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Abstract 

Progressive supranuclear palsy (PSP) is a rare complex neurodegenerative condition which 

presents with clinical indicators resembling Parkinson’s disease (PD). The challenge to this 

disease is to diagnose PSP in its early stages and this requires the identification of molecular 

pathways that underlie the disease and its progression. 

To this end, examination of other neurodegenerative diseases has provided some insight to 

the pathways to neuronal death that may be important in PSP, with oxidative stress and 

dysregulation of metal availability implicated.  The brain has a capacity to combat the 

formation and build-up of reactive oxygen and nitrogen species, but this capacity is diminished 

in the last few decades of human life [1].  Oxidative damage to proteins, lipids and nucleic 

acids is a pervasive feature of neurodegenerative disease and this extends to PSP [1-16].  This 

is likely because the brain has a high composition of fatty acids, is rich in metals, requires more 

energy than other organs to fuel neurotransmission, and has generally low concentrations of 

antioxidants [6].  The basal ganglia are illustrative of this, where neurons and glia in these 

regions are suggested to have a higher metabolic load and are more energy-intensive [17, 18].  

ATP levels, metal concentrations, and antioxidant levels are significantly altered in the regions 

implicated in PSP as compared to non-neurological controls [19-22]. 

 

Recent reports indicate disrupted availability of copper to the copper-dependent frontline 

antioxidant superoxide dismutase 1 (SOD1) is an aberrant feature shared by idiopathic forms 

of PD and some forms of amyotrophic lateral sclerosis (ALS).  Renamed in 1969 to reflect its 

enzymatic activity towards superoxide [23], SOD1 is essential, with genetic deletion resulting 

in cell death caused by ROS accumulation [24, 25].  As SOD1 has direct links with ALS, its role 

in this disease context has been extensively researched [26-38].  Mutations spanning the gene 

for SOD1 lead to protein aggregation and disease onset in familial forms of ALS and SOD1 

aggregates are also evident in neurodegenerative diseases that do not involve mutant SOD1.  

Copper deficient SOD1 can misfold and form aggregates.   

 

Herein, we used SOD1 specific antibodies to probe and quantify pathological changes in SOD1 

in disease-affected regions with unabated neurodegeneration and gliosis of PSP.  The 

accumulation and misfolding of SOD1 that was found in astrocytes in PSP brain tissue suggests 
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that there is a potential dysfunction in astrocytes.  In order to better understand the factors 

that might be involved in SOD1 misfolding, we investigated the copper levels in the substantia 

nigra of PSP cases, one of the most affected regions with elevated levels of SOD1 pathology.  

The substantia nigra demonstrated low copper levels, with copper deficiency in subcellular 

regions containing SOD1 and other important cuproenzymes that require copper for their 

function.  The decrease in copper availability did not affect SOD1 levels and activity within the 

substantia nigra in PSP.  However, the copper-dependent ferroxidases ceruloplasmin and 

hephaestin levels had increased in parallel with iron levels in PSP; however, their activity did 

not change, suggesting a disconnect between expression and activity.  Alterations in copper 

homeostasis were seen when the overall copper handling mechanisms were changed in PSP 

with 9 out of 20 genes significantly upregulated in PSP.  

In order to determine if decreased copper availability influences pathological changes 

reminiscent of those observed in PSP, a mouse model with lower CNS copper levels was 

constructed with a partial genetic knockout of the primary copper importation mechanism 

(Slc31a1; encoding copper related transporter 1; Ctr1).  Mice were aged to 9-10 months old 

and the substantia nigra samples were collected and assessed to observe changes in copper 

handling, accumulation of Sod1 and loss in neuronal cell numbers.  It was found that, unlike 

what was observed in PSP, the substantia nigra did not show evidence of Sod1 accumulation 

or other pathological changes including gliosis, despite a significant decrease in copper levels 

within the substantia nigra and a modest loss of neuronal cells within the substantia nigra 

pars compacta.  With no overall shift in copper handling, this suggests that these mice have 

the ability to maintain copper homeostasis despite a significant decrease in CNS copper levels. 

Proteomic analysis of the PSP substantia nigra tissue provided a comprehensive assessment 

of disrupted cellular pathways contributing to pathogenesis.  Using label free quantitation, 

3146 proteins were identified within the substantia nigra proteome and of those proteins, 

191 were differentially expressed in PSP.  These proteins were involved in pathogenic 

pathways including dysfunction in the mitochondria, metabolism and within the cytoskeleton 

and not just limited to oxidative stress.  These proteins were enriched within the Parkinson’s 

disease pathway.  Further characterisation showed that mitochondrial based copper 
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dependent oxidoreductases, monoamine oxidase b and the subunits for complex IV are 

altered in PSP implicating copper and its involvement in many of the disease pathways.  

In conclusion to this thesis, our findings suggest a role for copper in PSP pathogenesis which 

could be a factor in the misfolding of SOD1 and causing dysfunction in astrocytes which help 

provide support to neurons and supply the necessary copper to other cells within the CNS.  A 

closer examination of copper changes in PSP within specific CNS cells might determine where 

copper may be distributed and might provide a novel target for future drug development.  
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Chapter 1. Introduction to progressive supranuclear palsy 

Progressive supranuclear palsy (PSP), an atypical Parkinson syndrome, is now considered to 

be the second most common parkinsonism, after idiopathic Parkinson’s disease (PD)  [39].  It 

was recognised as its own syndrome by Richardson, Steele and Olszewski in 1963 through 

observation of characteristics uncommon in most PD patients, including unexplainable falls, 

supranuclear gaze, furrowed brow, pseudobulbar palsy, axial rigidity, and mild dementia [40].  

PSP is still frequently misdiagnosed as PD due to broad overlap in clinical features, making the 

prevalence of PSP (approximately 7.1 per 100,000 pooled global figure) a likely 

underrepresentation [41].  Clinical symptoms are the result of rapid loss of neurons within the 

basal ganglia, brainstem, and cerebellum.  The progression of neuronal cell loss after diagnosis 

is rapid and there are no reliable biomarkers or treatments currently available. 

