferrin 

species then acts to transport iron around the CNS via the CSF (Figure 5.7), where transferrin 

has been observed to be one of the more abundant proteins in the CSF586, 587.  Despite this 

abundance, the CSF maintains a much lower concentration of transferrin than the plasma588, 589, 

with the levels of transferrin iron saturation in the CSF reported to be substantially higher than 

the plasma under basal physiological conditions588, 590.  Therefore, given the abundance and high 

levels of iron saturation with respect to transferrin in the CSF, this mechanism plays a vital role 

in coordinating the regulation of iron in the CNS.  Furthermore, one of the major routes for 

cellular iron uptake involves the binding of two diferric transferrin to a transferrin receptor, 

which then leads to internalisation of transferrin via endocytosis, and thus instigating iron 

release into the cell586, 591, 592.  In the context of ALS pathology, the outcomes from this study 
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suggest that detected iron accumulation within the motor cortex may be due in part to 

ceruloplasmin dysfunction, leading to impaired cellular iron export.  Whilst iron levels in the CSF 

are not changed, the significant decrease in the levels of iron bound to transferrin, equating to 

decreased transferrin iron saturation, further supports an impairment in ceruloplasmin 

facilitated export of iron from cells in the CNS. 

 

Figure 5.7:  Low iron binding to transferrin as a consequence of impaired ceruloplasmin activity 
and efflux from the cell.  (A) Iron effluxed from cell by ceruloplasmin (Cp) and ferroportin (Fpn) 
binds to transferrin (Tf) to produce a holo diferric transferrin molecule binding two Fe3+ ions 
which transports iron around the CSF.  (B) Ceruloplasmin dysfunction, such as through copper 
malfunction, may lead to iron accumulation within the cell and by extension a decrease in the 
levels of iron bound to transferrin in the CSF. 

 

One caveat from this study is the use of post-mortem CSF samples from sporadic ALS cases, 

where the proteomic profiles of post-mortem compared to ante-mortem CSF have been shown 

to differ593.  The more significant artefacts produced by post-mortem CSF analysis, however, 

were related to the intracellular protein release thought to be derived from damaged cells594, 

and the length of post-mortem interval which was found to correspond to the abundance of 

particular proteins595.  In this study we exclusively investigated changes to transferrin, which is 

a bone fide CSF resident protein, and the post-mortem intervals of both sporadic ALS and 

control cases were both comparable and unrelated to transferrin levels.  Notwithstanding the 

use of post-mortem CSF samples, the implications from this outcome may involve the utilisation 

of transferrin iron binding in ALS biomarker development, also providing another potential 
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parameter for contrasting ALS cases of different aetiologies.  This is important since different 

aetiologies and phenotypes, such as limb-onset and bulbar-onset, may cause variability in 

analyses; however in this study no phenotypic case information was available.  Secondly, and 

perhaps more relevant, is the capacity to use transferrin iron binding as a potential clinical 

output for therapeutic benefit, particularly those related to biometals.  Taking into account the 

totality of evidence presented in this study, whilst ceruloplasmin dysfunction was observed 

within the disease affected spinal cord and motor cortex tissues from sporadic ALS cases, iron 

accumulation was only detected in the motor cortex.  This iron accumulation may be the result 

of decreased ceruloplasmin activity, however, decreased specific activities in both tissues may 

suggest that the spinal cord is better equipped than the motor cortex to cope with iron 

perturbations, despite neurodegeneration in both tissue types.  As such, the accumulation of 

iron observed within the motor cortex may represent a downstream consequence of pathology.  

From the outcomes of this study, ceruloplasmin appears to be a promising candidate for at least 

partly explaining iron accumulation, as well as diminished levels of iron binding to transferrin 

within the CSF of sporadic ALS cases.  Nonetheless, it would seem unlikely that ceruloplasmin 

dysfunction is an effector of pathogenesis in ALS, but instead an incidental event resulting from 

a broader copper malfunction phenomenon. 
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6. Myelination and multiple sclerosis (MS) 
 

The ubiquitous presence, and crucial importance of metals such as copper in biochemical 

function and physiological regulation is discussed in Chapter 1.3.3.  The pathological 

perturbation of these biometals, with regards to both metabolism and enzymatic functionality, 

provides a common theme in neurodegenerative diseases.  The data presented herein have 

thus far demonstrated that copper malfunction is a feature of ALS that extends beyond SOD1 

and is also evident in the sporadic form of the disease.  In the ensuing chapters, we extend our 

assessment of copper malfunction and cuproenzyme functionality in neurodegenerative 

disease to MS.  As will be described in the present chapter, evidence already exists to implicate 

copper malfunction in MS pathogenesis, including the widespread use of an animal model for 

MS which involves the administration of a copper chelating compound.  However, despite the 

current evidence, explicit biochemical evidence for a significant perturbation of cuproenzyme 

functionality in MS does not yet exist. 

6.1. Myelination 
 

Myelin is a white matter substance made from predominantly lipids, in addition to proteins, 

and acts by providing an insulating sheath that wraps around the neuronal axons596.  The myelin 

sheath allows for an increased speed of electrical signal conductance through attenuated 

capacitance and increased resistance which mitigates the loss of current from the axon597.  This 

process, known as “saltatory conduction”598, involves staggering of the myelin sheaths along 

the axon permitting the electrical signal to ‘jump’ between the unmyelinated gaps known as 

the nodes of Ranvier599 (Figure 6.1).  Electrical signals are driven by action potentials created via 

the flux of sodium ions across the axonal membrane through voltage-gated ion channels600, 601, 

where the involvement of myelin sheaths can generate up to a 100 fold increase in signal 

conduction velocity602, 603. 
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Figure 6.1.  Schematic of saltatory conduction involving the transmission of electric signals 
across the neuronal axon through the influx of sodium ions at the nodes of Ranvier. 

 

One of the characteristic differences between the peripheral nervous system and central 

nervous system (CNS) concerns the type of glial cell involved in the myelination of neurons.  

Schwann cells (Figure 6.2A) may be non-myelinating and involved specifically in axonal 

maintenance604, or myelinating whereby their function includes forming a singular myelin 

sheath around peripheral neurons599, 605, 606.  Since the entire myelin sheath involves 

interruption by the nodes of Ranvier, many Schwann cells are tasked with myelinating a single 

axon599, 607, meaning the number of cells required for myelination corresponds to axonal length.  

Similarly to Schwann cells, the oligodendrocytes (Figure 6.2B) exist as both non-myelinating 

satellite oligodendrocytes, which provide a maintenance role to grey matter neurons of the 

CNS608, and myelinating oligodendrocytes that in contrast to Schwann cells are capable of 

myelinating multiple CNS axons through processes extending from a single cell609, 610. 

 

 

Figure 6.2.  (A) Schematic of multiple Schwann cells ensheathing a single peripheral neuron with 
myelin at various points along the axon.  (B) Schematic of several oligodendrocyte processes 
ensheathing multiple CNS neurons with myelin at various points along the axon.  Images 
sourced from611. 

 

The development of oligodendrocytes (Figure 6.3) begins with nascent oligodendrocyte 

progenitor cells (OPCs) that originate from select regions of the spinal cord and brain612, 613.  

These OPCs then migrate throughout the CNS614, 615, and are directed by a combination of 

secreted regulatory signals including growth factors616, chemotrophic signals617, 618 and 

chemokines619.  Furthermore, cell surface and extracellular matrix proteins provide migratory 

cues via contact mechanisms to help OPCs reach their ultimate destination620-622.  The process 

of OPC differentiation to oligodendrocytes, then subsequent maturation and myelination steps, 

are highly regulated both spatially and temporally623, 624, with the involvement of signalling 
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molecules on surface of the oligodendrocyte and the axon playing a vital role625, 626.  The 

molecular basis for how oligodendrocytes choose axons over 0.2μm in diameter as a threshold 

for myelination remains to be elucidated.  Whilst the diametric threshold for myelination can 

be raised through targeted integrin deletion627, a recent study concluded that the biophysical 

characteristics of axonal fibre diameter628 appeared to dictate whether myelination would be 

‘permissive’ or ‘non-permissive’.  

 

 

 

 

 

 

 

Figure 6.3.  An outline of the stages of oligodendrocyte development from an oligodendrocyte 
progenitor cell (OPC) to a fully mature myelinating oligodendrocyte.  The arrows indicate 
protein markers specific for different stages of development with NG2 representing an early 
stage marker, with 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase), myelin basic protein 
(MBP) and myelin proteolipid protein (PLP) representing markers of myelinating 
oligodendrocytes.  Image sourced from629.   

 

Initiation and completion of the myelination process must be performed within a short 

timeframe, and constitutes a demanding enterprise requiring the transport and trafficking of 

vast amounts of proteins630, 631.  The consequence of myelination and its maintenance is the 

necessity for enormous metabolic rates to facilitate the production of sufficient ATP levels in 

order to drive the synthesis and trafficking of required lipids and proteins632.  In addition to ROS 

produced as a result of high ETC mediated ATP production633, oligodendrocytes have been 

reported to have high iron content and contain low concentrations of the antioxidant 

glutathione634, 635, making them particularly vulnerable to cellular stress. 

Whilst the majority of CNS myelin is made up of lipids, such as cholesterol and galactolipids, 

that are vital for normal myelin membrane structure636-638, oligodendrocytic proteins play an 

equally important role in development and maintenance of the myelin sheath (Figure 6.4).  
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Proteolipid protein (PLP) is an integral membrane protein characterised by four transmembrane 

helices, and is thought to be located within lipid rafts of the myelin sheath639, 640.  Although the 

function of PLP has yet to be elucidated, it is putatively involved in myelin compaction, myelin 

sheath wrapping and membrane adhesion641-643, with its importance demonstrated by 

mutations that induce severe cognitive and motor impairments as observed in Pelizaeus-

Merzbacher disease644.  One interaction PLP has been shown to have is with myelin basic protein 

(MBP)645, another abundant protein within myelin which is hypothesised to be important for 

maintaining myelin structure646, 647.  The study of MBP has led to reports of its involvement in 

MS, where autoantibodies are thought to target and interact with MBP in an autoimmune 

fashion648, 649.   

Another protein thought to be involved in MS is the myelin oligodendrocyte glycoprotein 

(MOG), which is reported to be crucial for myelin sheath adhesion650, 651, although its role is yet 

to be fully understood.  Despite being a protein that constitutes approximately 5% of all myelin 

proteins652, the enzyme 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase) remains 

enigmatic in its functional role653, 654.  CNPase is located in various regions of the myelin sheath, 

predominantly in lipid rafts655, and has been demonstrated to interact with actin in addition to 

microtubule interactions656, 657.  Knock-out models of CNPase658, 659 develop serious neurological 

impairment in conjunction with axonal degeneration, although this is also observed, albeit later 

and to a milder degree, when CNPase expression is decreased in animal models660.  

 

 

 

 

 

 

 

 

Figure 6.4.  Schematic of the myelin sheath including major constituents such as CNPase (CNP), 
MOG, MAG, MBP and PLP.  Image adapted from661.  
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6.2. Copper dyshomeostasis and demyelination 
 

The explicit role for copper in the mechanisms of myelination is yet to be established, although 

it is thought to be potentially based on the importance of the cuproenzyme CCO in supplying 

oligodendrocytes with sufficient energy due to their high metabolic demands662, 663.  Aside from 

the CCO hypothesis, the only evidence for copper involvement in myelination remains entirely 

circumstantial through the observation of impaired myelin and oligodendrocytes in rare 

diseases induced by disrupted copper homeostasis.   

Wilson’s disease, for example, is an inherited autosomal recessive disorder caused by mutations 

to the copper transport protein ATP7B leading to copper accumulation in various tissues 

including the liver, brain and cornea664.  As ATP7B is primarily responsible for shuttling copper 

to the trans-Golgi network and functions to transport copper from the cell665, 666, mutations to 

ATP7B leading to copper accumulation are thought to induce harmful biochemical processes as 

a result of Fenton reaction-mediated oxidative stress leading to tissue damage437, 667.  Except in 

rare cases unresponsive to treatment, where a liver transplant is required, the main therapy for 

Wilson’s disease involves controlling copper accumulation through a combination of dietary 

considerations and chelation therapies665.  Common treatment options include the copper 

chelation agent d-penicillamine which acts to bind copper directly, and zinc salts that attenuate 

copper absorption and increase metallothionein synthesis to mitigate copper toxicity668, 669.  

Whilst abnormalities of grey and white matter tracts have been reported in Wilson’s disease 

using MRI670, 671, curiously, overzealous treatment with d-penicillamine and zinc salts, leading to 

hypocupremia (copper deficiency), can also lead to widespread demyelination of the CNS672, 673. 

Whereas Wilson’s disease is characterised by copper accumulation, mutations to the copper 

transport protein ATP7A induce Menkes disease, an autosomal recessive disorder resulting in 

systemic copper deficiency514, 515.  Since ATP7A is responsible for both small intestine absorption 

of copper and supplying copper to various cuproenzymes674, copper deficiency and 

cuproenzyme dysfunction in Menkes disease produce symptoms that include severe 

neurodegeneration with demyelination, brittle hair and mitochondrial impairment515, 675, 676.  

Impairment of CCO677, 678 and lysyl oxidase679, 680 have been reported in Menkes disease cases, 

which is thought to explain the mitochondrial deficits and neurodegeneration288, where 

impairment of the cuproenzyme tyrosinase is hypothesised to be the cause of 

hypopigmentation297.  No cure exists for Menkes disease, and the only treatment available 

involves the supplementation of copper via injection675, 681-683, however, due to the lack of an 

efficacious treatment, death typically occurs during infanthood.   
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Another less pernicious outcome of ATP7A mutations is the development of occipital horn 

syndrome516, 517 which, much like Menkes disease, is caused by systemic copper deficiency, 

albeit to a lesser extent.  The symptoms developed appear as a milder version of Menkes 

disease684, but notably include skeletal deformations that lead to projections from the occipital 

bone685.  As described with Menkes disease the only available treatment involves copper 

supplementation686, although efficacy of this treatment is shown to be only moderate at best. 

As described above, mutations to the copper transport proteins ATP7A and ATP7B induce 

widespread copper dyshomeostasis leading to severe multifaceted phenotypes, but on a much 

milder scale the effects of copper deficiency appear to be more specific.  Dietary copper 

deficiency in ruminant animals has been demonstrated to be responsible for the “swayback” 

phenotype687-689 characterised by demyelination and Wallerian degeneration of myelinated 

nerve tracts within the spinal cord.  In humans, the impact of copper deficiency independent of 

mutations has become recognised under the guise of copper deficiency myelopathy (CDM)690.  

Whilst the effects of copper deficiency on anaemia691, 692 had been known earlier, recent reports 

have described noticeable demyelination within regions of the spinal cord leading to motor 

function impairments693.  In addition to myelopathies, patients suffering from copper deficiency 

have been reported to be afflicted with optic neuropathy leading to blindness in the event of 

prolonged periods without treatment694.  Dietary copper deficiency695 and zinc overload696, 697 

are thought to present as causes of myelopathy, but the most common cause for this syndrome 

involves bariatric gastrointestinal surgery698-700 leading to malfunction of copper absorption.  

Overall, copper deficiency can be incurred through both genetic and acquired settings, leading 

to a range array of symptoms including demyelination, which suggests that copper is likely to 

play a crucial role in the maintenance of myelin. 
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6.3. Multiple sclerosis 
 

Multiple sclerosis (MS) is the most common form of demyelinating disease, and is characterised 

by selective damage to myelin of the CNS leading to white and grey matter lesions within the 

spinal cord and brain701-703.  In general, MS is described as an autoimmune disease relating to 

autoimmune antibody production704, microglial activation705, and lymphocyte infiltration706 

leading to localised inflammation.  Aside from the involvement of immune cells in the 

pathogenesis of MS, the degeneration of oligodendrocytes707, neuronal axons708, 709 and the 

blood brain barrier710 are also observed in the disease.  As opposed to ALS, there is no 

immediate hereditary cause for the development of MS, and so the proposed underlying causes 

remain ambiguous and incongruous, relying solely upon purported risk factors.  Furthermore, 

the variegated phenotypic presentations of this incurable disease provide further complexity 

with regards to progression of disability, life-span and pathogenesis. 

6.3.1. Disease symptoms and diagnosis 
 

The prevalence of MS across different global regions shows wide variation, but the total 

worldwide prevalence was thought to be approximately 2.3 million in 2013 as determined by 

recent figures from multiple World Health Organisation (WHO) regions711, 712 (Figure 6.5).  The 

outcome of this report highlighted a 10% increase in MS diagnoses over a 5 year period, but 

whether this is because of improved diagnosis and reporting or a greater predisposition to 

developing MS remains uncertain. 

 

 

 

 

 

 

 

Figure 6.5.  Worldwide map highlighting the prevalence of MS in 2013 across different countries 
and geographical regions.  Image sourced from711, 712. 
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MS is the most common neurological disorder afflicting young adults713 and was first described 

by Jean-Martin Charcot around the same time as his definition of ALS, with the disease being 

named in reference to the sclerae – or lesions – observed within the white matter regions of 

the spinal cord and brain.  Disease onset typically occurs between the ages of 20 and 40 years 

old, with a mean age of 30 years714, but can also develop earlier or later, albeit less frequently, 

and is more prevalent amongst women than men715.  The symptoms of MS are both variegated 

and extensive, and can present as impaired motor function, vision impairment, cognitive 

dysfunction, depression, weakness, fatigue and pain716, 717.  According to one cross-sectional 

study on the symptoms of patients suffering from MS718, an average of 5 recognised symptoms 

were ascribed with fatigue, weakness and motor imbalance being reported as the most 

common.  Despite this multifaceted list of symptoms, most patients initially present with 

“clinically isolated syndrome” defining a singular clinical event, and then progressively develop 

further symptoms associated with MS719. 

Diagnosis of MS is a laborious task that involves a detailed history of symptomatic episodes 

characteristic of MS and differential diagnoses to eliminate other potential diseases, which 

typically requires laboratory testing of the CSF, in addition to MRI assessments for a positive 

diagnosis720, 721.  The first diagnostic framework for MS was the Schumacher criteria722 that 

relied solely upon clinical examination, which was later updated to include laboratory 

examination leading to the advent of the Poser criteria723.  Currently, the method for MS 

diagnosis involves the McDonald criteria724-726, a frequently revised framework which dictates 

the employment of MRI and clinical examination to investigate disease dissemination in space 

and time, pending a positive CSF result.  Despite the development of more sensitive diagnostic 

criteria, the average time from symptom onset to confirmatory diagnosis according to one study 

was approximately 2 years, with the greatest delay occurring between initial symptom onset 

and medical examination727. 

Further confounding factors to understanding MS arise through the heterogeneity of the 

disease course, although they typically fall into four main different disease type categories728, 

729 (Figure 6.6).  The first subtype called relapsing-remitting MS accounts for the majority of 

initial MS diagnoses, and is defined by recurrent staggered symptomatic attacks, followed by 

partial or full recovery with no distinguishable progression in disease relapses or disability over 

time.  The second subtype is termed primary-progressive MS, and accounts for the remainder 

of initial MS diagnoses.  Unlike relapse-remitting MS, primary progressive MS is defined by the 
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progressive worsening of symptoms and disability which may be interspersed with only minor 

improvements or plateaus.   

 

 

 

 

 

 

 

 

Figure 6.6.  Illustration of the four main subtypes of MS distinguished by rate of disease 
progression and the presence or absence of acute attacks called relapses (highlighted with 
peaks).  Progressive-relapsing MS is now acknowledged as being a branch of primary 
progressive MS.  Image sourced from730. 

 

Following 10 years of MS affliction, it has been reported that 50% of relapsing-remitting patients 

progressively worsen in terms of symptoms and disability, leading to an amendment of the 

diagnosis to another subtype called secondary progressive MS731, 732.  The final subtype is 

observed in patients initially diagnosed with primary progressive MS, but over time develop 

clear acute relapse episodes characteristic of relapse-remitting in addition to worsening 

symptoms and disease progression.  Whilst an apparent phenotypic distinction exists, more 

recently this progressive relapsing subtype has been re-characterised as a specific type of 

primary progressive MS733.  Ultimately, MS is a complicated disease of unknown aetiology which 

is compounded by the variability of symptom presentation and the progression of disease 

course, consequently leading to delayed medical attention and diagnosis. 

6.3.2. Prognostic outcomes 
 

Due to the variegated nature of patient symptoms and disease course subtype distinctions, the 

ability to determine prognosis is particularly difficult and requires frequent reassessment of 

symptoms in conjunction with MRI and laboratory testing734, 735.  The presentation of clinically 

 



    

  139 
   

isolated syndrome acts as an initial likely indicator of MS development, and is suggestive of an 

inflammatory or demyelinating event736.  It is reported that most people who present with 

clinically isolated syndrome develop MS within 5 years737, and that young age and non-white 

ethnicity are indicative of worse prognosis in terms of developing MS738, 739 whereas gender 

surprisingly has no significant effect on the likelihood of developing MS from clinically isolated 

syndrome740, 741.  In addition to age and ethnicity, it has been demonstrated that the presence 

of IgG oligoclonal bands in the CSF and larger numbers of brain lesions present a greater 

likelihood of MS development from clinically isolated syndrome736, 742. 

Once a patient has been diagnostically converted from clinically isolated syndrome to “clinically 

definite MS”, additional prognostic factors must be considered and previously utilised disease 

progression indicators are reassessed.  Whilst younger age was previously stated as a risk factor 

for developing MS from clinically isolated syndrome738, the rate of progression towards 

irreversible disability is significantly slower compared to older patients, although younger 

patients diagnosed with MS attain irreversible disability at a young age than their older 

counterparts743, 744.  Furthermore, whereas gender has been reported to have no effect on MS 

development from clinically isolated syndrome740, 741, once MS is definitively diagnosed, males 

display a more rapid progression towards irreversible disability compared to females745-747.  The 

effect of ethnicity on clinically definite MS prognosis was found to be consistent with that 

associated with a clinically isolated syndrome prognosis, with patients from a North African 

ethnic background noted to have particularly unfavourable prognoses748, 749. 

The heterogeneity in terms of different MS disease courses introduces another layer of 

complexity when determining patient prognosis, with each presenting variable potential 

outcomes as well.  In the context of relapsing-remitting MS, the site of first symptomatic attack 

and the extent of recovery from the attack have both shown to be important in defining 

prognosis750, 751.  Using MRI, it was also demonstrated that brain lesion load in relapsing-

remitting patients correlated with increased disability, and that lesion numbers correlated with 

an increased relapse rate752, both of which corresponded to an unfavourable prognosis.  In 

contrast to relapsing-remitting MS, the unrelenting nature of primary progressive MS dictates 

an even more unfavourable prognosis753, 754.  Primary progressive MS remains poorly 

characterised regarding prognosis due to relatively low levels of inflammation755, 756, atypical of 

MS, and limited predictors of disease progression754, 757.  These less pronounced inflammation 

levels make MRI assessment of brain lesions more difficult757, 758, and therefore clinical history 

of the initial symptomatic site of attack plays a critical role in determining prognosis754.   
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Assessment of progressive relapsing MS has yielded mixed results with reports of both an 

unfavourable prognosis compared to primary progressive MS due to more rapid disability759, 

and no difference at all760.  However, the lack of clear prognostic distinction has ultimately led 

to the designation of progressive relapsing MS as an idiopathic manifestation of the primary 

progressive form733.  Transition from relapsing-remitting MS to secondary progressive MS 

confers an unfavourable prognosis761 due to the development of progressive relentless 

disability.  As a result of the dearth of longitudinal studies on secondary progressive MS, 

information related to prognostic outcomes are sparse, with a more favourable prognosis 

reported to be associated with a longer relapsing-remitting disease phase747.  

6.3.3. Treatments and palliative measures 
 

Currently, MS remains an incurable disease. However, multiple treatments (Figure 6.7) have 

been manufactured that aim to attenuate symptomatic attacks, and target pathways implicated 

in pathogenesis.  In response to the presentation of acute symptomatic attacks characteristic 

of relapses in relapsing-remitting patients, corticosteroids such as methylprednisolone are 

prescribed to mitigate disability during these episodes762, 763.  Methylprednisolone is typically 

administered intravenously, although evidence suggests that oral administration is equally 

efficacious764, 765, and is hypothesised to act through suppression of various pathways in the 

inflammation cycle766 as well as via modulatory changes to the excitability of the neural motor 

circuitry763 .  Whilst treatment with corticosteroids shows noticeable therapeutic benefit, it is 

prescribed as a high-dose short term treatment for patients suffering from relapses, and can 

induce a wide array of adverse side-effects767, 768. 

Where corticosteroids are employed cautiously in the circumstances of acute symptomatic 

attacks, various other disease-modifying treatments have become available for long term 

treatment of relapsing-remitting MS.  There are currently eight different disease-modifying 

treatments available which are segregated into first-line and second-line options600 that are 

selected based on the success of disease treatment and tolerable side-effects specific to the 

individual patient.  Interferon-beta is a common initial treatment for MS that has been shown 

to be efficacious in decreasing the rate of relapse and disability in patients with relapsing-

remitting MS769-771, with some mild effect also observed in secondary progressive MS772-774.  

Other first-line treatment options of glatiramer acetate775, teriflunomide776, 777 and dimethyl 

fumarate778, 779 have also demonstrated efficacy in decreasing disability progression and relapse 

rate, but only in patients suffering from relapsing-remitting MS.  Although the mechanisms of 
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actions for these treatments remains to be fully elucidated, it is thought that all play a role in 

anti-inflammatory responses involving T cells and cytokine cascades600. 

 
Figure 6.7.  Flow chart illustrating the different lines of treatment for relapsing-remitting MS, 
starting from initial therapeutic options to more experimental options.  The selection of 
treatments is based on disease severity, rate of progression and response to first-line treatment 
regimes.  Some of these treatments have shown efficacy in secondary progressive MS through 
amelioration of relapses, whereas primary progressive MS remains virtually untreatable.  Image 
sourced from600. 

 

If first-line treatments display inefficacy towards ameliorating a patient’s disease course, or in 

instances of severe relapsing-remitting MS, second-line treatments such as fingolimod, 

mitoxantrone, natalizumab or alemtuzumab are considered.  When administered in clinical trial 

settings, all the aforementioned therapeutics demonstrated an ability to decrease relapse rate 

in addition to mitigating disability over time780-783.  Both natalizumab782 and alemtuzumab784 are 

monoclonal antibody treatments developed to target specific ligands on the surface of 

leukocytes in order to interfere with their role in inflammation.  Although these second-line 

treatments are targeted towards relapsing-remitting MS patients, a large clinical study785 

demonstrated that mitoxantrone showed efficacy in secondary progressive MS patients, 

leading to decreased relapse rate and attenuated disability over time. 

In cases of severe MS or primary progressive MS, recent and more experimental treatments 

including stem cell transplantation786 and ocrelizumab787, 788 offer a source of optimism for 

afflicted patients, however the efficacy of these therapies remains to be determined.  Despite 

the promise of therapeutic breakthroughs, only treatments tailored to relapsing-remitting MS 

have shown repeated demonstrable benefits meaning other disease courses, and particularly 

pernicious cases of MS, are largely treated symptomatically.  The wide range of potential 

symptoms from MS means that symptomatic management typically involves the treatment of 
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bladder dysfunction, pain, spasticity, fatigue and depression in order to improve patient quality 

of life789.  Eventually though, disease progression leads to the requirement for improved 

palliative and hospice care790, 791 to help manage increasing patient disability until death.  

Overall, whilst some effective treatments exist for MS, these are largely efficacious exclusively 

in the relapsing-remitting form of MS and ultimately only act to slow down disease progression, 

highlighting the requirement for better therapies. 

6.3.4. Genetic and environmental risk factors 
 

Since MS lacks a direct hereditary cause, studies relating to genetic and environmental risk 

factors play a significant role in attempting to understand the underlying cause of disease 

pathogenesis.  Evidence for the impact of genetics on MS development was proposed based on 

studies that demonstrated a significant concordance of the disease amongst monozygotic, and 

to a lesser extent dizygotic twins792, 793.  One well-characterised link to MS relates to single 

nucleotide polymorphisms within human leukocyte antigen genes794 related to the major 

histocompatibility complex involved in immune cell function.  Many different genetic variations 

to human leukocyte antigen genes have been discovered, and are reported to confer either risk 

or protection towards the development of MS795; however, how these different genes may 

interact remains to be elucidated.  Outside of major histocompatibility complex genes, studies 

have determined there to be links between genetic variants of immunity related interleukin 

receptors and a predisposition towards developing MS796, 797, although the potential disease 

mechanism remains unknown798.  Many additional genome-wide association studies799, 800 have 

been performed and established genetic risk factors involved in immunity, inflammation and 

myelination, leading to further complexity in understanding MS. 

In terms of environmental factors, the link between geographical latitude and MS has been 

reported by various studies801, 802.  Whilst other studies have disputed this link as an artefact713, 

803, further evidence has been reported supporting the latitude hypothesis by means of 

decreased sunlight and subsequent vitamin D deficiency being linked to MS development804, 805.  

The connection between vitamin D and MS was corroborated by reports of direct functional 

interactions between vitamin D and MS genetic risk factors such as human leukocyte antigen 

genes806, 807, as well as the discovery that a rare genetic variant of a vitamin D metabolism 

enzyme conferred a significant MS risk808.  Aside from latitude and vitamin D deficiency, both 

smoking809 and stress810 have been implicated as risk factors for developing MS due to their 

proposed impact on the immune system, although more research is required to establish a 

causal connection. 
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Considering the evidence and emphasis on an immune system role in MS pathogenesis, the 

impact of viral infections on MS development has garnered much interest, with a vast array of 

different viruses having being implicated811.  In particular, the connection between previous 

infection with the Epstein-Barr virus (EBV) and MS has been widely studied, with evidence for a 

significant proportion of MS patients registering positive results for anti-EBV antibodies812-815.  

Infection with EBV typically leads to infectious mononucleosis, a common flu-like syndrome 

presenting with fever, sore throat, swollen lymph nodes and fatigue816.  EBV infection results in 

T cell activation817, in addition to life-long infection of B cells, leading to distinct morphological 

changes and cellular immortalisation818, 819.  T cell activation due to EBV has been demonstrated 

to induce accumulation and an increased proliferation tendency of EBV antigen-specific 

memory T cells in patients with MS820, which is thought to potentially play a role in the 

autoimmune response targeting myelin821.  The role for EBV-positive B cells in MS is largely 

unknown and confined to hypotheses relating to the accumulation, as opposed to regulatory 

apoptosis, of latently infected autoreactive B cells822, 823.  Although autoreactive B cells remains 

an attractive theory, recent evidence demonstrated that while EBV does persist in infected 

memory B cells, these cells expressed lower levels of self-reactive antibodies824. 

The first of the two main animal models of MS, called experimental autoimmune 

encephalomyelitis (EAE), was initially discovered serendipitously whilst testing viral vaccines 

through the injection of spinal cord or brain extracts into animals825, 826; which instead lead to 

the development of lesions and demyelination.  The incorporation of these tissue extracts with 

Freund’s adjuvant827, 828, and later with the pertussis toxin829, was found to be reminiscent of 

the human demyelinating disease MS due to pathology localised to the CNS830.  Eventually, the 

crudeness of injecting whole tissue homogenates was supplanted by formulating isolated 

concentrations of major CNS myelin proteins such as MBP831, MOG832 and PLP833 to generate a 

more reproducible model of disease.  Current EAE models typically involve mice immunised 

with MOG or PLP epitopes, with different epitopes and mouse strains inducing variations of MS-

like phenotypes including relapsing-remitting and chronic progressive courses834, 835. 

Even though the EAE model of MS provides a representation of different pathologies and 

nuances associated with MS, it still remains a contrived model defined by the injection of 

foreign myelin epitopes to induce a selective immunological and inflammatory reaction.  The 

limitations to the EAE model are highlighted through the inefficacy of aggressive 

immunosuppressant treatment regimens for primary progressive MS patient836, providing 

evidence for pathogenic influences in MS independent of autoimmune processes.  Further 
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limitations exist, as is a common caveat with disease models, in that whilst certain beneficial 

EAE treatments have translated successfully to MS patients837, the translational failures838, 839 

underscore the requirement for a more comprehensive understanding of MS pathogenesis.  

The advent and development of EAE models has assisted in better understanding the 

inflammatory and immunological mechanism associated with MS, however, the distinctions in 

pathological presentation (Table 6.1) and immunotherapy success between EAE models and 

MS840 signify a large gap in our understanding of the disease. 
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6.4. Copper malfunction and MS 
 

In conjunction with the EAE model, animal treatment with the copper-selective chelator 

cuprizone has provided researchers with an additional tool for modelling MS since its inception 

as an instrument for investigating demyelination841.  Early experiences with the cuprizone 

model demonstrated multiple CNS pathologies842, 843 including demyelination, astrocytosis and 

oligodendrocyte degeneration commonly associated with MS.  Subsequent research with the 

cuprizone model844 led to the discovery of white matter tract characterisation in the corpus 

callosum as a reproducible and predictable method for investigating demyelination.  

Interestingly, pathological heterogeneity exists depending on the species845, the genetic 

background846, and the brain region investigated847; with gender differences also being reported 

in particular mouse strains846, 848.  In addition to the well described effects of cuprizone 

treatment on oligodendrocytes leading to demyelination, axonal degeneration has also been 

demonstrated849, 850 in common with MS, and this phenomenon appears to be exacerbated in 

aged mice treated with cuprizone851. 

The fact that cuprizone is a copper chelating compound fed directly to animals through their 

food should presuppose an obvious mode of action involving copper deficiency.  However, the 

mechanisms through which treatment with cuprizone causes an MS-like phenotype are still 

largely unknown.  An initial focus on supplementing cuprizone treated animals with copper 

reportedly had little effect852, whilst measurements of brain copper levels following cuprizone 

treatment have been shown to be both elevated853, and unchanged854 according to different 

studies.  This apparent lack of change in brain copper levels appears in contrast to the liver and 

blood854, which demonstrate decreased levels of copper, supporting a copper-related effect of 

cuprizone.  It appears likely that cuprizone induces its neurotoxic effects indirectly, as a result 

of an inability to cross either intestinal epithelial or neuronal membranes thus precluding 

accumulation within the brain855, and that these effects may include local redox cycling of 

copper856.  Extensive morphological changes to the mitochondria within liver and brain tissues 

from cuprizone treated mice are well described857, 858, and may result from decreased copper-

dependent activity of CCO, responsible for energy production, that is observed in the liver and 

brain tissues following treatment with cuprizone859. 

Notwithstanding direct copper chelation evidence, the mechanisms of cuprizone induced 

pathology are likely to be multifaceted860, although more research is required to determine why 

mature oligodendrocytes are particularly susceptible to injury in this model861.  Despite the 

benefits of cuprizone treatment as a model of MS, much like the EAE model, it is limited in the 
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ability to fully recapitulate pathological mechanisms characteristic of MS.  Treatment with 

cuprizone circumvents certain relevant immunological pathways, by demonstrating a lack of T 

cell involvement in demyelination862, 863, and furthermore, has been shown to induce thymic 

atrophy and apoptosis of lymphocytes864.  Another hallmark feature of MS involves disruption 

to the BBB, yet studies have demonstrated an absence of BBB abnormalities in mice treated 

with cuprizone865, 866, highlighting further discrepancies between the model and MS.  Despite 

inconsistencies between model and disease (Table 6.1), the utilisation of cuprizone treatment 

has hitherto provided evidence for a potential copper-mediated role in the pathogenesis of MS. 

Table 6.1.  Advantages and disadvantages of the EAE and cuprizone animal models of MS.  Both 
models present with various caveats and fail to recapitulate all the hallmark events of MS, yet 
have proved to be vital tools for investigating the mechanisms of MS pathogenesis.  Image 
sourced from841.   

 

Initial studies examining copper in MS were related to measuring serum levels867-870, and 

showed no difference between MS cases and controls, although in one study867, copper levels 

were found to be significantly decreased in cases under 45 years of age.  Early investigation of 

copper levels within the CSF demonstrated no difference869 between MS and control cases, 

however, a more recent study observed significantly elevated levels of CSF copper in cases of 
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MS871.  Concomitant investigation of zinc levels in these studies demonstrated either no 

change870, or a significant decrease in MS serum867, and no difference within the CSF867, 871.  

When levels of iron in CSF were measured no difference was observed between MS and control 

cases872, however, iron has been shown via MRI to accumulate in the brain873-876 suggesting that 

examination of biofluid metal levels may not be representative of localised pathology.  

Conversely, whilst iron and transferrin levels were shown to be unchanged in chronic 

progressive MS patients, ferritin levels were significantly elevated suggesting a possible 

protective response to iron perturbation872. 

Investigations on ceruloplasmin in MS are scant, but published reports have described a 

significant decrease in copper-dependent ceruloplasmin oxidase and ferroxidase activity within 

MS patient serum869, 877, as well as an elevation in CSF ceruloplasmin levels from patients 

suffering from clinically isolated syndrome878 and definitive MS879.  As is the case with 

ceruloplasmin, a dearth of evidence exists for SOD1 in MS, although studies have demonstrated 

a significant increase both in SOD1 gene expression within lesions880 and SOD1 protein 

expression within blood-borne platelets881.  Conversely, treating cuprizone model mice with the 

neuroprotective agent fumarate yielded a restoration of SOD1 activity882, with one MS patient 

study also reporting a significant decrease in CSF and blood cell SOD1 expression compared to 

healthy controls, which was restored following interferon treatment883. 

Although, as previously stated, treatment with cuprizone results in decreased CCO activity859, 

the situation pertaining to MS has proven to be more complex.  A proteomics approach 

identified a significant decrease in the expression of a crucial assembly subunit of CCO within 

MS cortical tissue compared to controls, as well as elevated levels of nitrotyrosine modifications 

to the catalytic subunit of CCO884.  This outcome was corroborated by another study885 that 

demonstrated a significant decrease in both the aforementioned subunits, suggesting a 

functional impairment of CCO in support of evidence for mitochondrial dysfunction in MS 

pathogenesis886.  However, conflicting evidence for CCO impairment exists, with both CCO 

dysfunction887, and increased activity888 being reported within MS lesions.  The evidence for 

copper malfunction and cuproenzyme dysfunction in MS pathogenesis remains limited and 

contradictory, with a predominant focus on biofluids such as CSF and serum.  However, the 

apparent causal link between copper deficiency and demyelination, and the utilisation of a 

copper chelator as a model of MS, would suggest that copper may play a hitherto unrecognised 

role in pathogenic events associated with MS. 
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6.5. Rationale and hypotheses 
 

The evidence for copper dyshomeostasis and cuproenzyme dysfunction in the pathogenesis of 

MS remains limited and contradictory, with a predominant focus on biofluids such as CSF and 

serum.  Dietary copper deficiency is shown to have an established causal link to demyelination 

in both animals and humans, with the cuprizone model still widely utilised as a model of MS.  In 

relation to ALS, the roles of oligodendrocytes and myelin in pathogenesis have been largely 

neglected, perhaps due to ALS not being considered as being a bone fide demyelinating disease.  