The aetiology of PSP is unknown, with age and environmental factors, along with common 

genetic variability in MAPT (tau gene) being the only known risk factors [42-44].  Tau pathology 

in glia and neurofibrillary tangles in surviving neurons within affected regions of the brain 

provide cardinal hallmarks of PSP pathology confirmed post-mortem [39, 45-55].  Outside of 

tau pathology, however, the understanding of other molecular mechanisms involved in the 

propagation and progression of the disease is relatively limited. 

1.1 Aetiology, genetic and environmental contributions to PSP 

PSP is typically diagnosed at an average age of 65 years and lasts an average of 6 years since 

diagnosis, but it is unknown what causes the disease [56].  Unlike other neurodegenerative 

conditions, PSP cases are all sporadic, most likely arising from complex gene-environment 

interactions.   

1.1.1 Genetic contributions 

PSP is traditionally considered a sporadic disease, notwithstanding evidence of familial 

clustering [57-60].  Having been considered a tauopathy, it is not surprising that MAPT 

mutations have been a focal point of genetic contributions to PSP.  While there have been 

reports of familial and sporadic cases with de novo mutations in MAPT [58, 61] and another 
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parkinsonian gene, leucine-rich repeat kinase 2 (PARK8 gene), these patients present with 

PSP-like characteristics but are not definitively confirmed as PSP [62].  The risk of developing 

PSP is elevated with a 5.6-fold increase if H1/H1 haplotype is present [63] and is more 

commonly associated with typical PSP cases [54].  Two extensive whole genomic-based 

screening studies have identified other possible gene loci associated with PSP, including 

myelin-basic binding protein, syntaxin 6, and eukaryotic translation initiation factor 2 alpha 

kinase 3 [64, 65].  It is reasonable to associate myelin-basic binding protein, syntaxin 6, and 

eukaryotic translation initiation factor 2 alpha kinase 3 with PSP as demyelination, 

abnormalities in tau secretion, and accumulation of misfolding proteins are all, respectively, 

systemic pathological features of PSP [66, 67].  There is a need for further research into the 

role that these genes and proteins play in the development of PSP. 

1.1.2 Environmental contributions 

Several studies have investigated a wide range of environmental factors that increase the risk 

of developing PSP.  The ENGENE study, one of the largest case-control studies incorporating a 

284 cohort of PSP patients and aged-matched controls, focused on environmental toxins 

known to cause mitochondrial inhibition through occupational or locality exposure [43].  

Increased risk of developing PSP was seen in many factors, including; residential history (living 

in a lower educational and socio-economical region or living in proximity to an agricultural 

region), drinking well water for many years, and occupational exposure to industrial waste 

(agriculture toxins and metal exposure) [43].  Clusters of PSP illnesses have also been 

identified in Northern France, where cases reside near a textile-dying plant allowing arsenic 

and heavy metals like nickel and chromium to run off into waterways and absorb into the 

surrounding soil [68].  

The consumption of indigenous fruits from the Annonaceae family, and the use of leaves from 

the same plants in herbal teas and medicines has been associated with clusters of PSP in 

Guadeloupe, Guam, New Caledonia, and the Kii Peninsular of Japan [69-72].  Neurotoxins 

annonacin (pubchem ID 354398), benzyl-tetra-isoquinoline (pubchem ID 98468), reticuline 

(pubchem ID 439653), corexamine (pubchem ID 7037179) and tetrahydroprotoberberine 

(pubchem ID 101707) are found within fruits from the Annonaceae family [69] and are known  

to inhibit mitochondrial function, cause tau pathology and cell death in dopaminergic neurons 
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[73, 74]. The Annonaceae genus have an aliphatic chain with 35-37 carbon atoms, a terminal 

α,β-unsaturated γ-lactone ring with the presences of tetrahydrofuran and tetrahydropyran 

rings [75]. Due to their lipophilic properties, they can readily cross into the brain parenchyma 

[73]. Unlike the PD neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; 

pubchem ID1388), annonacin does not only target the dopamine transporter [74] but can 

cause a widespread degeneration in the basal ganglia and brainstem [73].  Considering its 

effects on tau, neurotoxins like annonacin may provide insight into the pathogenesis of PSP 

and its associate tau pathology. 

1.2 Clinical manifestations of PSP 

PSP is often colloquially referred to as the ‘drunken sailor disease’ because postural instability, 

gait disturbances and unexplainable falls are the common symptoms associated with the 

disease (Figure 1.1).  The progressive nature of the illness shows severe deterioration in 

neurological systems which include oculomotor paresis (supranuclear gaze), worsening 

parkinsonism, dysarthria, dysphasia and cognitive impairment.  Supranuclear gaze, which is 

often a cardinal symptom of PSP, does not always present until later stages of the disease. 

This often makes PSP indistinguishable from parkinsonian disorders in the early stages of the 

disease [56].  Efforts into early diagnosis are important given that once an initial clinical 

presentation is evident, the disease would have already progressed to a halfway point [76].  

The clinical diagnosis is challenging as more phenotypical subvariants of PSP have now been 

identified (see Table 1.1).  The clinical phenotypes are divided into “typical variants” and 

“atypical variants” which represent the prevalence in the population. The diagnostic criterion 

established by the PSP study group from the International Parkinson and Movement disorders 

Society was updated to include the wide spectrum of clinical variants of PSP.  However, it is 

often delayed or only retrospectively diagnosed and does not capture the wide spectrum of 

PSP.  Achieving a diagnosis is multifarious, particularly in the early stages of the disease, 

therefore we need to appreciate the complexity of PSP and find a sensitive method to detect 

PSP and its clinical phenotypes.  This understanding will help with designing therapies to 

modulate the disease pathology. 
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1.2.1 Clinical variants 

Since the time when PSP was first described, several subvariants with varying array of clinical 

symptoms have emerged (Table 1.1).  Neuropathologies appear to be heterogeneous in both 

severity and distribution with disparity in symptomologies. Tau pathology is a measure of 

disease surrogacy and its distribution pattern within typical predominate regions such as the 

subcortical and brainstem (typical variants) and cortices (atypical).  