More recently however, examination of both mouse models and cases of ALS have 

demonstrated that oligodendrocytes are dysfunctional and appear to play a critical role in ALS 

pathogenesis889-891. 

Data presented so far in this study have shown that overexpression of hCTR1 and treatment 

with the therapeutic agent CuII(atsm) lead to improvements in levels of available copper, and 

extend survival in both SOD1G37R and SOD1G93A mouse models of ALS.  Furthermore, data from 

human sporadic ALS cases have shown that bulk copper levels in the spinal cord tissue are 

significantly decreased, and that these diminished copper levels correspond to cuproenzyme 

dysfunction.  Taking these results into account with the connection between demyelination and 

copper deficiency, it would be expected that demyelination, to an extent, is present in ALS, and 

conversely, that demyelination in MS may be indicative of copper malfunction.  Whilst impaired 

myelination in ALS is supported through evidence of white matter disturbances via MRI892-895 

and oligodendrocyte pathology889-891, limited information is available on the role of copper in 

the pathogenesis of MS. 

Despite being regarded as two completely separate neurodegenerative diseases, both ALS and 

MS have shown considerable overlap with respect to particular pathological manifestations.  

The complexity of how MS presents clinically is exemplified by the various subtypes designated 

to the disease.  This distinction between MS subtypes has led to multiple iterations of lengthy 

and multifaceted diagnostic criteria724-726 redolent of a disease spectrum896, although the major 

point of distinction is between relapsing-remitting and progressive courses.  Curiously, there 

are case reports in the literature that detail similarities in clinical presentation between primary 

progressive MS and ALS897, 898.  In addition to overlap of clinical signs, investigation of CSF 

samples from both primary progressive MS and ALS cases have also demonstrated 

commonalities in pathological markers899. 
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Considering the evidence discussed, the next part of this study was performed to determine the 

extent of impaired myelination in mutant SOD1 mouse models of ALS, and to test whether 

improving spinal cord levels of available copper via genetic or therapeutic interventions 

resulted in a recovery of impaired myelination.  This was followed by an assessment of 

myelination in sporadic cases of ALS, and then an investigation of myelination and cuproenzyme 

functionality in MS cases to further elucidate the potential pathological commonalities between 

MS and ALS. 
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7. Cuproenzyme dysfunction and impaired myelination are 
common pathological events of sporadic ALS and MS 

  

In the preceding chapters, we have demonstrated that cuproenzyme dysfunction corresponded 

to disease progression in a mutant SOD1 mouse model of ALS, and furthermore, was 

recapitulated in human cases of sporadic ALS in the absence of SOD1 mutations.  When spinal 

cord copper availability was improved via genetic or therapeutic interventions, an extension in 

mutant SOD1 mouse survival was observed and this corresponded to restoration of 

cuproenzyme dysfunction.  As discussed earlier, although copper dyshomeostasis has not been 

comprehensively studied in the context of MS, the utilisation of a copper chelator as a model 

of MS, and the similar clinical manifestations of MS and CDM, provides support for a copper 

role in pathogenesis beyond ALS.   

Given the aforementioned circumstantial evidence for copper requirements in myelination, and 

observations of abnormal myelination in ALS via MRI, in the ensuing chapter we assessed 

changes to myelin markers with disease progression in the SOD1G37R mouse model of ALS.  This 

was followed by examination of changes to myelin markers in response to hCTR1 

overexpression or CuII(atsm) treatment in SOD1G37R and SOD1G93A mouse models.  Finally, 

comparative assessments of cuproenzymes functionality and myelination were performed on 

spinal cord tissue from cases of sporadic ALS and MS to investigate potential pathogenic overlap 

between these two hitherto independent neurodegenerative diseases. 

7.1. Impaired myelination in ALS model mice is recapitulated in sporadic ALS 
and restored via improved copper bioavailability 
 

To assess myelination changes in SOD1G37R mice with age, sections of spinal cord tissue from 

pre-symptomatic mice at 13 weeks and end-stage mice at 25 weeks, in addition to age-matched 

non-transgenic littermate controls were fixed and stained with LFB.  No evidence of impaired 

myelination was apparent in the non-transgenic mice at 13 weeks (Figures 7.1A, 7.1B) and 25 

weeks (Figures 7.1E, 7.1F), or SOD1G37R mice at 13 weeks of age (Figures 7.1C, 7.1D).  At 25 

weeks of age, however, the SOD1G37R spinal cord was characterised by lower intensity LFB 

staining, indicative of decreased myelin content, and vacuolation within the ventral horn grey 

matter (Figures 7.1G, 7.1H).  Furthermore, a noticeable decrease in the proportion of large α-

motor neurons was observed within this region by Cresyl Violet Nissl staining, which is 

supported by previous work showing decreased levels of α-motor neurons in the ventral horns 

of SOD1G37R spinal cord tissue at phenotypic end-stage380.  Additionally, the presence of 
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vacuolation has been previously reported as being indicative of myelin abnormalities88, and 

lends support to an impairment of myelination in the SOD1G37R mice at end-stage. 

Figure 7.1:  Impaired myelination and ventral horn grey matter pathology in spinal cord tissue 
from SOD1G37R mice at end-stage determined with LFB stain imaging.  (A-H) Images of LFB 
staining for myelin intensity in spinal cord tissue from SOD1G37R mice at 13 weeks (C, D) and 25 
weeks (G, H), and from non-transgenic littermates at 13 weeks (A, B) and 25 weeks (E, F).  
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Representative images were taken with 5x and 10x magnification objectives using a brightfield 
light microscope under consistent conditions.  Scale bars represent 500µm for 5x magnification 
images and 250µm for 10x magnification images.  Black dotted lines represent the ventral horn 
grey matter region of interest. 

 

As previously mentioned (Chapter 6), CNPase is a recognised myelin localised enzyme, and is 

therefore, widely utilised as a marker of myelination.  CNPase is a highly expressed myelin 

protein, and oligodendrocyte staining for CNPase (Figure 7.2A) shows diffuse expression 

throughout the cell.  This staining was independent of GFAP staining for astrocytes (Figure 7.2B), 

which made up the majority of cells in the mixed glial culture as shown through DAPI nuclear 

staining (Figure 7.2C).  A post-symptomatic decrease in CNPase levels has previously been 

reported in the spinal cord of SOD1G93A mice891, therefore, spinal cord tissue across all ages from 

SOD1G37R mice and non-transgenic littermates were probed to determine whether CNPase 

levels changed with age.  At 21 weeks of age CNPase levels were observed to be significantly 

decreased in the SOD1G37R spinal cord, and continued to decrease until end-stage at 25 weeks 

(Figure 7.2D).  Non-transgenic littermates (Figure 7.2E) and SOD1WT mice (Figure 7.2F) showed 

no difference in CNPase levels across all ages, suggesting that myelination is unaffected. 
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Figure 7.2:  Progressive decline in levels of the myelin marker CNPase in SOD1G37R mice 
compared to their non-transgenic littermates and SOD1WT control mice.  (A-C) Representative 
images of oligodendrocytes stained for CNPase (A) as well as staining of astrocytes using GFAP 
(B) and nuclei using DAPI (C) from the same field of view within a mixed glial cell culture.  Scale 
bars represent 50µm for each image.  (D-F) Representative western blot images and 
densitometric quantitation of CNPase levels in spinal cord tissue from SOD1G37R mice (D), their 
non-transgenic littermates (E) and SOD1WT mice (F) across different age groups.  Levels of 
CNPase were normalised to the loading control β-actin and expressed relative to abundance in 
the 13 week old mouse group for SOD1G37R mice and non-transgenic littermates, and the 17 
week old mouse group for SOD1WT mice.  Data in (D-F) were analysed using either a one-way 
ANOVA with a Sidak’s multiple comparisons post hoc test, or a Kruskal-Wallis test with a Dunn’s 
multiple comparisons post hoc test.  All data are expressed as mean ± S.E.M. with statistical 
significance indicated as *P<0.05; n = 8 per group in (D, E), n = 5 per group in (F). 

 

Due to the reports of copper deficiency linked to myelopathies, ALS model mice overexpressing 

the copper transporter hCTR1 or treated with the therapeutic agent CuII(atsm) were 

investigated to determine if improved copper bioavailability in ALS model mice corresponded 

to an improvement in myelination.  Measurement of spinal cord CNPase levels (Figure 7.3A) 

demonstrated a significant decrease in the SOD1G37R mice that was recovered by overexpression 

of hCTR1.  This recovery was modest when compared to CNPase levels in the two control lines 

(hCTR1 and non-transgenic mice), but emphasised a significant improvement in CNPase levels 

which corresponded to improved spinal cord copper levels via hCTR1 overexpression.  To 

determine whether treatment with CuII(atsm) also improved myelination status, sham and 

CuII(atsm) treated non-transgenic and SOD1G93A mice were analysed for CNPase levels (Figure 

7.3B).  CNPase levels were significantly decreased in the sham treated SOD1G93A mice when 

compared to non-transgenic controls, and CNPase levels increased 35% in response to 

CuII(atsm) treatment, although this was not statistically significant.  Conversely, treating 

SOD1G37R mice with CuII(atsm) did show a significant improvement in CNPase levels when 

compared to sham treated SOD1G37R mice (Figure 7.3C), demonstrating restorative effect of 

CuII(atsm) on myelination in this mouse model. 
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Figure 7.3:  Decreased levels of the myelin marker CNPase in spinal cord tissue from mutant 
SOD1 mice are indicative of impaired myelination, and are recovered by improving spinal cord 
levels of available copper via hCTR1 overexpression or treatment with CuII(atsm).  (A) 
Representative western blot images and densitometric quantitation of CNPase levels in spinal 
cord tissue from non-transgenic littermates, hCTR1 mice, SOD1G37R mice and hCTR1xSOD1G37R 
mice at 25 weeks of age. (B) Representative western blot images and densitometric 
quantitation of CNPase levels in spinal cord tissue from sham and CuII(atsm) treated SOD1G93A 
mice and non-transgenic littermates at 120 days (17 weeks) of age.  (C) Representative western 
blot images and densitometric quantitation of CNPase levels in spinal cord tissue from sham 
and CuII(atsm) treated SOD1G37R mice at 24 weeks of age.  Levels of CNPase were normalised to 
the loading control β-actin and expressed relative to abundance in non-transgenic littermates 
(A), sham treated non-transgenic littermates (B) or sham treated SOD1G37R mice (C).  Data in (A, 
B) were analysed using a one-way ANOVA test with a Sidak’s multiple comparisons post hoc 
test, whereas data in (C) were analysed using a two-tailed Student’s t test.  All data are 
expressed as mean ± S.E.M. with statistical significance indicated as *P<0.05; n = 5-6 per group 
in (A, B), n = 11 per group in (C). 

 

Myelination is a complex phenomenon, and consequently demyelination is not necessarily 

caused by changes to a single marker, therefore, another myelin marker in MOG was also 

investigated.  Contrary to CNPase, levels of MOG were shown to be unchanged in the spinal 

cord tissue from SOD1G37R mice (Figure 7.4A), their non-transgenic littermates (Figure 7.4B) and 
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SOD1WT mice (Figure 7.4C) across all ages.  When hCTR1xSOD1G37R mice were assessed, neither 

hCTR1 nor mutant SOD1 expression had any effect on MOG levels within the spinal cord (Figure 

7.4D).  This was also observed in SOD1G93A and SOD1G37R mice, where no effect on MOG was 

found due to mutant SOD1, or in response to CuII(atsm) treatment (Figures 7.4E, 7.4F).   

The presence of impaired myelination and white matter tract disturbances in ALS has been 

reported in the literature889-895, and was corroborated in this study through the observation of 

profoundly diminished CNPase levels in the spinal cord tissue from sporadic ALS cases (Figure 

7.5A).  Curiously though, no difference in CNPase levels was observed in the motor cortex tissue 

from these cases (Figure 7.5B), despite evidence for impaired myelination and white matter 

disturbances being previously reported in this region.  Examination of MOG levels in sporadic 

ALS cases demonstrated no difference in the post-mortem spinal cord compared to control 

cases (Figure 7.5C), and MOG levels were also unchanged within the motor cortex (Figure 7.5D).  

This outcome further emphasises the tissues-specific differences between the spinal cord and 

motor cortex as demonstrated by differences in iron observed earlier in this study (Chapter 5.1). 
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Figure 7.4:  Levels of the myelin marker MOG are unchanged in spinal cord tissue from SOD1G37R 
mice and SOD1G93A mice at phenotypic end-stage.  (A-C) Representative western blot images 
and densitometric quantitation of MOG levels in spinal cord tissue from SOD1G37R mice (A), their 
non-transgenic littermates (B) and SOD1WT mice (C) across different age groups.  Levels of MOG 
were normalised to the loading control β-actin and expressed relative to abundance in the 13 
week old mouse group for SOD1G37R mice and non-transgenic littermates, and the 17 week old 
mouse group for SOD1WT mice.  (D) Representative western blot images and densitometric 
quantitation of MOG levels in spinal cord tissue from non-transgenic littermates, hCTR1 mice, 
SOD1G37R mice and hCTR1xSOD1G37R mice at 25 weeks of age.  (E) Representative western blot 
images and densitometric quantitation of MOG levels in spinal cord tissue from sham and 
CuII(atsm) treated SOD1G93A mice and non-transgenic littermates at 120 days (17 weeks) of age. 
(F) Representative western blot images and densitometric quantitation of MOG levels in spinal 
cord tissue from sham and CuII(atsm) treated SOD1G37R mice at 24 weeks of age.  Levels of MOG 
were normalised to the loading control β-actin and expressed relative to abundance in earliest 
age group (A-C), non-transgenic littermates (D), sham treated non-transgenic littermates (E) or 
sham treated SOD1G37R mice (F).  Data in (A-E) were analysed using a one-way ANOVA test with 
a Sidak’s multiple comparisons post hoc test.  Data in (F) were analysed using a two-tailed 
Student’s t test.  All data are expressed as mean ± S.E.M. with statistical significance indicated 
as *P<0.05; n = 8 per group in (A, B), n = 5-6 per group in (C-E), n = 11 per group (F). 

  
Figure 7.5:  Levels of the myelin marker CNPase are decreased in post-mortem spinal cord tissue 
from sporadic ALS cases, but MOG levels are unchanged.  (A-D) Representative western blot 
images and densitometric quantitation of CNPase and MOG levels in post-mortem spinal cord 
(A, C) and motor cortex (B, D) tissues from sporadic ALS cases.  Levels of CNPase and MOG were 
normalised to the loading control β-actin and expressed relative to abundance in control cases.  
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All data were analysed using a two-tailed Student’s t test and expressed as mean ± S.E.M. with 
statistical significance indicated as *P<0.05; n = 6 per group in (A, C), n = 11 per group in (B, D). 

 

Overall, the expression of human mutant SOD1 in mouse models of ALS led to the progressive 

decline in spinal cord tissue levels of the myelin marker CNPase which was recovered through 

either genetic overexpression of hCTR1, or treatment with CuII(atsm).  These results were 

supported by LFB analysis highlighting end-stage myelination abnormalities in the SOD1G37R 

spinal cord that occurred in concert with significantly lower levels of CNPase in the same mice.  

The presence of diminished myelin markers do not necessarily equate to demyelination, and 

this is supported by the absence of a difference in MOG levels.  However, the LFB outcomes 

would suggest that impaired myelination occurs within the ALS mouse model spinal cord, but 

to what extent remains to be elucidated.  Furthermore, post-mortem spinal cord tissue from 

sporadic ALS cases recapitulated what was observed for CNPase and MOG levels in the ALS 

model mice, although surprisingly no difference was seen for either marker in the disease 

affected motor cortex region.  These data therefore indicate that abnormal myelination is a 

pathological event in both familial ALS model mice and sporadic ALS cases, where this may 

represent a commonality with the neurodegenerative disease MS. 
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7.2. Cuproenzyme dysfunction in disease affected CNS tissue from MS cases 
mimics sporadic ALS 
 

As demyelination represents a hallmark pathological event in MS, levels of the myelin markers 

CNPase and MOG were initially investigated in post-mortem spinal cord tissue from MS cases.  

Significantly decreased levels of both CNPase (Figure 7.6A) and MOG (Figure 7.6B) were evident 

in post-mortem spinal cord tissue from MS cases compared to controls, in accord with previous 

reports in the literature891.  These changes in myelin markers, whilst not explicitly confirming 

demyelination, are indicative of disease-related myelination abnormalities.  Analysis of bulk 

metal levels within post-mortem MS spinal cord tissue yielded a significant decrease in copper 

levels (Figure 7.6C), whereas levels of both zinc (Figure 7.6D) and iron (Figure 7.6E) were 

unchanged.  In addition to copper changes, curiously, both phosphorus (Figure 7.6F) and 

magnesium (Figure 7.6G) levels were observed to be decreased in post-mortem MS spinal cord 

tissue compared to controls. 

 
Figure 7.6:  Decreased levels of CNPase, MOG and copper are characteristic features of disease 
affected spinal cord tissue from MS cases.  (A, B) Representative western blot images and 
densitometric quantitation of CNPase (A) and MOG (B) levels in post-mortem spinal cord tissue 
from MS cases. Levels of both CNPase and MOG were normalised to the loading control β-actin 
and expressed relative to abundance in post-mortem spinal cord tissue from control cases.  (C-
G) Total amounts of copper (C), zinc (D), iron (E), phosphorus (F) and magnesium (G) in post-
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mortem spinal cord tissue from MS cases analysed using ICP-MS.  Levels of elements were 
normalised to tissue protein concentration.  Data in (A-G) were analysed using a Student’s t 
test.  All data are expressed as mean ± S.E.M. with statistical significance indicated as *P<0.05; 
n = 4 for control cases, n = 12 for MS cases. 

 

To investigate cuproenzyme functionality, SOD1 levels were measured in post-mortem spinal 

cord tissue from MS cases and showed no difference compared to control cases (Figure 7.7A), 

although levels of SOD1 activity were observed to be significantly decreased (Figure 7.7B).  This 

diminution in SOD1 activity did not equate to a significant change in SOD1 specific activity levels 

(Figure 7.7C), however, a significant decrease in SOD1 activity levels from MS spinal cord tissue 

compared to controls suggests impaired functionality.  Unsurprisingly, as was the case with 

sporadic ALS, no difference in misfolded SOD1 levels from the MS spinal cord was apparent, 

suggesting that any SOD1 impairment is unlikely to be related to misfolding (Supplementary 

Figure 11.2).  To determine whether cuproenzyme dysfunction extended beyond SOD1 in spinal 

cord tissue from MS cases, levels of ceruloplasmin (Figure 7.7D) were assessed, and showed a 

substantial elevation in contrast to control cases.  Conversely, ceruloplasmin activity levels were 

unchanged (Figure 7.7E), where this translated into ceruloplasmin specific activity being greatly 

diminished in the MS spinal cord (Figure 7.7F).   
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Figure 7.7:  Cuproenzyme dysfunction in disease affected spinal cord tissue from MS cases.  (A) 
Western blot image and densitometric quantitation of total human SOD1 levels in post-mortem 
spinal cord tissue from human MS cases.  Levels of human SOD1 were normalised to the loading 
control GAPDH and expressed relative to abundance in post-mortem spinal cord tissue from 
control cases.  (B) SOD1 activity levels in post-mortem spinal cord tissue from human MS cases.  
Levels of SOD1 activity were derived from the amount of enzymatically active SOD1 per mg 
tissue protein in each sample and expressed relative to abundance in spinal cord tissue from 
control cases.  (D) Western blot image and densitometric quantitation of ceruloplasmin levels 
in post-mortem spinal cord tissue from human MS cases.  Levels of ceruloplasmin were 
normalised to the loading control β-actin and expressed relative to abundance in post-mortem 
spinal cord tissue from control cases. (E) Ceruloplasmin activity levels in post-mortem spinal 
cord tissue from human MS cases.  Levels of ceruloplasmin activity were derived from the 
amount of holo diferric transferrin produced per minute per mg tissue protein in each sample 
and expressed relative to abundance in corresponding tissue from control cases.  (C) Specific 
activity of SOD1 in post-mortem spinal cord tissue from human MS cases.  Levels of specific 
activity were calculated as total SOD1 activity expressed relative to total human SOD1 levels 
per sample.  (F) Specific activity of ceruloplasmin in post-mortem spinal cord tissue from human 
MS cases.  Levels of specific activity were calculated as total ceruloplasmin ferroxidase activity 
(E) expressed relative to total ceruloplasmin levels (D) per sample.  Data in (A-F) were analysed 
using a two-tailed Student’s t test.  All data are expressed as mean ± S.E.M. with statistical 
significance indicated as *P<0.05; n = 4 for control cases, n = 12 for MS cases. 

 

The relatively low and chronic inflammatory nature of primary progressive MS pathology, 

coupled with limited predictors of disease progression754-757, has confounded understanding of 

the underlying disease mechanisms in the context of relapsing-remitting and secondary 

progressive forms of MS.  Furthermore, aforementioned reports of clinical and 

pathophysiological similarities between primary progressive MS and ALS897, 899-901 obfuscate the 

ability to clearly define primary progressive MS on a spectrum with other MS phenotypes, and 

may suggest some pathogenic overlap with ALS.  To better understand the pathological 

relationship between primary progressive and secondary progressive forms of MS, the relevant 

cases used in this study were stratified into these two MS subtypes.  Due to an insufficient 

number of relapsing-remitting MS cases, this subtype was not included in subsequent 

stratification analyses. 

Stratification of cases for levels of CNPase (Figure 7.8A) and MOG (Figure 7.8B) in post-mortem 

spinal cord tissue showed a non-significant decrease in the secondary progressive group, but a 

substantial decrease was seen for the primary progressive MS cases compared to controls.  

Examination of post-mortem spinal cord tissue for copper levels (Figure 7.8C) yielded significant 

decreases for both primary progressive and secondary progressive MS when contrasted with 
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control cases.  Despite the similarity in bulk copper levels, SOD1 specific activity (Figure 7.8D) 

was found to be significantly decreased only in the primary progressive MS group.  A greater 

diminishment in ceruloplasmin specific activity (Figure 7.8E) was also observed for the primary 

progressive group compared to secondary progressive group, where this decrease was 

significant for both MS subtypes relative to control cases. 

 

Figure 7.8:  Stratification of secondary progressive MS (SPMS) and primary progressive MS 
(PPMS) subtypes for copper, myelin markers and cuproenzyme function levels in post-mortem 
spinal cord tissue.  (A) Total copper levels from (7.6C) stratified into secondary progressive MS, 
primary progressive MS and control cases.  (B, C) Densitometric quantitation of CNPase (B) and 
MOG (C) western blots from (7.6A, 7.6B) stratified into secondary progressive MS, primary 
progressive MS and control cases.  Levels of CNPase and MOG were normalised to β-actin and 
expressed relative to abundance in post-mortem spinal cord tissue from control cases.  (D, E) 
Specific activity of SOD1 (D) and ceruloplasmin (E) from (7.7C, 7.7F) stratified into secondary 
progressive MS, primary progressive MS and control cases.  Levels of specific activity were 
calculated as total activity expressed relative to total protein levels per sample.  Data in (A-E) 
were analysed using a one-way ANOVA test with a Sidak’s multiple comparison post hoc test.  
All data are expressed as mean ± S.E.M. with statistical significance indicated as *P<0.05; n = 4 
for control cases, n = 5 for secondary progressive MS cases, n = 4 for primary progressive MS 
cases (n = 12 total MS cases with n = 3 of unspecified diagnosis or relapsing-remitting MS). 
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Given the purported pathophysiological similarities between primary progressive MS and ALS, 

comparative analysis was performed for all MS cases and sporadic ALS cases in comparison to 

controls.  Despite being considered separate diseases, post-mortem spinal cord tissue from 

sporadic ALS cases demonstrate considerable similarities to MS cases with regards to evidence 

of copper malfunction when compared to control cases.  Decreased levels of spinal cord bulk 

copper in sporadic ALS and MS cases compared to controls illustrates overlap between these 

two diseases (Figure 7.9A).  Furthermore, this diminution in bulk copper levels was also shown 

to translate into significantly decreased specific activity for ceruloplasmin (Figure 7.9C) 

compared to control cases.  Whilst no decrease in SOD1 specific activity was observed (Figure 

7.9B), SOD1 activity levels for sporadic ALS (Figure 5.1B) and MS (Figure 7.7B) were found to be 

significantly decreased, indicating probable impairment to SOD1 compared to controls. 

 

 

 

 

 

Figure 7.9:  Direct comparison of sporadic ALS and MS for bulk copper levels and cuproenzyme 
functionality in post-mortem spinal cord tissue.  (A) Comparison of bulk copper levels within 
sporadic ALS (5.2A) and MS (7.6C) case spinal cord tissue compared to control cases.  (B, C) 
Comparisons of SOD1 (B) and ceruloplasmin (C) specific activity levels within sporadic ALS (5.1C, 
5.1F) and MS (7.7C, 7.7F) case spinal cord tissue compared to control cases.  Data in (A-C) were 
analysed using a one-way ANOVA test with a Sidak’s multiple comparisons post hoc test and 
expressed as mean ± S.E.M. with statistical significance indicated as *P<0.05; n = 6 for control 
cases, n = 6 for sporadic ALS cases, n = 12 for MS cases. 

 

The presence of demyelination remains a hallmark feature of MS pathogenesis and disease 

progression, and was further corroborated in this study through the observation of profound 

declines in the spinal cord levels of fundamental myelin proteins such as CNPase and MOG.  

Spinal cord copper levels were also shown to be diminished in MS cases, and this corresponded 

to decreased specific activity levels for ceruloplasmin.  Furthermore, changes to myelin 

markers, copper levels and the specific activities of SOD1 and ceruloplasmin were more 

prominent in primary progressive MS, and also largely recapitulated what was observed in 
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spinal cord tissue from sporadic ALS cases.  These data provide new evidence for cuproenzyme 

dysfunction in primary progressive MS, and demonstrate commonalities between sporadic ALS 

and MS which are considered to be independent neurodegenerative diseases. 
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7.3. Summary and discussion 
 

Herein we have demonstrated cuproenzyme dysfunction related to SOD1 and ceruloplasmin in 

both mutant SOD1 mouse models of ALS and sporadic ALS cases, selective for disease affected 

CNS tissue.  Furthermore, it was demonstrated that improving spinal cord copper availability 

via hCTR1 copper transporter overexpression and CuII(atsm) treatment has restorative effects 

on spinal cord SOD1 and ceruloplasmin functionality.  Aside from the well described 

involvement of iron accumulation in ALS, oligodendrocyte dysfunction and impaired 

myelination also occur as pathological events890, 891.  In the context a SOD1G37R mouse model, it 

was demonstrated herein that a progressive age-dependent decline in levels of the myelin 

marker CNPase occurred within the spinal cord.  This decrease in CNPase levels was apparent 

specifically within the SOD1G37R mice, with no change in levels occurring in either the non-

transgenic or SOD1WT control mice.  Curiously, this progressive decline in SOD1G37R spinal cord 

levels was not observed for MOG, another myelin protein.  Examination of myelination through 

LFB imaging of spinal cord tissue also demonstrated noticeable myelin abnormalities selectively 

for the SOD1G37R mice, where this change was most prominent within the grey matter ventral 

horn region, a primary site of pathology.  These myelination abnormalities within the spinal 

cord ventral horn have previously been shown using LFB in a SOD1G93A mouse model891, 

suggesting that the observed disconnect between CNPase and MOG reflects selective myelin 

disruption.   

These outcomes for CNPase and MOG in the SOD1G37R mice were also recapitulated within the 

spinal cord tissue from sporadic ALS cases, where CNPase was significantly decreased but MOG 

was found to be unchanged.  Surprisingly, a lack of change was observed in both CNPase and 

MOG levels within the motor cortex tissue of sporadic ALS cases when compared to controls; 

although this result further illustrates the differences between the brain and spinal cord.  Given 

the links between copper deficiency and demyelination presented earlier (Chapter 6), and the 

observed myelin abnormalities in both mutant SOD1 mice and sporadic ALS cases, it was 

hypothesised that improving spinal cord copper levels would correspond to an improvement in 

myelin marker levels and myelination.  The overexpression of hCTR1 in the SOD1G37R mice, or 

treating these mice with CuII(atsm) induced a restoration in spinal cord CNPase levels.  Levels of 

MOG were also unaffected within the spinal cord tissue from SOD1G37R and SOD1G93A mice with 

hCTR1 overexpression or CuII(atsm) treatment.  Altogether, these data suggest a myelination 

problem in the spinal cord tissue from mutant SOD1 mice which is also recapitulated in cases 

of sporadic ALS.  Furthermore, these myelination abnormalities were recovered through 
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improvement of spinal cord copper levels, although this impairment does not necessarily 

equate to demyelination given the observed disconnect between changes in CNPase and MOG. 

Interpretation and corroboration of the above myelination results in the context of the 

literature is made difficult due to reports of contrasting results relating to CNPase and MOG in 

particular.  Examinations of CNPase using a SOD1G93A mouse model of ALS have previously 

shown that levels were both significantly decreased891, and unchanged890 at disease end-stage.  

Furthermore, levels of CNPase have also been found to be unchanged in both the spinal cord 

and motor cortex tissues from ALS cases891.  Investigations of MOG levels in a SOD1G93A mouse 

model have been shown to be both unchanged902, and significantly decreased891, however, it 

should be noted that this decrease in MOG was only apparent at earlier ages and not at disease 

end-stage.  This apparent discordance in the reporting of myelin protein changes is further 

confounded by the collective approach of examining the same spinal cord region, namely the 

grey matter ventral horn.  Whilst an incongruity in results is observed from the literature in 

relation to CNPase and MOG, there appears to be a consensus for significantly decreased levels 

of the myelin protein MBP concurrent with evidence of impaired myelination in both SOD1G93A 

mice and human ALS cases890, 891, 902. 

An absence of a change to particular important myelin proteins where others demonstrate a 

profound decline may seem paradoxical under conditions of oligodendrocyte dysfunction and 

death, however, in the case of ALS pathology these changes are more subtle than those 

observed in a bone fide demyelinating disease such as MS.  The presence of seemingly 

unaffected myelin proteins would conceivably preclude a basis for explaining an MBP decline 

solely in terms of oligodendrocyte death; and this is reflected in the observation of uniform 

oligodendrocyte numbers across all disease stages in a SOD1G93A mouse model890.  It was 

previously discussed (Chapter 6.1) that during oligodendrocyte development each cell passes 

through multiple stages, starting initially as a progenitor cell called an OPC.  These OPCs are 

known to express a proteoglycan called NG2 which is not observed in maturated 

oligodendrocytes612, 903, and is therefore typically used as an OPC marker.  Examinations of NG2 

positive OPCs in a SOD1G93A model demonstrated that these cells migrate in response to 

oligodendrocyte loss, then proliferate and differentiate in the spinal cord to a much greater 

extent than in non-transgenic or SOD1WT control mice890, 891, 904.  The result of this was a 

substantial increase in oligodendrocyte turnover, with new mature oligodendrocytes being 

produced to replace those that have undergone degeneration.  More significantly, although the 

number of differentiated oligodendrocytes in the spinal cord remains relatively constant across 
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disease stages, these regenerated cells exhibit significant dysfunctional characteristics.  In 

addition to aberrant morphologies, these newly generated oligodendrocytes showed impaired 

myelination and a diminished capacity to provide metabolic support, exacerbating pathology 

within the spinal cord890, 891.  Furthermore, all these changes were recapitulated in the disease 

affected motor cortex tissue from ALS cases including the sporadic form, and were directly 

implicated in motor neuron death889, 891. 

Formulating an explanation as to why CNPase and MOG were found to be differentially affected 

in ALS models and cases, as observed herein, is complicated and requires a much greater 

understanding of the function of these proteins.  Nonetheless, a key to understanding the 

disparity in these myelin protein changes may be related to distinctive localisation profiles 

within the oligodendrocytic myelin sheaths (Figure 7.10).  Whilst functionally enigmatic, both 

proteins demonstrate similar characteristics including an ability to interact with the 

oligodendrocytic myelin membrane, where MOG does so via transmembrane domains651, 905, 

and CNPase has been shown to associate with the membrane through post-translational 

modifications906, 907.  However, where MOG is a transmembrane glycoprotein expressed on the 

extracellular surface of myelin, CNPase is observed to be more diffusely located inside the 

cytoplasm of oligodendrocyte processes, as well as the membrane652.  The more pervasive 

localisation of CNPase extends to the paranodal regions of the myelin sheath as well as the 

periaxonal membrane at the myelin-axon interface652, 908.  Conversely, MOG is identified as 

being localised predominantly on the outer membrane of the myelin internode region908, 909, 

and therefore in closer proximity to the main oligodendrocytic processes extending from the 

cell body. 

As mentioned previously in the context of ALS pathology, newly formed oligodendrocytes in the 

CNS displayed abnormal morphologies, and were observed to be dysfunction with regards to 

both myelination and metabolic support890, 891.  The absence of evidence relating to paranode 

and internode involvement in ALS pathology confounds the ability to explain the selective 

disruption of myelin proteins shown herein.  Nonetheless, potential reasons for this 

inconsistency may be inferred from how paranodal and internodal regions of the myelin sheath 

change under pathological conditions also observed in ALS.  Wallerian degeneration constitutes 

a regulated induction of axonal degeneration in a similar capacity to apoptosis, with a Wallerian-

like degeneration having been implicated in the pathology of ALS910, 911.  Investigations on 

experimentally induced Wallerian degeneration have shown that the myelin paranode region 

undergoes dramatic morphological changes in concert with demyelination and degeneration912, 
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913.  Aside from Wallerian degeneration, oxidative stress and consequent oxidative damage have 

been well described in ALS pathology, and are demonstrated to have detrimental effects on 

oligodendrocyte functionality914, 915.  Under conditions of oxidative stress, oligodendrocytes 

were shown to have abnormal and disrupted paranodal structures, leaving them vulnerable to 

degeneration916. 

 
Figure 7.10:  Schematic of different myelin sheath regions and myelin proteins typically 
associated with these separate regions.  CNPase (CNP) is shown to be found localised to the 
paranodal region of the myelin sheath (PN), whereas the transmembrane MOG protein resides 
on the outer myelin surface within the juxtaparanode (JPX) but more predominantly within the 
internode (INT).  Image sourced from917. 

 

An interesting finding that resulted from examination of oligodendrocyte degeneration in ALS 

was that the loss of motor neurons in a SOD1G93A mouse model was not sufficient to induce new 

oligodendrocyte formation, whereas oligodendrocyte death and demyelination was sufficient 

to cause neuronal death891.  This outcome was supported by previous studies which 

demonstrated that selective induction of oligodendrocyte death led to axonal loss and neuronal 

damage culminating in severe motor dysfunction918, 919.  Furthermore, the selective removal of 

mutant SOD1 from motor neurons, while delaying symptom onset and extending survival, failed 

to halt phenotype development920 suggestive of non-cell autonomous pathology.  Alternatively, 

the neuron-specific expression of mutant SOD1 has been shown to be insufficient to cause 
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motor neuron pathology921, 922; although a more recent study did find diminished motor neuron 

numbers but only a mild phenotype923.   

Additional support for an oligodendrocyte role in neuronal maintenance can be found through 

investigations of CNPase homozygous and heterozygous knockout mouse models.  The removal 

of CNPase was observed to induce severe progressive motor deficits, muscle weakness and 

premature death658.  This motor function phenotype was found to be due to considerable 

axonal degeneration, most notably within the corpus callosum and the lumbar spinal cord 

regions.  Although prominent neuronal impacts were observed, curiously, myelination was 

found to be largely unaffected with only sparse abnormalities to the paranodal regions of the 

myelin sheath reported.  In the case of the CNPase heterozygous knockout model, a much 

milder phenotype was reported, with no detected impairments to motor function and only low-

grade axonal degeneration660.   

Overall, under pathological conditions, paranodal regions of the oligodendrocyte appear to be 

particularly susceptible to dysmorphism and degeneration, and since CNPase is highly localised 

in the paranode this would likely translate into diminished CNPase levels.  Moreover, this 

decline in CNPase levels need not correspond to decreased oligodendrocyte numbers as 

evinced by the lack of myelination problems in CNPase knockout mice.  It remains to be 

established to what extent the observed oligodendrocytic abnormalities in ALS pathology affect 

the paranodal myelin regions, however, the evidence provided here suggest that the paranodes 

may be affected in ALS, and that a resultant diminution of CNPase levels would negatively 

impact neuronal survival.  In this study we demonstrated that the spinal cord decline in CNPase 

levels is a progressive feature of the SOD1G37R mouse model, and is present within the spinal 

cords of sporadic ALS cases.  More importantly however, was the observation that 

improvement of copper bioavailability in the spinal cord of mutant SOD1 mice induced a 

restoration in CNPase levels.  Given the importance of oligodendrocytes in ALS pathology, and 

the illustrated myelin restoration following improved copper bioavailability, it was therefore 

proposed that pathological events observed herein for ALS may be recapitulated in MS. 

Unlike ALS, the oligodendrocyte pathology in MS is more extensive, and characterised by 

significant degeneration in concert with an inability for migrating OPCs to proliferate and 

differentiate to replace oligodendrocyte and myelin loss924, 925.  When demyelinated lesions 

were investigated, it was found that spinal cord lesions were more commonly bereft of OPCs 

compared to the brain, where this was suggestive of spinal cord lesions occurring earlier924.  The 

extent of demyelination in MS pathology has been demonstrated previously through decreased 



    

  169 
   

myelin protein levels926, 927, and this was corroborated herein through a profound diminishment 

in spinal cord levels of both CNPase and MOG.  Furthermore, axonal degeneration has been 

identified as a prominent pathological event in MS leading to progressive and permanent 

disability in patients, and is thought to be secondary to demyelination928, 929.  This involvement 

of oligodendrocyte dysfunction and axonal degeneration demonstrates pathological similarities 

between MS and ALS, whereby the paralleled decline in CNPase levels may also adversely affect 

neuronal survival as observed in CNPase knockout mice658. 

As previously discussed, the utilisation of the copper chelator cuprizone as a treatment to 

induce an MS-like phenotype in mice841, and the evidence for demyelination developed as a 

result of copper deficiency688, 690, suggests a potential role for copper in MS pathogenesis.  Given 

the above indirect evidence, and the overlap of hallmark pathogenic events described, it was 

hypothesised that the observed presence of cuproenzyme dysfunction in ALS would be 

recapitulated in cases of MS.  Bulk copper levels in the spinal cord tissue of MS cases 

demonstrated a significant decrease compared to controls, and this diminishment was also 

comparable to that observed in sporadic ALS cases.  Investigation of SOD1 showed no difference 

in total levels compared to controls, but a significant decrease in SOD1 activity; however this 

did not translate into a decrease in SOD1 specific activity.  Levels of ceruloplasmin were 

observed to be substantially elevated in MS spinal cord tissue, which occurred without a 

commensurate increase in ceruloplasmin activity levels.  In the case of ceruloplasmin, this 

discrepancy between protein levels and activity did translate into a significant decrease in 

specific activity for the MS spinal cord compared to controls.  More importantly, these 

impairments to SOD1 and ceruloplasmin cuproenzyme functionality in MS recapitulate the 

changes observed in sporadic ALS, suggesting a similarity in disease affected spinal cord 

pathology. 