1.2.1.1 Typical variants of PSP 

Named after a founder of PSP, PSP-Richardson’s syndrome (PSP-RS) is the most common 

variant, representing up to 50% of the total PSP cases [77, 78].  The spectrum of PSP has 

expanded since Steel et al. [79] first described it, with various variants emerging as additional 

phenotypes were recognised.  PSP-RS characteristically presents with postural instability, 

together with abnormal gait leading to falls usually backwards without loss of consciousness. 

Due to the subtly of some of the early features of PSP, most cases of PSP-RS are often delayed 

but manifest within the first two years after the initial symptom [47].  Clinical features of PSP-

RS include cognitive impairment and oculomotor dysfunction, which are also key indicators 

of the disorder (Table 1.1).  These symptoms usually develop in the later stages of the disease 

and may not present at all during the disease course [56].  In the majority of patients with 

PSP-RS, there are subtle changes in personality (apathy, depression) and cognition [80], which 

can also be an initial early phenotypical marker of the disease [56].  Other typical features are 

the slurred and slowed speech (dysphagia) in the early stages followed by problems with 

swallowing and chewing food (dysarthria).  PSP patient’s functional capabilities diminish 

quickly after becoming dependant within 3-4 years of diagnosis. PSP-RS has a shorter median 

expected survival of 5 - 8 years [56, 81] and typically the primary cause of death is 

asphyxiation via choking or neurogenic respiratory failure [82]. 

The second most common subtype is the parkinsonian variant (PSP-P), making up to 30% of 

the total of PSP cases [54, 83].  Patients usually present with limb asymmetry bradykinesia, 

rigidity, and tremors (Table 1.1).  It is suggested that true numbers of PSP-P variants might 

perchance be an underestimate due to misdiagnosis with PD and exclusion of features that 

overlap with PSP-RS [54].  Unfortunately for PSP-P, the diagnosis is often after the fact given 
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the clinical similarities with PD but PSP-P is a rapid deterioration compared to PD with only 

small clues of early eye abnormalities, dysphagia and dysarthria as potential phenotypic 

markers [47].  PSP-P has a longer expected survival compared to PSP-R with the median 

disease duration of 9 - 12 years [39] and symptoms can be slightly moderated by parkinsonian 

treatments such as dopamine supplementation (levodopa/madopar) for a few years [54, 82, 

83]. 

1.2.1.2 Atypical clinical PSP variants  

Atypical PSP subgrouping was described as a scheme to encompass the variance of severity 

and distribution of both clinical tau pathology together with symptomology (Table 1.1). 

Currently there are number of phenotypic variants that have been defined including; PSP- 

Pure akinesia freezing gait (PSP-PAGF), PSP-cortico-basal syndrome (PSP-CBS), PSP- 

behavioural variant of frontal temporal dementia (PSP-bvFTD), PSP-postural instability (PSP-

PI), PSP-primary lateral sclerosis (PSP-PLS) and PSP-cerebellar ataxia (PSP-C).  The atypical PSP 

variants are listed in Table 1.1, where they show both clinical and phenotypical features.  

Differences in these atypical PSP subtypes are most likely a reflection on the both the 

distribution and severity of tau pathology within the cortical regions.  
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Figure 1.1. The early description of atypical parkinsonism suggests features 
characteristic of progressive supranuclear palsy (PSP) 
Early observations and drawings made by Charcot in 1888 by which he contrasted (A) a stooped 
posture of a typical Parkinson’s Disease (PD) patient (left) and the stiff and broad base gait and with 
an extended trunk, from an atypical PD case which is most likely to be a PSP (right). (B) Charcot's 
original drawings of atypical PD cases showing distinct facial features such as a furrowed brow and 
a frightened expression due to contraction of the corrugator supercilii muscle [84, 85].  
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Table 1.1. Characteristics of PSP clinical variants 

Clinical variant Dominant region Region affected Dominant phenotype Disease 
duration 

Clinical features 

PSP-Richardson’s Syndrome 

(PSP-RS) 
Classic 

Mid-brain: SN, striatum, 
GP, STN, pons, DN 

Fall, ocular motor 
impairment 

5-8 years 
Early onset falls with postural instability, oculomotor paresis; vertical gaze 

initial onset, pseudobulbar palsy, axial rigidity, cognitive dysfunction 

PSP-Parkinsonism (PSP-P) 
Brainstem 

predominant 
Mid-brain: SN, striatum, 

GP, STN, pons, DN 
Parkinsonism 9-12 years 

Early onset asymmetrical onset of limb bradykinesia, rigidity, tremor, and 
moderately levodopa responsive. Late onset falls, cognitive dysfunction 

and oculomotor paresis can present 

PSP-Progressive gait freezing 

(PSP-PAGF) 

Brainstem 
predominant 

Motor cortex, 
cerebellum, pons 

Gait freezing 11-13 years 

Early onset unsteadiness on feet, axil rigidity, gait abnormalities; 
progressive gait freezing and initiation of gait, Parkinsonian features of 
micrographia and hypophonia develop (no other PD symptoms), late 

onset oculomotor paresis – vertical gaze and postural instability 

PSP-Primary lateral sclerosis 

(PSP-LS) 

Cortical 
predominant 

Corticospinal tracts, 
upper motor neurons 

Lateral sclerosis 3-12 years 
Gradual onset of spasticity, Pseudobulbar features, dysphagia, and 

dysarthria, late onset Parkinsonian features 

PSP-Corticobasal syndrome 

(PSP-CBS) 