Following what was observed in the sporadic ALS spinal cord, bulk iron levels were found to be 

unchanged, despite the perceived dysfunction to ceruloplasmin.  In common with ALS, 

examinations of MS patients via MRI have shown significant signal intensity changes, 

corresponding to iron accumulation within both grey matter930-932 and white matter933, 934 

regions of the brain.  Aside from the inferences of brain iron accumulation through MRI, 

histochemical examinations have shown iron deposits to be present in various cell types of the 

MS brain935, 936.  As is the case with ALS, analyses of iron in MS are focused on the brain region 

due to MRI technical limitations, and no data exist for spinal cord iron changes in cases of MS.  

Despite the absence of evidence related to the spinal cord, iron accumulation has been 



    

  170 
   

observed to occur within various CNS cells, most notably reactive glial cells874, 937 in common 

with ALS214.  Elemental changes in the MS spinal cord also extended beyond copper, with 

phosphorus and magnesium levels observed to be significantly decreased compared to 

controls. 

Previous examination of magnesium in MS cases demonstrated a significant decrease in levels 

across various CNS and peripheral tissues, with the most marked decrease observed in the 

demyelinated white matter regions of the brain938.  Whilst still controversial, evidence has 

shown that intestinal magnesium absorption may be dependent upon vitamin D939.  As 

discussed previously (Chapter 6), vitamin D deficiency has been linked with MS as a potential 

risk factor804, 805 and may indicate a connection between magnesium and vitamin D levels in MS.  

Magnesium is necessary for the regulation of a variety of different enzymes, where magnesium 

deficiency leads to multiple symptoms including muscle weakness, ataxia and osteoporosis940.  

The manifestation of osteoporosis is also a commonly recognised symptom of MS disease 

progression, and is thought to be potentially related to vitamin D deficiency941, 942.  Another 

possible cause for osteoporosis in MS may stem from the use of immunosuppressant drugs for 

acute attacks, however, given the frequency of their use evidence appears to suggest that 

osteoporosis develops independently943, 944.  Aside from symptoms such as osteoporosis, 

magnesium deficiency has been shown to affect myelination through the presence of less 

myelinated axons and noticeably thinner myelin sheaths in the optic nerve945.  Ultimately, the 

role of magnesium in MS pathogenesis remains unknown, however, the presence of magnesium 

deficiency in MS cases may exacerbate CNS demyelination.   

With regards to phosphorus, little information exists in the context of MS, and how a diminution 

in levels may relate to pathogenesis is unclear.  One possibility is that a decrease in phosphorus 

levels is the result of treatment with high dose corticosteroids, which a proportion of the cases 

may have taken, where studies have reported this to lead to a decrease in serum levels 

concurrent with increased urinary secretion of phosphorus946, 947.  Another explanation may lie 

in the finding that a deficiency in vitamin D leads to an attenuation in dietary absorption of 

phosphorus, and that calcium absorption is decreased even more so948, which may be relevant 

to the development of osteoporosis amongst MS patients. 

A major confounding factor in the understanding of MS pathogenesis relates to the primary 

progressive subtype, which hitherto eludes explanation based on fundamental pathological 

divergence from other MS subtypes.  Primary progressive MS differs from the relapsing-

remitting subtype in that it characterised by an unrelenting disease progression in the absence 
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of acute symptomatic attacks or overt inflammation949, 950.  On the face of it, these significant 

pathological differences would give good reason for supposing that primary progressive and 

relapsing-remitting MS represent distinct diseases.  However, the fact that relapsing-remitting 

MS frequently transitions into a progressive disease state called secondary progressive MS 

complicates matters further, where both primary and secondary progressive MS share 

clinicopathological similarities, yet maintain clear differences as well950, 951.  This distinction 

between MS subtypes is moreover emphasised through consideration of the available 

therapeutic treatments, where efficacy is greatest in relapsing-remitting MS and lower in 

secondary progressive MS, with no efficacious treatments existing for primary progressive MS.  

While mechanistic advances have been made in relapsing-remitting MS, particularly relating to 

inflammation, these have not translated to primary progressive MS where pathogenesis is 

largely unknown949, 950.   

The presence of lesions in the absence of increased lymphocyte infiltration952 has meant that 

the pathogenic focus of primary progressive MS has branched away from focusing solely on 

immune system changes, and moved towards the implications of mitochondrial dysfunction953-

955, oxidative damage956, 957 and iron accumulation874, 958.  Although primary progressive MS is 

still recognised as a subtype of MS, there is debate about how it relates to the relapsing-

remitting subtype, and whether independent neurodegenerative components may distinguish 

these subtypes755.  Nonetheless, primary progressive MS presents with early 

neurodegeneration to motor function regions of the spinal cord leading to severe locomotor 

impairments959, much like ALS.  This early and progressive neurodegeneration of regions 

responsible for motor function leads to clinical manifestations that resemble those observed in 

ALS897, albeit, distinguishable through MRI detection of CNS plaques.   

In rare instances, case reports have also described the apparent concurrence of both primary 

progressive MS and ALS within a single patient901, 960, giving insight into pathogenic overlap 

between these independent diseases.  One of these case reports demonstrated clinical positives 

for tests used to diagnose both MS and ALS, where the patient was also negative for recognised 

familial ALS mutations indicating sporadic ALS901.  The other case report also recorded clinical 

positives for both diseases, but interestingly showed TDP-43 positive intracytoplasmic 

inclusions within the ventral horn motor neurons of the cervical and lumbar spinal cord 

regions960.  In addition to above pathological evidence for overlap between MS and ALS, in this 

study we extended the commonalities to cuproenzyme dysfunction and impaired myelination.  

As a result of these observed pathogenic similarities, we stratified MS cases into secondary 
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progressive MS (developed from relapsing-remitting MS) and primary progressive MS, 

hypothesising that impaired spinal cord copper bioavailability and cuproenzyme dysfunction 

would be more pronounced in primary progressive MS cases. 

The progressive forms of MS are characterised by diffuse injury to white matter and cortical 

grey matter961, 962, although pathology appears to be much more pronounced within the spinal 

cord of primary progressive MS cases963, 964.  When stratified, it was observed that primary 

progressive MS cases had lower levels of both CNPase and MOG myelin proteins compared to 

secondary progressive MS, implying greater pathology of spinal cord myelin.  Furthermore, 

these changes were seen in concurrence with diminished spinal cord levels of copper which 

corresponded to more pronounced impairments in both SOD1 and ceruloplasmin functionality.  

The data herein thus indicate both a pathogenic overlap between the two progressive subtypes 

of MS, whilst also highlighting distinctiveness based on the extent of impaired copper 

bioavailability and cuproenzyme functionality.  In addition to providing evidence for a novel 

mechanism of MS pathogenesis, this study illustrates a potential disease mechanism with 

regards to the poorly understood primary progressive subtype. 

Differentiation between ALS and MS is to a large extent based on the descriptors of selective 

motor neuron degeneration in the case of ALS, and autoimmune disease for MS.  However, 

aside from the presence of myelination abnormalities and oligodendrocyte dysfunction 

described above, ALS has also been shown to possess pathological events characteristic of MS 

such as T cell infiltration965-968 and autoimmune antibody production969-974.  Conversely, in 

conjunction with axonal degeneration also described above, pathological events associated 

with ALS have also been implicated in MS including proteinaceous aggregate formation975-977 

and excitotoxicity978-980.  Whilst ALS and MS show some clear distinctions, many of the 

underlying pathologies appear to be involved to a certain degree in both diseases.  In this study 

we have provided evidence for further overlap and a potential pathogenic mechanism related 

to cuproenzyme dysfunction that may underpin both of these neurodegenerative diseases.  

Moreover, in the final chapter we will lay out how copper malfunction and cuproenzyme 

dysfunction may play a broader role in explaining downstream events of ALS and MS with 

relation to the data presented herein. 
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8. Final discussion and concluding remarks 
 

Understanding the pathogenesis of neurodegenerative diseases is a tortuous process, 

confounded by the multifarious and distinct pathological processes that have been implicated.  

In this study, we have established evidence of a role for impaired CNS copper bioavailability and 

cuproenzyme dysfunction in both sporadic ALS and MS pathogenesis.  However, given the 

complexity of copper metabolism and regulation pathways, any copper malfunction pathology 

is likely to extend beyond SOD1 and ceruloplasmin and encompass various other integral 

cuproenzymes.  As discussed above, functional impairment of ceruloplasmin leads to disruption 

of iron metabolism, where observed iron accumulation in the brain may represent a down-

stream consequence of impaired CNS copper bioavailability.   

Comparatively, additional pathological events identified in both ALS and MS could result from 

impaired copper bioavailability leading to dysfunction of other cuproenzymes.  In mutant SOD1 

mouse models of ALS, a mechanistic basis for impaired copper bioavailability may be reasoned 

through the overexpression of dysfunctional SOD1 leading to a copper malfunction and an 

insufficient supply of copper to other cuproenzymes.  This, however, is not the case for sporadic 

ALS or MS where SOD1 is neither mutated nor overexpressed, and the underlying mechanisms 

remain unknown.  Nonetheless, the observation of impaired copper bioavailability in the spinal 

cord from both sporadic ALS and MS cases would suggest that other cuproenzymes are 

adversely affected, and that examination of these enzymes may further elucidate pathogenesis. 

The extent of cuproenzyme dysfunction is likely to depend on cellular location and copper 

binding affinity related to the individual protein or the relevant copper chaperone, where this 

is exemplified by the absence of an observed change to CCO in mutant SOD1 mice.  As the family 

of cuproenzymes encompasses a broad range of functions (Table 8.1), impairment to a 

proportion of these proteins would therefore be thought to precipitate various pathological 

events.  In contrast to the systemic pathologies observed in disorders such as Menkes disease, 

ALS and MS are characterised by selective damage to the CNS, meaning that peripherally 

localised cuproenzymes are unlikely to be affected.  Peptidylglycine α-amidating 

monooxygenase (PAM) is a bifunctional cuproenzyme found in neurons, as well as in glial cells 

to a lesser extent981, and is responsible for performing functional post-translational 

modifications involving amidation on over half of known neuropeptides982-984.  Localisation of 

PAM has been demonstrated to occur predominantly within the trans-Golgi network and 

secretory vesicles, where it can exist in both soluble and integral membrane forms983, 985.  A 
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number of these bioactive neuropeptides requiring PAM catalysis have neuroprotective 

properties (Table 8.2), and demonstrate capacities to modulate inflammation, protect against 

neuronal apoptosis, and facilitate glial cell responses to injury amongst many other actions986, 

987. 

 

Table 8.1:  List of recognised cuproenzymes and physiological functions including SOD1, 
ceruloplasmin and CCO examined in this study. 

 

Using a mouse model of Menkes disease, it was shown that a mutation to the Atp7a gene led 

to decreased levels of amidated proteins catalysed by PAM, and that this decrease occurred 

despite normal PAM protein levels296.  Since ATP7A is thought to be required for copper 

metallation of PAM296, 988 and copper loading is necessary for PAM enzymatic activity, this 

suggests that impaired copper bioavailability due to ATP7A mutations leads to diminished PAM 

functionality.  The current literature shows no direct examination of PAM in the context of ALS, 

and information can only be partially gleaned through evidence of changes to the 

neuropeptides that interact with PAM.   

One peptide target of PAM, called pituitary adenylate cyclase-activating polypeptide (PACAP), 

was knocked out of a SOD1G93A mouse model to examine its neuroprotective properties, yet 

interestingly these mice showed an extension in survival989.  Whilst this depletion of PACAP 

within the SOD1G93A mice led to a decrease in sympathetic and parasympathetic motor neurons, 

the somatomotor neurons related to the disease affected ventral horn were unaffected.  

Cuproenzyme Biological function 

Superoxide dismutase 1 (SOD1) - Antioxidant 

Ceruloplasmin 
- Systemic copper trafficking 
- Iron metabolism and efflux 

Cytochrome c oxidase (CCO) - ATP synthesis within the 
mitochondrial ETC 

Peptidylglycine α-amidating monooxygenase 
(PAM) 

- Activation of neuropeptides 

Lysyl oxidase (LOX) - Extracellular matrix (ECM) 
stabilisation 

Dopamine β-hydroxylase (DβH) - Synthesis of noradrenaline from 
dopamine 

Tyrosinase - Melanin synthesis 
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Contrarily, the treatment of SOD1G93A rats with an analogue of another PAM target, vasoactive 

intestinal peptide (VIP), delayed locomotor impairment and greatly extended survival 

compared to sham treated rats990.  In the context of ALS cases, levels of VIP in the CSF were 

found to be significantly decreased991 where this was ascribed to potential motor neuron death; 

however this remains to be elucidated. 

 
Table 8.2:  A non-exhaustive list of key neuropeptides that become bioactive following post-
translational amidation by PAM.  These proteins are involved in a wide range of different 
functions including neurotransmission, neuromodulation, inflammation, immune system 
response, pain and hormonal actions.  This list only describes some of the basic functions of 
these neuropeptides where overlap in function is common.  

 

Assessment of PAM in MS pathogenesis is limited to one study992, which reported a significant 

increase in activity levels of the CSF, and was also proposed to be the result of PAM-containing 

cell death.  Using an EAE model of MS, studies have demonstrated that treatment with 

exogenous VIP993, 994 or PACAP995 significantly ameliorates disease pathology and acts to 

suppress CNS inflammation.  Within the CSF of MS cases, PACAP has been found to be 

significantly decreased996, whereas VIP was observed to only display a trend towards a 

PAM neuropeptide target Biological function 

Pituitary adenylate cyclase-activating 
polypeptide (PACAP) 

- Neurotransmitter and 
neuromodulator 

- Neuroprotection 
- Immunological modulator 

Vasoactive intestinal peptide (VIP) 

- Neurotransmitter and 
neuromodulator 

- Immunological modulator 
- Circadian rhythm  

Corticotropin-releasing hormone (CRH) - Stress response neurotransmitter 
- Immunological modulator 

Oxytocin - Neuromodulator of the 
hypothalamic-pituitary-adrenal axis 

Substance P 
- Neurotransmitter and 

neuromodulator 
- Inflammation and pain response 

Vasopressin 
- Neuromodulator of the 

hypothalamic-pituitary-adrenal axis 
- Blood pressure regulation 
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decrease996, 997.  The above evidence demonstrates that peptide targets of PAM may play a role 

in both ALS and MS pathogenesis, although whether PAM is directly involved is unknown.   

The sole examination of PAM in these diseases was isolated to the CSF, however, a 

combinatorial analysis of both protein levels and activity within disease affected tissue is likely 

to be more informative.  Furthermore, changes to PAM peptide targets such as VIP and PACAP 

were again assessed exclusively within the CSF of ALS and MS cases.  Due to the multifarious 

biological roles for VIP and PACAP998, and the complex interplay of pro-inflammatory and anti-

inflammatory mediators in pathology, treatment with, knockout or knockdown of, one of these 

peptides is unlikely to produce an accurate picture of mechanism.  Analysing bulk levels of PAM 

targeted neuropeptides also may not reflect changes in PAM function since PAM acts to 

amidate these peptides to modulate functionality, and may not affect total levels.  Therefore, 

individual peptides should be measured for both total levels and amidation levels in order to 

properly investigate the potential down-stream consequences of PAM impairment. 

Another enzyme of interest in the context of copper regulation is myeloperoxidase (MPO), a 

heme peroxidase which is primarily responsible for the production of highly reactive oxidants 

in response to infection999.  Unlike the previously discussed cuproenzymes, MPO is inhibited in 

a concentration-dependent fashion through interaction with copper, where copper ions are 

thought to potentially induce a conformational change in MPO resulting in reversible 

inactivation1000.  Considering the involvement of MPO in host defense, it is typically found in 

neutrophils1001 and macrophages1002, where it is considered to be a lysosomal protein1003; 

however, MPO is also expressed in microglia1004, astrocytes1005 and neurons1006.   

Reactions between H2O2 and halides catalysed by MPO typically lead to the production of 

hydrochlorous acid and hydrobromous acid (Figure 8.1), which are highly reactive species in the 

immune defense arsenal999.  However, under pathological conditions the production of these 

oxidants can induce considerable cellular damage through adverse modifications to proteins 

and lipids capable of prompting apoptosis1007.  In addition to these reactions, it has been shown 

that MPO can interact with nitrite (NO2-) leading to the nitration of tyrosine residues1008, and in 

the presence of peroxynitrite (ONOO-) is capable of promoting tyrosine phenol nitration1009.  

Although the interaction and conversion of MPO with reactive nitrogen species presents a 

possible pathogenic mechanism, recent evidence suggests that both NO2- and ONOO- may also 

act to inhibit MPO1010. 
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Figure 8.1:  Simplified schematic illustrating the production of hydrochlorous acid (HOCl) and 
hydrobromous acid (HOBr) by myeloperoxidase (MPO) and the downstream consequences 
related to pathology.  (A) Release of MPO by neutrophils and macrophages in response to 
pathogenic insult leads to the production of HOCl and HOBr from hydrogen peroxide (H2O2) to 
typically combat pathogens, but this can also induce unwanted damage such as lipid 
peroxidation.  The enzyme NADPH oxidase produces superoxide radicals (O2

-) to target 
pathogens, where these radicals can be transformed into H2O2 by SOD1.  (B) MPO is able to 
interact with nitrite (NO2

-) leading to the creation of nitrotyrosine residues indicative of nitrative 
damage.  Image (B) adapted from1011. 

 

Even though no information is available on MPO in ALS, it has been reported that elevated levels 

of activated MPO were found in disease affected regions of the AD brain1006, whilst therapeutic 

inhibition or genetic ablation of MPO also attenuated pathology in PD patients1012 and a mouse 

model of PD1005, respectively.  In contrast to ALS, a potential pathogenic role for MPO has been 

investigated in MS through both the EAE model of the disease and human cases.  Induction of 

EAE using a MOG epitope1013 led to a significant decrease in hippocampal neuron survival, which 

occurred in tandem with elevated MPO activity and nitric oxide metabolites, particularly in the 

form of NO2-.  Inhibition of MPO in the EAE model has also been shown to restore BBB integrity, 

ameliorate neuronal damage, decrease demyelination and attenuate inflammatory cell 

recruitment within the CNS1014, 1015.  Whilst the above evidence highlights a role for MPO in MS 

pathogenesis, MPO also appears to play a function in neuroprotection as evinced by MPO 

deficient mice demonstrating a marked increase in susceptibility to severe paralysis following 

EAE induction1016.   

 

 

A B 
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Association studies on MPO polymorphisms in MS cases have yielded conflicting conclusions 

with evidence of both a positive association1017, 1018, and no association1019, 1020 reported.  An 

investigation of post-mortem brain tissue from MS cases showed that cortical demyelination 

was associated with significantly increased MPO activity, and also corresponded to MPO 

detection within microglia around lesion sites1004.  This study corroborated another which also 

found the greatest MPO staining within microglia and macrophages around brain lesion areas 

of MS cases, particularly for a later disease stage active lesion1021.  Of further interest was the 

finding that a genotype relating to higher MPO expression was overrepresented in the female 

population, which was considered a possible reason for a female bias in MS; however this 

requires confirmation with a greater cohort of cases. 

The above evidence implicates MPO in neurodegenerative disease pathogenesis, yet whereas 

inhibition of MPO ameliorates pathology in an EAE model the genetic ablation of MPO appears 

detrimental, suggesting that a fine balance in MPO modulation is imperative.  One such 

molecular modulation of MPO involves ceruloplasmin, which can bind directly, leading to 

inhibition of MPO activity whilst its own activity remains unaffected1022, 1023.  This inhibition by 

ceruloplasmin has been established to occur in a dose-dependent fashion1022, and the resultant 

protein-protein interaction leads to the inaccessibility of bonds in ceruloplasmin prone to 

proteolysis, therefore conferring protection by MPO1024.  Once translated, the nascent form of 

ceruloplasmin exists in an unstable state, where a failure to properly metallate with copper 

leads to rapid degradation1025.  The binding of copper to ceruloplasmin induces important 

conformational changes, with all six copper atoms required to achieve the final structural 

conformation1026.  Interactions between ceruloplasmin and MPO are thought to involve a 

complex assembly of contact sites1027, and a change in conformational shape could conceivably 

abolish the ability of ceruloplasmin to inhibit MPO.  Under conditions of impaired copper 

bioavailability, the presence of insufficiently metallated ceruloplasmin may then prove 

incapable of inhibiting MPO activity.  Moreover, since copper has been shown to be required 

for MPO inhibition, this could potentially represent a dual loss of MPO modulatory mechanisms 

resulting in pathologically overactive MPO. 

Aside from the roles of CNS based cells and relevant cuproenzymes in the context of 

neurodegenerative diseases, the extracellular matrix (ECM) represents a contiguous network of 

molecules engaged in multiple functions including structural, regulatory and signaling 

support1028.  The CNS derived ECM largely consists of various dynamic glycoproteins1028, 1029 

(Figure 8.2) and shows deterioration in many different neurodegenerative diseases, although 
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research has been largely focused on the involvement of matrix metalloproteinases (MMPs)1030.  

One key regulator of the ECM is the cuproenzyme lysyl oxidase (LOX) which is responsible for 

the cross-linking reactions of elastin and collagen that act as two important scaffold 

components of the matrix assembly1031.  In addition to LOX, four related cuproenzymes have 

been reported called lysyl oxidase-like proteins (LOXL1-LOXL4) that differ partly in tissue 

distribution but overlap in primary function1032; however this discussion will only focus on LOX 

for simplicity.  LOX itself is diffusely expressed and observed to be primarily localised within the 

ECM as well as inside the cell1033, 1034, where it is found in both astrocytes and neurons of the 

CNS1035, 1036.  Whilst the role of LOX in relation to the ECM has been well established, the 

intracellular function of LOX is unclear, but thought to involve transcriptional regulation within 

the nucleus1037, 1038. 

Figure 8.2:  Schematic of the extracellular matrix (ECM) and cells of the CNS.  Both collagen IV 
and fibronectin represent two important components of scaffolding that constitutes the ECM.  
Lysyl oxidase (LOX) is a cuproenzyme that is utilised in the assembly of ECM components where 
it directly interacts with collagen IV and fibronectin.  Image sourced from1039. 

  

Examination of ALS related LOX changes have demonstrated an elevation of protein levels in 

the spinal cord, and stronger immunohistochemical staining in CNS sections from SOD1G93A 

mice1034.  Concomitant with the increase in LOX protein, activity levels were also observed to be 

increased; however this was only performed using brain tissue.  The above study was supported 

by the detection of significantly elevated levels of LOX mRNA transcripts within the lumbar 

spinal cord region of ALS cases1040.  In the context of MS pathogenesis no literature is available 
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on LOX involvement, although in AD it was shown that plaques were immunopositive for LOX 

and were characterised by higher LOX activity levels1035, 1041.  Conversely, in Menkes’ disease the 

levels of LOX mRNA, protein and activity levels are observed to be significantly decreased1042-

1044 due to the inability for ATP7A to metallate LOX.  The opposing changes to LOX between 

Menkes’ disease and other neurodegenerative diseases results in contrasting phenotypes, with 

a loss of connective tissue integrity680, 1045 and CNS lesion scar formation1046 observed, 

respectively.  Overall, the impact of LOX in neurodegenerative diseases remains understudied, 

however, catalytically active LOX up-regulation may indirectly explain some hallmark 

pathogenic features of ALS and MS. 

Since a major function of LOX activity involves the cross-linking of the ECM protein collagen 

IV1047, aberrations in the structural organisation of collagen IV assembly may represent a 

consequence of pathological LOX changes.  Studies on changes in collagen IV have been 

contrasting, with initial investigations finding fragmentation and a decrease in levels within the 

spinal cord of ALS cases1048, 1049, although levels were found to be increased in glial cells from 

spinal cord tissue of SOD1G93A mice1049.  Contrarily, subsequent examinations of sporadic ALS 

brain stem and spinal cord regions have shown significant accumulations of collagen IV 

compared to controls1050, 1051.  A possible explanation for these disparate observations is that 

MMPs responsible for degradation of the ECM are also seen to be upregulated in a wide range 

of neurodegenerative diseases1030.  This enhanced breakdown of the ECM by MMPs in response 

to inflammation includes targeted degradation of collagen IV1052, and as result levels and 

organisation of collagen IV may change based on shifts in the balance between collagen IV 

consolidation by LOX and degradation by MMPs.  In relation to MS, both active and chronic 

lesions have been observed to present with an accumulation of dense collagen IV networks 

associated with pathological ECM alterations1053, 1054.  Furthermore, the analysis of serum 

samples from patients with clinically isolated syndrome showed that high levels of collagen IV 

autoantibodies correlated strongly with increased risk of developing MS1055.  Beyond collagen 

IV, a variety of different members make up the collagen family, a proportion of which are 

localised to the CNS and participate in multiple functions, as well as being implicated in 

neurodegenerative diseases1056. 

Aside from direct substrates of LOX such as collagen IV, the ECM based glycoprotein fibronectin 

has also been demonstrated to bind direct with LOX, where this high affinity interaction is 

thought to play a vital role in acting as a scaffold for enzymatically active LOX1057.  Fibronectin 

participates in a wide range of functions that also include promoting cell survival and 
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proliferation1058, and is localised to fibroblasts, endothelial cells, microglia and astrocytes of the 

CNS1059-1061.  Further in common with LOX, the presence of fibronectin matrices has been 

established as critical for the assembly of collagen networks through direct interactions, where 

inhibition of fibronectin matrix formation prevents the deposition and organisation of 

collagen1062-1064.  In addition to acting as a scaffold for LOX, the binding of fibronectin has been 

shown to be crucial for proteolytic activation of LOX1057, and conversely, the knockdown of LOX 

attenuates fibronectin expression1065, thereby demonstrating a mutual reliance.  The dynamic 

formation of a collagen-fibronectin matrix occurs as a repair mechanism in wound healing, 

however, excessive deposition can become pathological leading to impaired regeneration and 

fibrotic scarring of the CNS in neurodegeneration1066. 

Despite the close interactions with collagen molecules in the ECM, information on fibronectin 

in ALS pathogenesis is lacking, and an elevation may only be supposed from the reported 

accumulation of fibronectin near sites of denervation1067, 1068, and in cell culture models1069.  

However, examinations of MS cases were able to identify an elevation in dense fibronectin 

networks of the ECM, which were predominantly localised to active lesions of the CNS1053, 1070.  

A subsequent study also found elevated levels of fibronectin in lesions from MS cases, but this 

elevation was observed to be due to fibronectin aggregation present within demyelinating 

lesions1061.  Additionally, it was reported that astrocytes were at least partly responsible for the 

production of these aggregates within an EAE rat model, and that these aggregates also 

inhibited oligodendrocyte differentiation and remyelination.   

Despite the inhibitory effect of fibronectin on myelination, it has been reported that specific 

domains on fibronectin secreted by astrocytes act to promote OPC proliferation, although this 

was not sufficient to ensure successful remyelination1071.  The ability of fibronectin to promote 

OPC proliferation appears to be counteracted by reported fibronectin interference in myelin 

protein trafficking, resulting in inhibition of oligodendrocyte maturation and consequent 

impairment of myelination1072.  These actions by fibronectin may act to partly explain the 

insufficiency of fully matured oligodendrocytes in ALS890 and MS1073 in spite of adequate OPC 

differentiation, at least during early disease stages. 

Overall, the above evidence suggests that changes to LOX, collagen and fibronectin are 

intertwined, and occur as a result of CNS damage with the intention of undertaking attempted 

repair mechanisms for the ECM.  These actions, although initially neuroprotective, are likely to 

exacerbate pathology in the long term with dense networks of ECM components resulting in 

lesion scarring and fibrosis.  In addition to changes to the ECM, increased permeability and 
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deterioration of the BBB are also well established hallmark features of both ALS1074 and MS1075.  

Given the structural and physiological relationship between the BBB and the ECM, changes to 

constituents of the ECM such as collagen and fibronectin have a direct effect on the BBB and 

may exacerbate pathology1076, 1077.  In response to a neuropathological insult, collagen and 

fibronectin are secreted concomitantly with an up-regulation of enzymatically active LOX to 

initiate reparative changes to the ECM.  Given the slow copper turnover rate of the CNS, in 

conjunction with its inability to satiate elevated copper requirements demonstrated herein, an 

up-regulation of LOX could conceivably siphon off more copper from an already limited 

available pool.  It follows that the consequent funnelling of copper may adversely affect the 

functionality of other cuproenzymes, including SOD1 and ceruloplasmin.  Ultimately, the role of 

LOX in neurodegeneration remains to be elucidated, although reported evidence suggests LOX 

involvement in pathology. 

As previously discussed, copper deficiency is known to induce hypomyelination690, 693, yet the 

mechanism through which myelination is regulated by copper remains unknown.  Findings of 

impaired CCO activity in the animal copper deficiency pathology, called swayback1078-1080, led to 

postulation that copper deficient CCO may be responsible for myelin disruption690, 1081.  

However, evidence is inconsistent for an impairment of CCO in ALS428, 1082 and MS887, 888, as well 

as Menkes’ disease677, 678, 1083, 1084, which is a bone fide systemic copper deficiency disorder; 

although in the case of Menkes’ disease the totality of evidence leans towards CCO impairment.  

Any aberrations to copper bioavailability in ALS are likely to be relatively subtle, where in this 

study we observed no change in CCO activity from the spinal cord tissue of SOD1G37R mice, 

despite significant myelination abnormalities from mice of the same age.  The transmethylation 

cycle is responsible for producing methyl groups utilised in post-translational modifications of 

various substrates, including myelin proteins1085, 1086.  A key part of this cycle involves a 

collection of enzymes (Figure 8.3) purposed for the recycling of homocysteine and methionine 

in order to create the necessary methyl groups1087, 1088.  The impact of copper on the 

transmethylation cycle is hitherto unclear, however, the involvement of this cycle in 

neurodegenerative disease and connection to copper may prove to be important to 

understanding the pathogenic mechanisms, and as such, these relationships will be expanded 

on in the following sections. 

One primary substrate used within the transmethylation cycle is folic acid, a vital yet 

exogenously sourced vitamin that is absorbed by the intestine, and then metabolised in the 

liver before being transported through the bloodstream where it is subsequently taken up by 
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cells via folate receptors1089, 1090.  A crucial step in the metabolism of folic acid involves catalysis 

by the enzyme 5,10-methylenetetrahydrofolate reductase (MTHFR) into 5-

methyltetrahydrofolate (MTHF), which is the biologically active form of folic acid, and a 

requisite cofactor in the transmethylation cycle1091.  An early finding of MTHFR deficiency in 

patients demonstrated a decrease in levels of folate, methionine and s-adenosylmethionine 

(SAM), with a concomitant increase in homocysteine levels1092.  These changes were indicative 

of transmethylation cycle impairment, and as a result, the patients presented with severe 

neurological deficits in combination with hypomyelination at an early age.  More recently, 

mutations to the folate receptor alpha (FRα) were characterised by extremely low levels of 

MTHF within the CSF of patients, where this was found to induce both neurological deficits and 

substantial hypomyelination1093.  This cerebral folate deficiency, in tandem with 

hypomyelination, caused by FRα mutations was corroborated subsequent further cases1094, and 

treatment with a folic acid derivative was shown to restore impairment of the transmethylation 

cycle leading to clinical improvements1093, 1094. 

 
Figure 8.3:  Basic schematic of the transmethylation cycle.  The enzyme 5-10-
methylenetetrahydrofolate reductase (MTHFR) creates an active form of folate (5-MTHF) which 
is used by methionine synthase (MTR) to recycle homocysteine into methionine.  The enzymes 
methyl adenosyltransferase (MAT) and s-adenosylhomocysteine hydrolase (SAHH) are tasked 
with turning methionine back into homocysteine.  This part of the cycle involves the transferal 
of a methyl group from s-adenosylmethionine (SAM) to target protein or DNA substrates by 
various methyltransferases (MTs).  Vitamin B12 is a vital cofactor within the transmethylation 
cycle and is required by MTR for catalysis of homocysteine to methionine. 
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The recycling of homocysteine and methionine substrates in the transmethylation cycle is 

fundamentally regulated by three enzymes called methionine adenosyltransferase (MAT), s-

adenosylhomocysteine hydrolase (SAHH) and methionine synthase (MTR).  Initial work using an 

inhibitor of MAT showed that upon treatment, mice developed motor axon degeneration 

secondary to vacuolation of myelin sheaths within the CNS1095.  These pathologies of the CNS 

were observed to become more severe over time, occurring in concurrence with declining levels 

of SAM and rising levels of methionine, highlighting an impairment of the transmethylation 

cycle.  Analyses of individuals with loss of function mutations to MAT were also found to present 

with high methionine levels, and showed substantial neurological impairments in addition to 

demyelination1086.  Several studies on SAHH loss of function mutations have been performed1096-

1098, with consistent findings of elevated levels of s-adenosylhomocysteine (SAH), SAM and 

methionine in parallel with psychomotor abnormalities and impaired myelination. 

The influx of methyl groups into the transmethylation cycle stems from the catalysis of MTHF, 

and this reaction is performed by the enzyme MTR leading to the production of methionine1099.  

It has been demonstrated that MTR is inhibited by nitrous oxide, incurring an elevation of 

homocysteine levels and significant myelin degeneration relating to transmethylation cycle 

impairment1100, 1101.  A subsequent study on loss of function mutations to MTR also reported an 

accumulation of homocysteine1102, which as stated above, is implicated in demyelination1103.  

Extending beyond enzymes described in the methionine-homocysteine recycling pathway, the 

substrate SAM acts as the methyl group donor for the transmethylation reaction catalysed by 

various methyltransferase enzymes1104.  Using a CNS-specific protein arginine 

methyltransferase 1 (PRMT1) conditional knockout mouse model, it was shown that severe 

hypomyelination arose, with levels of MAG, MBP and CNPase found to be significantly 

decreased as a consequence1105.  Despite profound oligodendrocyte impairment being 

reported, neuronal and astrocytic markers were unchanged which suggests that 

methyltransferases are critical for mature oligodendrocyte development.  In totality, the 

evidence above illustrates the fundamental importance of the transmethylation cycle in 

neurological development, axonal survival and oligodendrocytic function. 

In patients with ALS, plasma levels of folate were found to be significantly decreased compared 

to controls, and this was observed concurrently with elevated levels of homocysteine1106.  This 

accumulation of plasma homocysteine was corroborated by another study, and occurred in 

parallel with increased CSF homocysteine levels1107.  Moreover, plasma levels of methionine 

were reported to be significantly decreased compared to controls1108, 1109, further highlighting a 
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potential disruption of the transmethylation cycle.  In terms of enzymatic changes to the 

transmethylation cycle, limited evidence is available in the literature, with an investigation of 

MAT activity in sporadic ALS cases yielding a significant increase in erythrocytes, although this 

was not paralleled in the spinal cord1110.   

Considering the location of MAT in the transmethylation cycle, it may not be expected that MAT 

would show much difference in activity levels with examinations of MTR and SAHH potentially 

being more informative.  The treatment of SOD1G93A mice with folic acid significantly prolonged 

survival, where phenotypic improvement was observed to occur concomitantly with decreased 

plasma homocysteine levels and attenuated motor neuron loss1111.  Validation of folic acid 

treatment in healthy humans has been performed, and demonstrated that oral 

supplementation led to decreased plasma homocysteine levels in addition to an increase in the 

methionine transmethylation rate1112.  Furthermore, treatment of SOD1G93A mice with SAM 

supplements also displayed motor neuron protection leading to delayed symptom onset, 

although survival was not found to be extended1113. 

Examination of plasma samples from MS patients exhibited increased levels of homocysteine, 

in common with ALS cases, yet folate levels were observed to be unchanged1114, 1115.  However, 

measurement of folic acid levels in the bloodstream may not be particularly informative about 

transmethylation cycle impairments.  This is evinced by a study using a SOD1G93A mouse model 

of ALS, which demonstrated that folic acid levels were only decreased in plasma and CNS tissue 

at end-stage, whereas MTHF levels were decreased from as early as the pre-symptomatic 

stage1116.  This may explain a lack of change in folate levels observed in MS patients, as these 

patients were at different stages of disease progression where a decline in folate, as opposed 

to MTHF, may only arise at disease end-stage.  Additional support for a role of decreased MTHF 

levels in MS pathogenesis can be found in association studies, where polymorphisms to the 

MTHFR gene have been shown to confer an increased risk of developing MS1117, 1118; however 

other studies have also found no associated risk1119, 1120.  Since MTHFR is required for production 

of MTHF used in the transmethylation cycle, it may be thought that polymorphisms leading to 

decreased MTHFR activity could be a susceptibility factor.  Conversely, MTHFR functionality may 

prove to be less important to MS susceptibility than aberrations to other enzymes involved in 

the transmethylation cycle.   

When MS cases were stratified, it was determined that primary progressive MS had the highest 

plasma homocysteine levels followed by secondary progressive MS, and relapsing-remitting MS 

cases were unchanged1121.  Plasma changes were not limited to homocysteine, with methionine 
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levels observed to be decreased in MS patients, where the greatest decline was observed within 

the primary progressive cases.  Surprisingly, levels of SAM in the plasma were substantially 

elevated in MS cases compared to controls, and again, primary progressive MS cases were 

shown to be the most affected.  In contrast with results derived from the plasma, a recent study 

reported that in the cortical grey matter from MS cases the levels of SAM were observed to be 

significantly decreased1122.  These distinctions may potentially be explained by the differences 

between the disease affected CNS tissue and the peripheral blood, since changes in pathological 

CNS tissue will not necessarily also be seen peripherally.  Nonetheless, in the context of MS and 

ALS more rigorous analyses of the transmethylation cycle constituents needs to be performed, 

with particular emphasis on CNS tissue examination. 

Beyond ALS and MS, evidence for transmethylation cycle impairment has been reported in AD 

and PD with regards to substrate and enzymatic changes including levels of folate1123, 1124, 

homocysteine1123, 1125-1127, SAH1125, 1128 and SAM1125, in addition to activity levels for 

methyltransferases1128.  Polymorphisms leading to impaired activity of both MTHFR and MTR 

have also been implicated as risk factors in AD1129, 1130 and PD1131, 1132, lending support to a 

potential transmethylation disturbance in neurodegeneration.  Outside of neurodegenerative 

diseases, transmethylation cycle impairment has been observed via diminished CSF levels of 

SAM in patients suffering from AIDS-associated myelopathy, which is characterised by white 

matter vacuolation of the spinal cord1133.  Whilst the cause of methylation abnormalities in 

AIDS-associated myelopathy is unknown and appears to occur independently of changes to 

folate levels, this pathology further emphasises the importance of the transmethylation cycle 

in myelination. 