Cortical 
predominant 

Parietal and frontal 
cortices 

CBS 7 years 
Asymmetric dyspraxia, cortical sensory loss, alien limb, akinesia, 

bradykinesia, late onset of falls, late onset postural instability and 
oculomotor paresis; latency in eye movements 

PSP-Progressive non-fluent 
aphasia/ataxia of speech 

(PSP- PNF/AOS) 

Cortical 
predominant 

Frontal, temporal, and 
parietal cortices 

Progressive apraxia or 
aphasia 

< 10 years 

Early onset apraxia of speech (non-fluency in speech) but can present with 
ataxia, which is slow and segmented in effortful speech, late onset 

postural instability and oculomotor paresis; vertical gaze, akinesia and 
behavioural changes 

PSP-Behavioural variant-Frontal 
temporal dementia 

(PSP-bvFTD) 

 

Cortical 
predominant 

Frontal and temporal 
cortices 

Behavioural/personality 
and cognitive 
impairment 

5-8 years 
Cognitive and behavioural impairments; lack of empathy, aggregative 

outburst, inappropriate social awareness and disinhibited, late onset of 
falls and oculomotor paresis can present 

PSP-Cerebellar ataxia (PSP-C) 
Cortical 

predominant 
Deep cerebellar nuclei Cerebellar ataxia 7 years 

Cerebellar limb and gait ataxia, losing balance, develop parkinsonism, Late 
onset of fall and oculomotor paresis 
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1.3 Neuropathology of PSP 

Pathological accumulation of misfolded or aggregated proteins is evident in many vulnerable 

regions in diverse CNS disorders.  It is a feature that can be used as a means of differential 

diagnosis, with the classification of disease determined in part by disease-specific deposition 

of aggregation-prone proteins such as tau, amyloid-, -synuclein and TAR DNA binding 

protein 43.  Histological assessment of post-mortem brain tissue is the definitive method of 

diagnosis using antibodies against these proteins to detect associated abnormalities within 

the brain.  The varying distribution of pathological lesions across multiple brain regions seen 

in PSP make it a complex condition to pathologically delineate from other extrapyramidal 

disorders.  Pathological lesions in the PSP-affected brain are found within key 

neuroanatomical regions that control motor function, balance, visuo-spatial awareness, 

emotion, and memory.  Initial studies by Steel et al. (1964) presented evidence from seven 

cases of PSP and all histological results showed neuronal loss, the presence of tau pathology 

(neurons and glia), and demyelination in several neuroanatomical regions, including the 

midbrain, brainstem, and cerebellum [79] (Figure 1.2). 

1.3.1 Tau pathology  

Tau, also known as tubulin-associated unit, is predominately found within neurons and plays 

an essential role in the assembly and stabilisation of microtubules for axonal transport, 

neuronal integrity and neurite growth.  The tau protein presents six different isoforms due to 

alternative splicing events, with equal ratio repeat domains (3R-4R) in healthy adults.  A 

biochemical characteristic of PSP is the dominance of the 4R isoform of tau found within 

protein aggregates caused by the ratio equilibrium shift in tau exon splicing [51, 86].  

Histological approaches using chemical enhancement like silver staining and antibodies raised 

against tau have been the gold standard for detecting the pathology. Tau enrichment is 

selectively distributed in the PSP, and therefore it is essential to examine multiple 

neuroanatomical regions at post-mortem as stated by the established guidelines for 

determining PSP by the National Institute of Neurological Disorders and Stroke (NINDS) [55].  

Given the large number of regions affected, the NINDS requires three areas of the basal 

ganglion (substantia nigra, subthalamic nucleus, globus pallidus) and the pons to have high 

densely of tau found within neurons or neuropil threads for diagnosis (Figure 1.2a). 
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Microscopic tau appears in neurons as neurofibrillary tangles (NFT) and neuropil threads in 

neuronal processes containing hyperphosphorylated tau (Figure 1.2b) [48, 53, 87].  The 

distribution and severity of tau pathology within various neuroanatomical structures found 

by Williams et al. (2009) suggest that deposition of abnormal tau could be used to 

differentiate PSP subtypes, including the typical variants of PSP-RS and PSP-P [78] see Figure 

1.2c. 

Appearing to be globose, these aggregates of tau filaments intertwined with beta-sheet 

arrangements resemble a ball of yarn when viewed under an electron microscope [88]. The 

generalised pattern of tau pathology is relatively consistent across all subtypes, with the 

subthalamic nucleus, substantia nigra and globus pallidus most heavily burdened with 

deposition of abnormal tau and neuronal loss (Figure 1.2a)[50]. Despite tau expression being 

lower in glia than neurons [89], tau fibrils are also found in non-neuronal cells like astrocytes 

(tufted astrocytes) and oligodendrocytes (coiled bodies) (Figure 1.2b).  A star-shaped tau 

pathology devoid of amyloid cores, later termed as tufted astrocytes with the astrocytic 

markers glial fibrillary acidic protein (GFAP) and homing cell adhesion molecule (CD44), 

suggests that PSP has elements of glial dysfunction [45, 46].  Tau is densely distributed 

throughout the cytoplasm radiating to the distal processes of astrocytes when stained with 

anti-phosphorylated tau, AT8 antibody [90].  Morphological features of glial tau fibres show 

discrepancies in size, particularly within in the proximal processes [90, 91]. Tufted astrocytes 

are distributed abundantly within the premotor/motor cortex, striatum, substantia nigra, 

palladium, brainstem and cortices [50, 92, 93] and seem to be distributed in close proximity 

to blood vessels [94].  Additional to tufted astrocytes, thorn-shaped astrocytes have also been 

reported in PSP cases, however these are suggested to form incidentally since these 

aggregates lack ubiquitin [95] and could result from the reactive astrocytes process [96].  

Typically and consistently found in PSP, coiled bodies are coil-like branches of fine tau 

filaments [93] found within the cytoplasm and within the processes that shield the injured 

axons [97].  Tau within coiled bodies has a tubular structure that is observed in perikarya and 

interfascicular threads with fuzzy contours in oligodendrocytes in white and grey matter [98].  

Coiled bodies are consistently found in PSP and are observed within substantia nigra, globus 

pallidus, subthalamic nucleus, striatum, thalamus, brainstem, cerebellum (white matter), and 

even have been detected in the spinal cord [99].  
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Figure 1.2. Neuropathology seen in PSP 
Neuroanatomical regions that are affected in PSP. a) Map of regions in the brain that are affected 
in PSP. b) Tau pathology seen in the substantia nigra pars reticulata of a PSP case in neurons as 
neurofibrillary tangles (NFTs; asterix) and neuropil threads (open arrowhead); astrocytes (Tufted 
astrocytes, TA; red arrowhead) and oligodendrocytes (coiled bodies, CB; blue arrow). c) Tau 
pathology severity within subcortical and cerebellum regions based on Williams et al. 2007 and 
Kovacs et al. 2020 in PSP-Richardson’s syndrome (PSP-RS) and PSP-Parkinsonism (PSP-P) Tau scores 
are based on tau NFTs, coiled bodies and tufted astrocytes pathology with orange to red being the 
most severe [47, 50, 78]. Red scale bars 25 μm. 
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1.3.2 Neuronal cell loss 

In PSP, the most common pathological finding is neuronal cell loss in the subcortical and 

cortical nuclei.  Gross pathological findings show that atrophy is most prominent in the 

midbrain, cerebrum, and superior cerebral peduncle with loss of pigmented neurons.  As with 

PD, PSP shows the same loss of melanin pigmented neurons in substantia nigra pars compacta 

that occurs in PD with a loss of over 70% of these neurons [100, 101].  Unlike PD, PSP involves 

substantial loss of neurons throughout the substantia nigra, including the pars reticulata, 

which is associated with the clinical feature of gaze palsy [102].  The loss of neurons in other 

key subcortical nuclei such subthalamic nucleus and globus pallidus is consistently seen in PSP 

[103] suggests that together with the substantia nigra, the loss pallido-nigro-luysian axis could 

be an early event in the disease [104].  Other slightly less prominent regions that show 

neuronal loss include, dentate nucleus, caudate nucleus, pontine tegmental area (pons), locus 

coeruleus, periaqueductal grey, pretectal regions, and the super colliculi [105].  The 

degeneration of pre and post synaptic neural circulatory in the PSP brain leads to 

neurochemical changes, whereby loss of dopamine, produced by the substantia nigra pars 

compacta neurons is abnormally depleted in the striatum [106-108].  In addition, loss of 

neurons in the substantia nigra pars reticulata decreases the neurotransmitter gamma-

aminobutyric acid (GABA) and its receptors [101, 109], resulting in motor and oculomotor 

dysfunction in PSP.  Other neurotransmitters like glutamine, serotonin, norepinephrine and 

acetylcholine are also decreased but inconsistently across the PSP brain and require a larger 

cohort study to fully evaluate their loss [109-111].  

1.3.3 Neuroinflammation - Gliosis 

Gliosis is a pathological feature seen in the PSP brain that is extensively seen in the basal 

ganglia accompanying tau pathology and neuronal loss [99, 112-115].  Markers of gliosis 

including both reactive astrocytes (vimentin; VIM and GFAP) and reactive microglia (human 

leukocyte antigen-dr type; HLA-DR and ionised calcium-binding molecule 1; IBA-1) are known 

to be increased and triggered in response to injury, stress and built-up levels of accumulated 

proteins [116].  The expression levels of total GFAP and VIM are reported to be increased by 

80% and 373%, within the substantia nigra pars compacta found in PSP post-mortem tissue 

respectively [117].  The caudate nucleus showed a similar result with a significant elevation of 
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GFAP (79%) and VIM (105%) expression [117].  The highest burden of reactive microglia was 

seen in the substantia nigra and the subthalamic nucleus [118]. The secretion of 

proinflammatory factors by reactive microglia under pathological conditions have been 

detected in elevated levels in both the PSP brain regions (substantia nigra, globus pallidus and 

subthalamic nucleus) and in biofluids [114, 117, 118].  Chronic and sustained 

neuroinflammation, that is driven by aberrant activation of glia is considered an early event in 

the neurodegenerative disease process [119, 120] and it seems the glia play an important role 

in PSP pathogenesis.  

1.3.4 Demyelination 

Gross macroscopic examination of a PSP brain shows discolouration of various nuclei due to 

the loss of myelinated fibers in the areas of the subthalamic nucleus, globus pallidus and 

dentate nucleus, regions that are severely affected with tau pathology [121].  Clinical 

symptoms of PSP have also been associated with white matter degeneration and may be a 

strong predictor of disease severity [122].  Demyelination is an inherent feature of PSP, with 

white matter tracts that project from the cerebellar dentate nucleus via the superior peduncle 

and within the longitudinal fasciculus show severe axonal degeneration, loss of myelin and 

loss of oligodendrocytes, the glial cells that regulate these processes [122, 123].  

Oligodendrocyte dysfunction leads to the degeneration of white matter tracts, demyelination 

and failure in its repair.  In addition, oligodendrocytes secret trophic factors for both axonal 

growth and maintenance and neuronal survival [124].  It is unknown what causes 

oligodendrocytes to degenerate in PSP, but tau and inflammation may play a role in the 

pathogenesis.  