The precise mechanisms through which the transmethylation cycle directs oligodendrocyte 

development and myelination still remains to be fully elucidated, but ultimately involves the 

transfer of a methyl group to target substrates through methyltransferases.  In addition to 

protein methyltransferases which are responsible for the catalysis of myelin protein 

methylation1134, a family of DNA methyltransferases exist and maintain a prominent role in the 

epigenetic regulation of genes1135.  One such member of this family is DNA methyltransferase 1 

(DNMT1) which is responsible for maintenance of DNA methylation1136, and demonstrates 

recessive embryonic lethality upon targeted mutation1137.  In contrast, the targeted ablation of 

DNMT1 from the oligodendrocyte lineage of mice in a subsequent study was shown to not be 

embryonically lethal1138.  This ablation of DNMT1 did not induce apoptosis, but was found to 

arrest the growth of OPCs leading to inefficient differentiation into oligodendrocytes, and 
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therefore an inability to generate sufficient myelin.  Despite the presence of a severe 

hypomyelination, OPCs were not observed to favour a lineage shift into neurons or astrocytes, 

nor was this phenotype attributable to cell loss.  Curiously, whilst differentiation and 

myelination appeared to be profoundly affected, axonal diameter was unchanged suggesting 

that the oligodendrocytes could still signal the neurons.  It was proposed that an inability to 

differentiate was likely due to the activation of an ER-stress response, with ER dilation and 

proteinaceous aggregates observed in the oligodendrocytes. 

Whilst the transmethylation cycle is critical for a variety of biochemical processes, the role of 

this cycle in the methylation of proteins such as MBP1134, and the regulation of oligodendrocytic 

differentiation highlight the importance of this process in myelination.  The relationship 

between copper and the transmethylation cycle remains unknown, however, evidence exists 

that would suggest it plays a role in modulating key enzymes within the cycle.  Introducing a 

copper deficient diet to rats was shown to raise plasma homocysteine levels significantly, whilst 

folate levels remain unchanged1139, where this change was thought to be due to enzymatic 

impairment within the transmethylation cycle.  The enzyme SAHH is known to form a tetrameric 

structure, with each monomeric subunit capable of binding NAD+ as a cofactor for the catalysis 

of homocysteine from SAH1140.  In addition to NAD+ cofactors, SAHH has also been reported to 

bind copper with high affinity related to a proposed role in copper metabolism by means of 

regulating intracellular distribution1141, 1142.   

This ability to bind copper was corroborated by a more recent study that demonstrated a dose-

dependent inhibitory action of copper on SAHH activity, where copper binding also resulted in 

the dissociation of the NAD+ cofactor in a dose-dependent fashion1143.  Furthermore, the 

interaction of copper with SAHH is unlikely to be an in vitro induced artefact since the 

purification of SAHH from mouse liver tissue was found to bind copper, supporting a role in 

vivo1142.  Under an environment of limited copper bioavailability it might be assumed that SAHH 

activity will be elevated due to the inhibitory properties of copper, yet under copper deficient 

dietary conditions it was shown that total levels of SAHH in mice were greatly diminished1142.  

This illustrates the requirement for a better understanding of the relationship between copper 

and SAHH functionality in pathological conditions, but also highlights a potential role for SAHH 

in pathology related to copper malfunction. 

As the enzyme responsible for the catalysis of homocysteine to methionine, MTR is directly 

involved in the transference of a methyl group from MTHF which is facilitated by the use of 

cobalamin (vitamin B12) as a cofactor1099.  In addition to cobalamin, early studies with E. coli 
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have shown an interaction between MTR and copper using atomic absorbance1144, although 

inconsistent copper stoichiometry across two different E. coli strains with similar MTR activity 

led to the conclusion that copper was unlikely to be catalytically relevant1099.  A more recent 

study, however, demonstrated that plasma elevations in homocysteine levels in copper 

deficient rats occurred in parallel with significantly decreased MTR activity1139.  Curiously, 

despite the aforementioned evidence for copper inhibiting SAHH activity, no change in SAHH 

activity was observed in copper deficient rats suggesting that the transmethylation cycle 

impairment was due to diminished MTR activity. 

The implications of MTR dysfunction are apparent in subacute combined degeneration (SCD), a 

disorder incurred through vitamin B12 deficiency that presents clinically with myelopathy, 

axonal neuropathy and diffuse lesions of the spinal cord and brain1145, 1146.  In humans, the only 

two enzymes known to require vitamin B12 as a cofactor are methylmalonyl CoA mutase (MCM) 

responsible for fatty acid metabolism, and MTR1147.  Although patients with MCM loss of 

function mutations show clinical symptoms that include impaired neurological development 

and lower densities of white matter, in totality this condition is phenotypically distinct from 

SCD1148, 1149.  The clinical presentation of CDM derived from copper deficiency is remarkably 

similar to that observed for SCD, with many phenotypic manifestations and diagnostics findings 

appearing indistinguishable between the two disorders1081, 1150, 1151.  Whilst not precluding a role 

for MCM in SCD, the fact that MTR activity is significantly decreased under conditions of copper 

or vitamin B12 deficiency supports a prominent role for MTR in the pathogenesis of these 

disorders.  Furthermore, both SCD and CDM are clinically similar to ALS and MS, potentially 

leading to additional confusion and misdiagnosis1152, 1153.  As such, the observed decrease in 

MTR activity following copper deficiency, in combination with the evidence herein supporting 

impaired copper bioavailability in ALS and MS, may suggest a role for MTR in the pathogenesis 

of these neurodegenerative diseases as well. 

The potential requirement of both copper and cobalamin as cofactors for proper MTR catalytic 

functionality has been previously mooted as an explanation for the clinical similarities between 

SCD and CDM, with decreased MTR activity proposed to be involved in pathogenesis1154.  In 

support of this hypothesis, our in-house implementation of molecular modelling has highlighted 

three potential copper binding sites within the human MTR structure (Figure 8.4).  This model 

of MTR was determined to be an acceptable model in terms of presumed accuracy based upon 

a range of biophysical and structural calculations483.  These calculations include the QMEAN 

score and Z-score (Figure 8.5), in addition to an approximation of GDT_TS which was identified 
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as being between a score of 70 and 85 within the 95% confidence interval when assessed 

relative to a database of server models483.  The proximal locations of three cysteine residues, 

creating a tridentate pocket, were used to predict the potential for MTR to be able to bind 

copper ions based on chemistry analyses showing cysteine residues to be important copper 

ligands1155-1157.  Cysteine residues have a high affinity for copper in the Cu+ state, whereas 

histidine residues have a lower affinity but maintain a better capacity to accommodate copper 

in both Cu+ and Cu2+ states1156.  As such, the presence of cysteine based copper binding pockets 

is typically associated with copper trafficking proteins, whilst the presence of histidine residues 

implies utilisation of copper redox chemistry in catalysis1156, 1158.  In the case of MTR, a previous 

study reported that the copper bound did not appear to be in the Cu2+ state, with Cu+ thought 

to be the state bound to MTR1144. 

 

 

 

 

 

 

 

 

Figure 8.4:  Molecular model of human methionine synthase (MTR) performed in DeepView.  
Red circles indicate three possible copper binding sites of tridentate cysteine (Cys) pockets 
based on biophysical characterisation.  

 

Although some cuproenzymes such as SOD1522, 1159 and LOX1160 implement copper binding 

pockets containing histidine residues, PAM1161 and ceruloplasmin1026 have been shown to use 

methionine and cysteine residues in addition to histidine.  With respect to MTR, if copper 

binding is established, and consists of the aforementioned tridentate cysteine pockets, bound 

copper may be involved in modulation of MTR activity as opposed to direct action in catalysis 

through copper redox chemistry.  This is further suggested by the locations of these prospective 
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copper binding regions with relation to the established site of the catalytic activation domain 

of MTR1162, 1163.  However, the model of MTR presented herein represents a proof of concept 

with much more rigorous analysis required to determine whether copper binds to MTR, or if 

alternative copper binding sites exist involving a combination of cysteine, methionine and 

histidine residues.  Overall, whether or not the effect of copper activity on MTR activity is 

through a direct interaction (Figure 8.6), or via some hitherto unknown mechanism remains to 

be determined.  Nonetheless, the evidence in the literature supports a copper role for MTR, 

whereby an interaction with copper appears to be important for MTR activity, and therefore 

the transmethylation cycle.  In the context of this study, cuproenzyme dysfunction due to 

insufficient copper bioavailability in the CNS could lead to impaired MTR activity and explain 

pathological myelin changes in ALS and MS. 

 

 

 
Figure 8.5:  Methionine synthase (MTR) model accuracy scores.  (A) Individual model scores 
collated to form a Z-score with our model of MTR calculated as having a Z-score of -1.25.  (B) 
Location of our MTR model relative to all non-redundant models in the PDB database, where 
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the red mark indicates that this model is within the region of previously established models.  (C) 
Comparison of all PDB database models based on QMEAN score and GDT_TS scores of model 
accuracy.  Our model has a QMEAN score of 0.651, which places it with greater calculated 
fidelity than a significant proportion of previously generated protein models.  An estimation of 
GDT_TS score based on database models and QMEAN score yielded an approximated score 
range of between 70 and 85 within a 95% confidence interval.  (D) An indicator of model 
accuracy based on QMEAN score and GDT_TS estimation, whereby our model of MTR lies within 
the top range of “medium” and “good” model. 

 
Figure 8.6:  Potential modulatory roles of copper on the transmethylation cycle.  Evidence exists 
in the literature for copper acting to inhibit SAHH activity.  A potential role for copper in the 
activity of MTR is unclear and has hitherto only been inferred from an in vivo relationship 
between copper levels and MTR activity.  Our own molecular modelling of MTR has highlighted 
several potential binding pockets for copper which may indicate a modulatory role for copper 
in MTR activity. 

  

Overall, the data presented in this study illustrate that cuproenzyme dysfunction is not limited 

to SOD1, and extends to ceruloplasmin in both mutant SOD1 models of familial ALS and human 

sporadic ALS cases.  This lack of commensurate change in activity with increasing cuproenzyme 

protein levels is selective for disease affected CNS tissue, and likely occurs due to an inability of 

the CNS to satiate elevated copper requirements compared to peripheral tissues. In the case of 

the mouse models of ALS implemented herein, an overexpression of mutant SOD1 raises the 

copper requirements of tissues greatly, which is emphasised by the increased copper levels.  

However, despite this increase in copper levels in response to demand, it appears that the CNS 

tissue is unable to satisfy these requirements to a sufficient extent and thus cuproenzyme 
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dysfunction precipitates.  The benefit of improving levels of available copper within the disease 

affected CNS tissues is demonstrated through both overexpression of the copper transporter 

hCTR1, and by treatment with the compound CuII(atsm). 

The implication of these results is that mutant SOD1 overexpression in these mice induces a 

copper malfunction which the CNS is incapable of rectifying, whereby, copper fails to be 

properly directed to cuproenzymes and proteins that require it.  This is largely supported by the 

fact that overexpression of human CCS with human mutant SOD1 leads to rapid disease 

progression, as more copper is being directed towards SOD1 metallation due to high levels of 

the SOD1 copper chaperone CCS.  The presence of high levels of human CCS allows for effective 

metallation due to the inability of mouse CCS to ensure human SOD1 maturation, but deprives 

other cuproenzymes of required copper.  In the case of the case of these CCSxSOD1G93A mice, 

the mitochondrial cuproenzyme CCO demonstrates diminished activity, whereas mice not 

overexpressing human CCS show unimpeded CCO activity.  Following treatment with CuII(atsm), 

the improved efficiency of human mutant SOD1 metallation by human CCS and greater levels 

of available copper means that ample copper is available for other enzymes, and survival is 

improved to a remarkable extent.  In mutant SOD1 mice not overexpressing human CCS, the 

ineffective maturation of human mutant SOD1 still exists, and thus treatment with CuII(atsm) is 

less efficient in overcoming the resultant copper malfunction, and therefore less capable of 

restoring cuproenzyme functionality. 

Downstream consequences of ceruloplasmin dysfunction can be observed through iron 

accumulation in the motor cortex, which leads to detectable iron metabolism changes within 

the CSF from sporadic ALS cases.  This ability to detect evidence of ceruloplasmin dysfunction 

in the CSF through iron binding levels to transferrin may also be of important utility as a 

biomarker for ALS in the clinic.  Moreover, the presence of cuproenzyme dysfunction may 

represent a common underlying pathogenic event of neurodegeneration, where changes in 

sporadic ALS were also found to be recapitulated in MS.  In addition to functional impairments 

to SOD1 and ceruloplasmin, myelin abnormalities were a feature of both sporadic ALS and MS.  

The relationship between myelination and copper is unknown and a paucity of evidence is 

available, however in this study we have demonstrated that SOD1 mutant mice overexpressing 

hCTR1, or treated with CuII(atsm) show a restoration in levels of the myelin protein CNPase 

corresponding to improved copper bioavailability.   

Whilst hCTR1 overexpression in SOD1 mutant mice leads to improved survival, the outcomes of 

CuII(atsm) treatment are more prominent, and show a dose-dependent improvement in 
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SOD1G37R mouse survival341 (Figure 8.7).  This relative difference in improved survival of SOD1G37R 

mice overexpressing hCTR1 or treated with CuII(atsm) was shown to correlate with spinal cord 

copper, where greater levels of copper availability were associated with longer life-spans.  

Furthermore, this correlation was corroborated by interpreting data herein combined with 

another study493, whereby spinal cord copper levels correlated with survival in SOD1G93A mice 

treated with CuII(atsm).  Treating SOD1G93A mice with CuII(atsm) led to an extension in survival 

of these mice, but remarkably, SOD1G93A mice treated with double the dose of CuII(atsm) and 

via a different route of administration – all else being equal – exhibited a doubling in survival 

extension.  This consistency and reproducibility of dose-dependency across different studies, 

groups and mutant SOD1 models of ALS provides important support for the efficacy of 

CuII(atsm) in the clinic. 

 

 

Figure 8.7.  (A) Treating SOD1G37R mice with CuII(atsm) improves survival in a dose-dependent 
manner.  Image sourced from341.  (B) Correlation between spinal cord copper availability and 
survival in SOD1G37R mice with hCTR1 overexpression or CuII(atsm) treatment.  (C) Correlation 
between spinal cord copper availability and survival in SOD1G93A mice with CuII(atsm) treatment 
from two separate studies.  In this study, SOD1G93A mice were treated with 100mg/kg CuII(atsm) 
daily via oral gavage, whereas in a different study SOD1G93A mice were treated with 200mg/kg 
CuII(atsm) daily dissolved in DMSO via transdermal administration493. 

 

The potential utility of CuII(atsm) in the clinic is further validated by evidence showing that co-

treatment of CuII(atsm) with Riluzole has no effect on survival compared to CuII(atsm) treatment 

alone341 (Figure 8.8).  This is very important as the majority of ALS patients are likely to treated 

with Riluzole, and potential contraindications between Riluzole and CuII(atsm) could potentially 

preclude these patients from receiving CuII(atsm) treatment.  Moreover, whereas animal model 

studies typically involve the administration of compound treatment at a pre-symptomatic stage, 
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patients with ALS are already post-symptomatic by virtue of their diagnosis based on clinical 

presentation.  Treatment of SOD1G37R mice with CuII(atsm) at a post-symptomatic stage 

significantly extended survival from post-symptom onset by 43%, and significantly increased 

life-span by 11.7%.  In totality, these outcomes support CuII(atsm) as a valid therapeutic 

compound for treating ALS in the clinic by virtue of its dose-dependent efficacy, suitability in 

concert with Riluzole treatment, and treatment efficacy at post-symptomatic time points. 

 

 

Figure 8.8.  (A) Survival curves for SOD1G37R mice that were treated with vehicle (SSV), Riluzole, 
CuII(atsm), or co-treated with Riluzole and CuII(atsm).  These curves show that co-treatment 
with Riluzole has no effect on the survival extension due to treatment with CuII(atsm).  (B, C) 
Survival curves for SOD1G37R mice treated with CuII(atsm) after first post-symptomatic treatment 
(B), and with relation to overall life-span (C).  Treating mice with CuII(atsm) after symptom onset 
also produces a significant extension in survival, which is important for translation into the 
clinic.  Images sourced from341. 

 

Besides the aforementioned efficacy of CuII(atsm) in mutant SOD1 mouse models of ALS, this 

compound also shows a selectivity for disease affected tissue whereby cells undergo a redox 

shift towards a more reductive state338, 343, 344.  These conditions then precipitate the 

intracellular reduction of the copper ion bound to atsm leading to copper disassociation and 

retention within the cell, which ultimately increases cellular copper bioavailability (Figure 8.9).  

As mentioned previously, CuII(atsm) has been utilised as a PET tracer agent within human cases, 

and more recently, is shown to be retained within the motor cortex regions of ALS patients1164.  

Moreover, extending beyond ALS, when CuII(atsm) is administered as a PET tracer to PD patients 

the compound is also observed to show elevated levels of uptake and retention in the disease 

affected striatum1165.  Overall, the compound CuII(atsm) demonstrates a capacity to be 

selectively retained within disease affected regions of ALS and PD, and therefore may prove to 

be of utility in terms of other neurodegenerative diseases such as MS. 
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Figure 8.9:  Schematic for the mechanism of cellular copper retention from CuII(atsm) and 
representative PET scan images of sporadic ALS patients.  (A) Under normal cellular conditions, 
the copper from CuII(atsm) does not dissociate from the atsm backbone, however, an elevation 
in cellular reduction potential can induce copper release and retention within the cell.  Image 
adapted from343, 344  (B) Representative PET scan images of selective CuII(atsm) retention in the 
disease affected motor cortical regions of sporadic ALS patients.  62Cu labelled atsm was used 
to facilitate imaging, where each image shows the brain regions where retention was higher in 
sporadic ALS patients than in control subjects.  Image sourced from1164. 

 

Stratification of MS cases into secondary progressive and primary progressive MS groups 

indicated a more prominent decline of copper, cuproenzyme specific activity and myelin protein 

levels for the primary progressive form of MS.  Given that primary progressive MS is currently 

untreatable, the restoration of the above biochemical processes in mutant SOD1 mice by 

CuII(atsm) treatment provides support for the validity of using CuII(atsm) as a treatment for MS; 

and in particular the primary progressive subtype.  Although mouse models of ALS provide 

evidence for mutant SOD1 overexpression being an instigator of a copper malfunction, the 

mechanism for impaired copper bioavailability in sporadic ALS and MS remains to be elucidated.  

Furthermore, the selectivity for motor neuron degeneration in the context of ALS, as well as the 

involvement of mutations to unrelated proteins is a cause of greater complexity.  Despite these 

confounding factors, the presence of cuproenzyme dysfunction in sporadic ALS and different 

subtypes of MS suggests that impaired copper bioavailability in the CNS is a common 

pathogenic event. 
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In this study the investigation of cuproenzyme functionality was focused on SOD1, 

ceruloplasmin and CCO, yet copper is known to be involved in a diverse range of biochemical 

and physiological actions.  As neurodegenerative diseases are characterised by multifarious 

pathological events, aberrant copper bioavailability would have adverse effects relating to 

processes including iron metabolism, oxidative stress, nitrosative stress, ECM maintenance, 

neuropeptide activation, protein folding and myelination.  Although ALS and MS present 

clinically as two separate diseases, they share many pathological events including the 

aforementioned, which to an extent, are also shared in common with other neurodegenerative 

diseases such as AD and PD.  Where cuproenzyme dysfunction and impaired copper 

bioavailability may be located along the chain of pathological events in ALS and MS remains 

uncertain, thus leaving the question of cause and consequence an open one.  Nevertheless, it 

can be concluded from this study that cuproenzyme dysfunction is a feature of sporadic ALS 

and MS pathogenesis, where CuII(atsm) represents a viable therapeutic option for restoring this 

malfunction, and therefore, may serve as a valid treatment option for both ALS and MS in the 

clinic. 
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10. Appendix 
 

A list of relevant reagents and antibodies used in experiments for this study are provided in the 

following section. 

10.1. Reagents 
 
10.1.1. Protease Inhibitor Cocktail  

Source: Roche 

Catalogue number: 11836 145 001 

Storage temperature: 4°C 

10.1.2. Phosphatase Inhibitor Cocktail 2 

Source: Sigma 

Catalogue number: P5725 

Storage temperature: 4°C 

10.1.3. Pyrogallol 

Source: Sigma Aldrich 

Catalogue number: 254002-10G 

10.1.4. Human apotransferrin 

Source: Sigma Aldrich 

Catalogue number: T4382-1G 

10.1.5. Purified SOD1 from bovine erythrocytes 

Source: Sigma Aldrich 

Catalogue number: S7571 
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10.2. Buffers 
 
10.2.1. Ketamine/Xylazine Anaesthetic Cocktail 

Ingredients: 

Ketamine (100mg/mL)                                                                               200µL 

Xylazine (20mg/mL)                                                                                                             200µL 

PBS (1X) was added to achieve a final volume of 1mL 

10.2.2. Perfusion Buffer 

Ingredients: 

Heparin ammonium salt (20units/ml)                                                     90.5mg 

Protease inhibitor cocktail (1 tablet/100mL)                                          10 tablets 

Phosphatase inhibitor cocktail 2 (250µL/100mL)                                                           2.5mL 

PBS (1X) added to achieve a final volume of 1L. 

10.2.3. PBS Extraction Buffer 

Ingredients:  

Protease inhibitor solution (25X)                                                             400µL 

Phosphate inhibitor cocktail 2                                                                  100µL 

DNase (20X)                                                                                                                             500µL 

PBS (1X) added to achieve a final volume of 10mL. 

Storage temperature: -20°C 

10.2.4. TBS Extraction Buffer 

Ingredients:  

Protease inhibitor solution (25X)                                                             400µL 

Phosphate inhibitor cocktail 2                                                                  100µL 

DNase (20X)                                                                                                                            500µL 

TBS (1X) added to achieve a final volume of 10mL. 

Storage temperature: -20°C 
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10.3. Assay Kits and BSA Standards 
 
10.3.1. Extract-N-Amp™ Tissue PCR Kit 

Source: Sigma Aldrich 

Catalogue number: XNAT2R-1KT 

Extraction Solution 

Catalogue number: E7526 

Tissue Preparation Solution 

Catalogue number: T3073 

Neutralisation Solution B 

Catalogue number: N3910 

Extract-N-Amp PCR Reaction Mix (RED extract) 

Catalogue number: E3004 

Ingredients: buffer, salts, dNTPs, Taq polymerase, and JumpStart Taq antibody. 

10.3.2. Albumin Protein Standards 

Source: Thermo Scientific 

Catalogue number: 23209 

Ingredients: Bovine Serum Albumin (BSA) at 2mg/mL in 0.9% (w/v) saline and 0.05% (w/v) 

sodium azide. 

The standard curve for the BCA assay was achieved using the following dilutions: 

 0mg/mL 0.4mg/mL 0.8mg/mL 1.2mg/mL 1.6mg/mL 2.0mg/mL 

Volume of 

2.0mg/mL 

BSA 

0µL 80µL 160µL 240µL 320µL 400µL 

Volume of 

MQ water 
400µL 320µL 240µL 160µL 80µL 0µL 

 

10.3.3. BCA™ Protein Determination Assay Kit 

Source: Thermo Scientific 

Reagent A 

Catalogue number: 23223 

Ingredients: Sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium 
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tartrate in 100mM sodium hydroxide. 

Reagent B 

Catalogue number: 23224 

Ingredients: 4% (w/v) cupric sulphate 

A 1:50 ratio of Reagent B:Reagent A was made up according to requirements. 

10.3.4. Oriole™ Fluorescent Gel Stain Kit 

Source: BioRad 

Catalogue number: 161-0497 
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10.4. Antibodies for SDS-PAGE and ICC 
 
10.4.1. Primary Antibodies 

All the listed antibodies were stored at -20°C (except GFAP which was stored at 4⁰C). 

Each antibody was diluted in 4% (w/v) blocking buffer 

Antibody Type Source 
Catalogue 

number 
Dilution 

Ceruloplasmin Rabbit Novus Biologicals Q012105 1:1000 

Human SOD1 Rabbit Abcam 79390 1:100,000 

Mouse SOD1 Rabbit Abnova PAB0725 1:1000 

Human + Mouse SOD1 Rabbit Abcam Ab16831 1:1000 

Misfolded SOD1 (A5C3) Mouse Medimabs MM-0070-3 1:250 

Misfolded SOD1 (B8H10) Mouse Medimabs MM-0070 1:250 

Misfolded SOD1 (C4F6) Mouse Medimabs MM-0070-2 1:250 

COXII Rabbit Proteintech 55070-1-AP 1:1000 

Citrate synthase Rabbit Abcam Ab96600 1:1000 

TOMM20 Rabbit Proteintech 11802-1-AP 1:1000 

Transferrin Rabbit Abcam Ab1223 1:1000 

Ferroportin Rabbit Abcam Ab85370 1:1000 

Ferritin-L Rabbit Abcam Ab137758 1:500 

Ferritin-H Rabbit Abcam Ab69090 1:1000 

CNPase Mouse Abcam Ab6319 1:250 

MOG Rabbit Abcam Ab109746 1:1000 

GAPDH Rabbit Cell Signaling Technology 2118 1:5000 

β-actin Rabbit Cell Signaling Technology 4970 1:5000 

α-1-antitrypsin Mouse Abcam Ab9400 1:2000 

CNPase (ICC) Mouse Abcam Ab6319 1:200 

GFAP (ICC) Rabbit Dako Z0334 1:200 
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10.4.2. Secondary Antibodies 

All the listed antibodies were stored at -20°C 

Each antibody was diluted in 4% (w/v) blocking buffer 

Antibody Type Source 
Catalogue 

number 
Dilution 

Anti-rabbit Goat Cell Signaling Technology 7074 1:5000 

Anti-mouse Horse Cell Signaling Technology 7076 1:5000 

Anti-rabbit green Alex Flour (ICC) Goat Lifetech A-11004 1:200 

Anti-mouse red Alex Flour (ICC) Goat ThermoFisher Ab175473 1:200 
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10.5. Gels and membranes 
 
10.5.1. Agarose gel (1.7%) 

Ingredients: 

Agarose                                                                                                                                           1.7g 

Made up in 100mL of 1X TBE buffer 

10.5.2. NuPAGE 4-12% Bis-Tris Midi Gels 

Dimensions: 1.0mm x 26 well 

Source: Novex® Life Technologies 

Catalogue number: WG1403B 

10.5.3. Novex® 12% Tris-Glycine Gels 

Dimensions: 1.0mm x 15 well 

Source: Novex® Life Technologies 

Catalogue number: EC60055BOX 

Storage temperature: 4°C 

10.5.4. iBlot™ Gel Transfer Stacks (PVDF) 

Source: Invitrogen 

Catalogue number: 1134010-01 

Kit components: 

iBlot™ Filter Paper 

Part code: 02-BLT-FPR-UN-002 

iBlot™ Disposable Sponge 

Part code: 01-BLT-SPONG-UN-003 

iBlot™ PVDF Anode Stack (Bottom) 

iBlot™ Cathode Stack (Top) 
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10.6. PCR primers and protocol 
 
10.6.1. Primers 

 

10.6.2. Thermal cycles 

Cycling  
 
Step # Temp °C Time Note 
1 95 3 min -  
2 95 30 sec -  
3 60 30 sec -  
4 72 45 sec repeat steps 2-4 for 35 cycles 
5 72 2 min -  
6 10 -  hold 

 

 

 

 

 

 

 

 

 

 

 

Primer 
5' 
Label Sequence 5' --> 3' 

3' 
Label Primer Type 

oIMR0113 - CAT CAG CCC TAA TCC ATC TGA  - Transgene 
oIMR0114 - CGC GAC TAA CAA TCA AAG TGA  - Transgene 
oIMR7338 - CTA GGC CAC AGA ATT GAA AGA TCT  - Internal Positive 

Control Forward 
oIMR7339 - GTA GGT GGA AAT TCT AGC ATC ATC C - Internal Positive 

Control Reverse 
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10.7. Standard curves, spectrum scans and calculations 
 

Collection of calculations, standard curves and spectrum scans employed in this study to 

quantitate enzymatic activity of SOD1, ceruloplasmin, CCO and citrate synthase. 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 10.7.1: Standard curve of SOD1 activity from purified bovine holo SOD1.  (A) Known 
concentrations (0-100nM) of purified bovine SOD1 were run in the pyrogallol based assay of 
SOD1 activity to generate a linear range.  Each line represents a single well and plots the change 
in absorbance over time.  The black line represents a blank run with the other blue lines related 
to known concentrations of purified SOD1, where flatter lines equate to higher concentrations 
of SOD1 and greater levels of activity.  (B) Data from this experiment were utilised to create a 
standard curve where the equation of the curve was employed to derive pmol of enzymatically 
active SOD1 per mg protein units for SOD1 activity from all tissues used in this study. 
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Appendix 10.7.2:  Spectrum scans of pyrogallol in MQ before and after an assay run.  (A) Before 
UV-dependent oxidation of pyrogallol no discernible peak at 325nm is present.  (B) After a 30 
minute run UV-dependent oxidation lead to the production of superoxide species inducing the 
oxidation of pyrogallol corresponding to a peak at 325nm. 
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Appendix 10.7.3:  Spectrum scans of purified SOD1, PBS homogenising buffer blank and MQ 
water blank ± KCN at different assay time points.  (A) This graph illustrates the change in 
absorbance of purified SOD1, PBS homogenising buffer and MQ water in the absence of SOD1 
inhibiting KCN across a spectrum of wavelengths at t = 0 minutes (before assay run).  (B)  This 
graph represents the same run as (A) but after completion of the assay run at t = 30 minutes.  
It is noticed that the purified SOD1 curve is flat and largely unchanged from the start of the 
assay until its completion, which is expected since SOD1 catalyses superoxide thus mitigating 
pyrogallol oxidation.  The two higher absorbance curves with peaks are related to PBS 
homogenising buffer and MQ water blanks.  (C)  This graph illustrates the change in absorbance 
of purified SOD1, PBS homogenising buffer and MQ water in the presence of SOD1 inhibiting 
KCN across a spectrum of wavelengths at t = 0 minutes.  (D) This graph represents the same run 
as (C) but after completion of the assay run at t = 30 minutes.  In contrast to (B), this graph 
shows that all samples show a comparable change in absorbance over time, which is expected 
due to KCN inhibition of SOD1 activity.  Furthermore, the greatest changes in absorbance occur 
at approximately 325nm as indicated by the presence of developing peaks over time. 
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Appendix 10.7.4:  Representative changes in absorbance over time across an entire assay run 
for both non-transgenic and SOD1G37R spinal cord tissue.  (A) Curves of SOD1 activity in the 
absence of KCN for PBS homogenising buffer blanks (black lines) and non-transgenic spinal cord 
tissue.  (B) Curves of SOD1 activity in the absence of KCN for PBS homogenising buffer blanks 
(black lines) and SOD1G37R spinal cord tissue.  The difference between non-transgenic and 
SOD1G37R runs are noticeable through the greater inhibition of change occurring in the latter, 
due to the overexpression of SOD1. 
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Appendix 10.7.5:  Derivation of ceruloplasmin activity using Beer’s law where Ꙇ is path length, 
ε is the extinction coefficient of holo diferric transferrin, VB is the stoichiometric ratio of holo 
diferric transferrin production per reaction, VW is the volume of solution added per well, VS is 
the volume of tissue sample added per well and ρ is the protein concentration of each samples 
as calculated using the BCA assay.  As one Fe3+ ion is created from one Fe2+ ion through 
ceruloplasmin ferroxidase activity, and two Fe3+ ions are required to generate one molecule of 
holo diferric transferrin from apotransferrin, the stoichiometric number is 0.5. 
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Appendix 10.7.6:  Representative graphs of ceruloplasmin activity assay optimisation.  (A) The 
use of PBS induces substantial interference into the assay and appears to induce oxidation of 
iron as observed by the blank (black line).  (B) The use of TBS instead of PBS greatly mitigates 
the level of non-specific iron oxidation and shows much better differentiation between 
ceruloplasmin activity (blue line) and non-specific activity by the blank (black line).  (C) The use 
of Triton-X 100 in the homogenisation process does not interfere with the activity assay as 
shown by the comparable curves of sample ± Triton-X 100.  (D) A representative graph of change 
in absorbance over time for SOD1G37R spinal cord tissue (black line) and blank (blue line) in the 
absence of ceruloplasmin inhibiting KCN. 

 

 

 

 

 

 

A 

D C 

B 



    

  276 
   

 (μ    ) =
∆ ( ) 

( ×∈× )
×

×
 

 

= .  
∈ = .   

=   
= .  
= .  

=   

 
 

  ( ) →    ( ) (   ) 
 

 

Appendix 10.7.7:  Derivation of CCO activity using Beer’s law where Ꙇ is path length, ε is the 
extinction coefficient of reduced cytochrome c, VB is the stoichiometric ratio of oxidised 
cytochrome c production per reaction, VW is the volume of solution added per well, VS is the 
volume of tissue sample added per well and ρ is the protein concentration of each 
mitochondrial sample preparation as calculated using the BCA assay.  As one oxidised 
cytochrome c molecule is created from one reduced cytochrome c molecule through CCO 
activity, the stoichiometric number is 1.  Furthermore, this activity assay measures the loss of 
reduced cytochrome c as opposed to the production of oxidised cytochrome c, therefore, the 
extinction coefficient for reduced cytochrome c was employed. 
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Appendix 10.7.8:  Representative spectrum scans of cytochrome c samples and CCO activity 
assay runs with SOD1G37R spinal cord mitochondrial preparations.  (A) Absorbance units of 
oxidised cytochrome c across a spectrum of wavelengths prior to reduction via liquid 
chromatography (LC).  (B) An aliquot of reduced cytochrome c in terms of absorbance units 
across a spectrum of wavelengths.  Peaks for both oxidised cytochrome c and reduced 
cytochrome c (550nm) exist in the one aliquot, and the concentration of reduced cytochrome c 
in each aliquot was calculated using the absorbance units from these scans and Beer’s law.  (C, 
D) Representative CCO activity runs with SOD1G37R spinal cord mitochondrial preparations and 
blanks ± the CCO inhibiting KCN.  The blanks ±KCN (black line and equivalent level blue line) do 
not produce a change in absorbance over time.  The samples without KCN show a time-
dependent decline in absorbance units which corresponds to CCO activity inducing a decrease 
in reduced cytochrome c levels.  This change is not seen with samples in the presence of KCN 
(equivalent level blue line). 
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Appendix 10.7.9:  Derivation of citrate synthase activity using Beer’s law where Ꙇ is path length, 
ε is the extinction coefficient of TNB, VB is the stoichiometric ratio of TNB production per 
reaction, VW is the volume of solution added per well, VS is the volume of tissue sample added 
per well and ρ is the protein concentration of each mitochondrial sample preparation as 
calculated using the BCA assay.  As one TNB molecule is created from one thiol CoA molecule 
and one DTNB molecule, and this one thiol CoA molecule is created from one acetyl CoA 
molecule and one oxaloacetate molecule through citrate synthase activity, the stoichiometric 
number is 1.   
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Appendix 10.7.10:  Representative spectrum scans of citrate synthase activity and SOD1G37R 
spinal cord mitochondrial preparation activity assay run.  (A) Absorbance units of the citrate 
synthase assay using SOD1G37R spinal cord mitochondrial preparation across a spectrum of 
wavelengths at t = 0 seconds (before assay run).  (B) Absorbance units of the citrate synthase 
assay during the same assay run as (A) across a spectrum of wavelengths at t = 150 seconds 
(at completion of assay run).  (C) Representative run of a SOD1G37R spinal cord mitochondrial 
preparation (blue line) and a blank (black line) showing change in absorbance over time for 
the sample preparation, but no change for the blank. 
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11. Supplementary figures and tables 
 

These supplementary figures include some data from study sections described herein, and case 

report data from human ALS cases related to post mortem spinal cord, motor cortex and CSF 

samples as well as ALS patients involved in the MRI study. 

 
Supplementary Figure 11.1:  Levels of misfolded SOD1 are not changed in disease affected 
post mortem spinal cord tissue from sporadic ALS cases.  (A-C) Representative western blot 
images and densitometric quantitation of misfolded SOD1 levels using the A5C3, B8H10 and 
C4F6 antibodies targeting different epitopes.  Levels of misfolded SOD1 were expressed 
relative to abundance in control case spinal cord tissue.  Data were analysed using a two-
tailed Student’s t test.  All data are expressed as mean ± S.E.M. with statistical significance 
indicated as *P<0.05; n = 4 for control cases, n = 12 for sporadic ALS cases. 
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Supplementary Figure 11.2: Levels of misfolded SOD1 and total SOD1 are not changed in 
disease affected post mortem spinal cord tissue from sporadic ALS cases and MS cases. (A) 
Representative western blot images and densitometric quantitation of misfolded SOD1 levels 
using the B8H10 antibody.  Levels of misfolded SOD1 were expressed relative to abundance in 
control case spinal cord tissue.  (B) Representative western blot image and densitometric 
quantitation of total SOD1 levels.  Levels of total SOD1 were normalised to the loading control 
GAPDH and expressed relative to abundance in control case spinal cord tissue.  Data were 
analysed using a two-tailed Student’s t test.  All data are expressed as mean ± S.E.M. with 
statistical significance indicated as *P<0.05; n = 4 for control cases, n = 12 for sporadic ALS 
cases, n = 12 MS cases. 

 

 

 

 

 

 

 

 

 

 

 

 



    

  282 
   

 

 
Supplementary Figure 11.3: Stratification of ALS and MS cases into male and female cohorts to 
examine gender-dependent differences in copper and iron levels.  MRI data (D) as well as data 
from the motor cortex (A, B) and CSF (C) were used for ALS cases, however, spinal cord data 
were omitted due to insufficient power (only one female cases available).  Data from the spinal 
cord (E, F) were used for MS cases.  ALS motor cortex data were derived from (Figures 5.2E, 
5.2G), ALS CSF data were derived from (Figure 5.3D), ALS MRI iron data were derived from 
(Figure 5.2M), and MS spinal cord data were derived from (Figures 7.6C, 7.6E).  Data were 
analysed using a two-tailed Student’s t test.  All data are expressed as mean ± S.E.M. with 
statistical significance indicated as *P<0.05; n = 3 for female ALS motor cortex and CSF, n = 8 for 
male ALS motor cortex and CSF, n = 11 for female ALS MRI, n = 25 for male ALS MRI, n = 5 for 
female MS spinal cord, n = 7 for male MS spinal cord.  
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Supplementary Table 11.1:  Control and ALS case information for post-mortem human tissues 
and CSF samples provided by the Victorian Brain Bank Network (VBBN). 
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Supplementary Table 11.2:  Control and ALS case information for participants in the MRI study.  
All subjects were recruited from The Royal Brisbane and Women’s Hospital, and examined by a 
neurologist prior to recruitment. 
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Supplementary Table 11.3:  Control and MS case information for post-mortem human spinal 
cord tissue provided by the Victorian Brain Bank Network (VBBN).  Additional information on 
MS subtypes segregated into relapsing-remitting (RRMS), secondary progressive (SPMS) and 
primary progressive (PPMS).  Two cases were labelled as having insufficient information on the 
MS subtype and were thus defined as unknown. 

 

 

 

 

 

 

 