1.4  Lessons learned from neurodegenerative disease regarding the 
molecular basis of neurodegeneration  

Neurodegenerative diseases such as Alzheimer's disease (AD), amyotrophic lateral sclerosis 

(ALS) and PD share overlapping clinicopathologic features with PSP (see Figure 1.3).  After 

establishing tau being the primary pathological contributor to PSP, the understanding of 

involvement of other molecular mechanisms that are suggested to propagate the disease and 

its progression has fallen short. Inferences from other important studies from across the 
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neurodegenerative umbrella have given clues as to what pathways maybe involved in the 

disease.  The empirical evidence on pathways that would most likely be shared across these 

diseases highlights oxidative stress.  The brain has the capacity to combat the formation and 

build-up of reactive oxygen species (ROS).  However, this capacity is lost in the last few decades 

of human life, and oxidative damage to proteins, lipids and nucleic acids is a pervasive feature 

of neurodegenerative disease [1].  Previous studies have linked this feature of 

neurodegenerative disease to an imbalance in essential metals such as copper, iron and zinc 

that accumulate or shift in availability over the lifetime of humans and could lead to the 

observed increases in oxidative stress [7, 9, 125-128].  This is supported with well-documented 

changes in proteins that regulate or require metals in neurodegenerative disease [129-131]. 
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Figure 1.3. Clinicopathological overlap of neurodegenerative diseases 
A diagram showing the overlap between some of the pathological and clinical manifestations 
of neurodegenerative diseases. Proteinopathies are used as a form of classification based on 
the histopathological distribution within the CNS (left). Tau is central and is repeatedly 
observed across multiple neurodegenerative conditions (including Alzheimer’s’ disease; AD, 
Dementia with Lewy bodies; DLB, Parkinson’s dementia complex with Guam/amyotrophic 
lateral sclerosis; PDG/ALS, progressive supranuclear palsy; PSP, Parkinson’s disease; PD, 
Frontotemporal dementia; FTD, Post encephalitic parkinsonism; PEP and corticobasal 
degeneration; CBD).  Presentation of heterogeneity of clinical phenotypes (right) that 
overlaps across neurodegenerative diseases that reflect the affected regions of different 
neuroanatomical structures.     
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1.4.1 Oxidative stress  

Common if not to all neurodegenerative diseases, is a shift or imbalance of redox equilibrium 

also known as oxidative stress.  For the cell to be under oxidative stress conditions, the cell 

must be producing ROS beyond the threshold of intrinsic antioxidant capabilities. In healthy 

conditions, cells are well equipment to defend themselves from excessive ROS by neutralising 

ROS using many different frontline antioxidants. These include glutathione, α-tocopherol, and 

a family of metalloenzymes the superoxide dismutases which utilise forms of reduced copper 

or manganese to perform their antioxidant function.  The persistent production of ROS from 

vicious cycles of oxidative stress is accelerated when reactive amine neurotransmitters such 

as dopamine are available to participate in the reaction with free metal ions such as copper 

and iron [132-135].  Copper and iron are key players in redox chemistry due to the ability to 

transfer electrons and shift redox states (cuprous to cupric and ferrous to ferric).  If unbound, 

copper and iron can cause catastrophic damage to cells via the generation of oxidative stress.  

Free or “labile” iron can contribute to iron-mediated ROS production, generated through 

Fenton and also Haber-Weiss chemistries [136].  Unlike iron, however, copper rarely exists in 

a free or unbound state [137] due to specific chaperones that ensure its ‘free’ concentration 

is kept at a minimum level.  Redox chemistry is dependent on the ligand (oxidative and 

reducing agents) that are present and are within close proximity, together with the 

physiological environmental conditions [138].  What is firmly established is that increases in 

oxidative stress has been seen in many brain regions and bio-fluids across many 

neurodegenerative diseases [14].  Identification of many oxidative stress biomarkers including 

products of lipid peroxidation (4-hydroxynoneal and malonaldehyde) [12, 13], DNA/RNA 

oxidation (8-hydroxyguanine/8hydroxy-deoxyguanosine) [3] and protein oxidation (carbonyls, 

addition of adducts to cysteine residues) [139, 140] are elevated in post-mortem in diseased 

brain tissue.  Inversely, what has also been seen in these common forms of neurodegenerative 

conditions is that the levels of active superoxide dismutase 1 (SOD1) [141] and glutathione 

[142] are decreased within these vulnerable regions.   

Oxidative stress also has a significant impact on protein aggregation and in particular tau NFT 

formation.  The presence of metals that are unusually altered in aged and diseased brains also 

have a significant impact on hyperphosphorylation and aggregation of tau. Chronic exposure 
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to oxidative stress by inhibiting glutathione production in cultured neurons increases tau 

susceptibility to be hyperphosphorylated and form aggregates [143].  Additionally, the lipid 

peroxidation product, 4-hydroxynonenal, promotes the assembly of phosphorylated tau in 

NFTs [144] and modifies the conformation of phosphorylated tau to induce its aggregation 

[11].  Oxidative stress also has a direct impact on upregulating glycogen synthase kinase-3 beta 

(GSK-3β), one of a few kinases that phosphorylates tau on residues Thr321, Ser396, Ser404 

[145].   Aggregates extracted from PSP brains show up to 16 phosphorylated residues [48, 53, 

87].  Hyperphosphorylation at specific but multiple sites in the tau microtubule binding 

domain seems to disturb the ability to bind to microtubules causing disruption in axonal 

transport, promoting a demise in cellular architecture and synaptic dysfunction [146]. Copper 

ions are enriched in pathological inclusions in AD-affected brain tissue, including amyloid 

plaques and within NFTs [147]. This accumulation of copper potentially contributes to tau 

pathology through several mechanisms.  Not least of which, copper binding sites are present 

within the pseudo-repeat units R1-R4 within tau [148, 149]. When tau is exposed to copper, 

these coordination R1-R4 sites result in a conformational change in the microtubule binding 

domain, resulting in destabilisation of microtubules and thus an increase its aggregation 

propensity [149]. Additionally, destabilisation of microtubules is also seen when tau is 

hyperphosphorylated by GSK-3β [150], the activity of which is also regulated by intracellular 

copper levels [151]. Copper has shown to potentially be an allosteric regulator of protein 

kinase (ARK1) [152], that phosphorylates GSK-3β on serine 9 causing its inactivation [153, 154]. 

In the presence of intracellular copper, a dose-dependent inhibition of GSK-3β is seen with 

small copper modulating compounds designed to either remove copper from tau aggregates 

and or inhibit tau phosphorylation via GSK-3β [151, 155-157]. A small number of in vivo and in 

vitro experiments have shown that the inhibition of GSK-3β by these copper modulating 

compounds, decreases tau phosphorylation and reduces cognitive decline in AD transgenic 

mice [151, 156, 157]. The expression of GSK-3β is reportedly increased in PSP tissue, with GSK-

3β deposits apparent in both neurons and glia [158]. While it is known that copper is found in 

neuronal pathology as seen in AD cases, copper and its contribution to glial tauopathy, 

particularly in PSP remains unclear. 
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1.4.2 Disrupted copper availability in neurodegenerative diseases 

As described further in Section 1.5, copper is an essential element due to its requirement in 

iron homeostasis [159], diverse cuproenzymes [160-164], neuronal myelination [165], and 

lipid and neurotransmitter biosynthesis [166, 167].  The natural distribution of copper within 

the brain is variable in terms of concentration within specific regions [168] and over the course 

of development and aging [125, 126, 168-172].  Regional distributions of copper reflect the 

highly organised cytology of the neuroanatomy with distinct grey and white matter 

compositions.  Grey matter regions enriched with neuronal soma have a higher copper 

content than neighbouring white matter regions enriched with myelinated axons [173].  The 

neuroanatomical regions that contain high levels of copper are the basal ganglia, locus 

coeruleus, red nucleus, and the dentate nucleus [21, 173-176].  Astrocytes play an important 

role in bringing copper into the CNS via their proximity to neurons and to endothelial cells that 

line the brain capillaries [177].  The sequestration of copper by astrocytes is essential to both 

regulate the distribution of copper to various other cells in the CNS and to protect the CNS 

from toxicity caused by copper that is in excess to requirement [178, 179]. 

The impact of disrupted copper availability on neurological function is seen in diseases where 

copper levels are altered, with copper overload the hallmark of Wilson’s disease [180] and 

copper deficiency the hallmark of Menkes disease [181].  Wilson’s disease (OMIM 277900) is 

caused by mutations affecting the copper transporter ATP7B and is associated with 

neurological symptoms that include tremors, ataxia, rigidity, dystonia, dysphagia and 

dysarthria, and these often manifest late in the third decade of life [180, 182].  Menkes disease 

(OMIM 309400), conversely, is caused by mutations that affect the copper transporter ATP7A 

and prevent systemic copper uptake from the gut and result in decreased copper availability.  

Menkes disease is a systemic depletion of copper and subsequent dysfunction of 

cuproenzymes first described by Joh Menkes in 1962 [183].  The neurological consequences 

of Menkes disease include demyelination and progressive neurodegeneration [184, 185], with 

the overall impact being fatality in children 3 years and under [181].  This impact is driven by 

insufficient supply of copper to mitochondria, where it is required for incorporation into 

cytochrome c oxidase also known as complex IV for the generation of ATP.  This 

disproportionately impacts the brain because of its high metabolic demand [128].  Being one 
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of the most described genetic copper depletion models, mutations in Atp7a gene result in 

severe copper deficiencies in the brain as it is involved in copper uptake at the blood-brain 

barrier (BBB) and loading copper onto cuproenzymes, which impairs CNS as well as bone, skin, 

and vascular systems [186].  Mice with mutations in Atp7a are known as mottled mice due to 

their “mottled” appearance in their coat due to the reduced pigmentation [187, 188], closely 

resemble Menke’s disease phenotype, with lethality. There are several mouse strains with 

Atp7a mutations that cause gestational lethality in hemizygote males, emphasizing the 

importance of ATP7A in development (strains Atp7amoca, Atp7amodp Atp7a11H Atp7amo1pub, 

Atp7amo2btl, Atp7amob2t and Atp7amo3btl).  These severe phenotypes are caused by 

mislocalisation of this protein in the endoplasmic reticulum from where its suppose to 

function at the trans Golgi network [189].  The less severe mutants (brindled-mobr; Atp7amobr, 

macular; Atp7amoml and mosaic; Atp7amoms strains have partial Atp7a function [190] and 

therefore can survive past 15 days postpartum with intraperitoneal delivery of copper. In spite 

of their widespread use in studies of copper trafficking, these mutant mice succumb to their 

disease phenotype due to loss of lysyl oxidase activity, and they develop aortic lesions and 

weakening of vascular walls before dying from capillary rupture [191].  Upon histological 

examination of a brain from a brindled hemizygote male, severe neurodegeneration in the 

thalamus, brainstem and the cerebellum is evident [192, 193], and could be a likely result in 

the reduction in complex IV and SOD1 activity [194].  Untreated Atp7a brindle-mobr mutants, 

suffer from neurological symptoms such as ataxia, tremors, unsteady gait, clasping and 

hindlimb paralysis [186], with treatment of copper chloride in utero delays the onset of 

neurological symptoms [195].  

Further to Menkes and Wilson’s diseases which exhibit neurological deficits with established 

molecular connections to copper availability, changes affecting copper availability are also 

reported in more common neurodegenerative disease such as AD, PD and ALS, with changes 

in copper concentration seen within vulnerable areas of the CNS [21, 175, 196-198].  Some 

studies indicate no changes in copper within these diseases [199, 200], but variations in 

detection and preparation methods need to be considered.  Specifically, assessing total tissue 

copper content can potentially mask detection of changes that occur within particular regions 

of interest, as indicated by the accumulation of copper in AD within regions with pathological 

hallmarks of NFTs and amyloid plaques [147, 198]. 
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1.4.3 Evidence of oxidative stress and disrupted copper homeostasis in PSP 

The analysis of PSP brains at post-mortem has shed light on the possible mechanisms 

underlying the disease.  Immunohistochemistry has been used to showed biomarkers of 

oxidative stress in post-mortem tissue of PSP patients [10, 142, 201].  Pathologically affected 

regions have higher levels of oxidative stress with lipid peroxidation markers 4-

hydroxynonenal and malondialdehyde found in the pons and the subthalamic nucleus 

respectively [10, 201].  These products of lipid peroxidation are known to cause direct damage 

to the activity of antioxidant glutathione peroxidases and increase the expression of GFAP [9, 

49].  A disparity exists between antioxidant expression and activity patterns in PSP as a result 

of changes in frontline defenses such as SOD1 and glutathione. For example, glutathione, 

another important antioxidant, is reduced in the caudate nucleus [142] but increased within 

the subthalamic nucleus and globus pallidus [20].  SOD1 activity is evident within regions that 

show higher levels of tau pathology and neuronal cell loss, however SOD1 activity is also found 

to be elevated within the calcarine [20], a region that shows no tau deposits [202].  Due to the 

absence of universal procedures for tissue collection, preparation, and antioxidant extraction, 

each factor impacts activity directly and therefore may have effect on specific activity.  

The basal ganglion is an area of the brain that is highly enriched in copper [173, 176] and iron 

[22, 173, 203].  The reason copper and iron are increased in basal ganglion is thought to be 

related to their high metabolic demand to modulate movement, although it is not fully 

understood why this is the case.  Heightened recognition of altered copper availability within 

the CNS therefore comes with methodologies that move beyond total tissue content and begin 

to inform on changes that can occur within anatomical regions and biochemical fractions of 

interest.  With this consideration in mind, reports on neurodegenerative disease-associated 

changes in brain copper already extend to PSP.  The first publication on copper concentrations 

in brain tissue from cases of PSP reported total tissue copper content for five anatomical 

regions of interest [21].  All indicated a decrease in total copper content, with the cerebellum 

reaching a statistically significant change (Table 1.2).  A subsequent study that also assessed 

total tissue copper content provided results that were overall corroborative [22], with the 

caudate nucleus in this study highlighted as the region of interest with a statistically significant 

decrease (Table 1.2).   
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Decreased copper levels in the PSP-affected brain reported by these two studies suggests that 

the activities of cuproenzymes is likely to be affected.  However, reports on the activity and 

expression profiles of cuproenzymes in PSP is rather limited with only one study reporting on 

ceruloplasmin, a predominately astrocytic cuproenzyme that utilises six bound copper atoms 

to exert its ferroxidase activity [204-207].  Decreased copper associated with increased iron is 

reported in the PD-affected substantia nigra where, importantly, copper-dependent 

ferroxidase activity required for iron export is decreased [208].  A similar association between 

copper availability affecting iron accumulation may be present in PSP.  However, elevated 

levels of ceruloplasmin in PSP [22, 209] may appear inconsistent with this possibility.  But as 

an acute phase protein, delineating between ceruloplasmin changes in an inflammatory 

context from its role as a cuproenzyme responsible for regulating cellular iron requires 

measurement of its ferroxidase activity.  Reports on the copper-dependent ferroxidase activity 

of ceruloplasmin in the PSP-affected brain do not yet exist.  Notably, however, one of the 

studies that reported a decrease in copper in PSP also reported elevated iron levels in regions 

of the PSP affected brain [21]. 
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Table 1.2. Copper changes detected in various neuroanatomical structures in human PSP 

Sample size Neuroanatomical region 

Change compared to 

age-matched controls 

(Reference) 

detection method 

Control = 13, PSP = 11 Cerebellar cortex 16%↓  

 

[21] 

ICPMS 

Control = 14, PSP = 11 Caudate nucleus 13%↓ 

Control = 13, PSP = 11 Putamen 8%↓ 

Control = 8, PSP = 7 Substantia nigra pars 

compacta 

13%↓ 

Control = 12, PSP = 7 Cerebellum 26%↓* 

Control = 7, PSP = 11 Caudate nucleus 54%↓* [22] 

AAS Control = 7, PSP = 11 Putamen 33%↓ 

Control = 7, PSP = 11 Substantia nigra 39%↓ 

Direction of change indicated (↓) represents a decrease compared to non-neurological control cases.  * Denotes p<0.05 

when compared to controls (stated by authors).  PSP: progressive supranuclear palsy; AAS: atomic absorption spectrometry; 

ICPMS: inductively coupled plasma mass spectrometry. 
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1.5 Copper biology 

1.5.1 Copper 

Copper is an essential metal important for several fundamental biological processes including 

antioxidant activity [161], iron homeostasis [159], catalytic centres for enzymes [160-164] and 

specific to neurons myelination [165] and neurotransmitter biosynthesis [166].  Copper is 

acquired through dietary intake, where once absorbed it is distributed to the body’s copper 

abundant areas the liver and the brain [210, 211].  The importance of copper to the body is 

seen in diseases where copper being deficient in Menkes disease and in overload, Wilson’s 

disease, highlights the fine balance between too much versus too little (described in Section 

1.4.2).  

1.5.2 The body’s acquisition of copper  

The body’s stores of copper are acquired through the diet of naturally enriched in copper 

foods and through supplementation. The gastrointestinal system can absorb up to 40% of 

copper from dietary consumption [212].  In early life, copper is obtained through 

breastfeeding, with human breast milk having a higher copper content when compared to 

other mammals (i.e., cows) [213].  During development, copper expressed in human breast 

milk has the is highest peak in colostrum [214] and then declines over time during the course 

of lactation [215].  Since essential elements like copper are required to strengthen immunity 

and brain development, copper is also supplemented in infant formula to support age 

development [216].  In adults, it is through dietary consumption where humans received their 

daily doses of copper with recommendations of 1.2 mg (females) and up to 1.7 mg (males) 

based on Australian standards.  Rich copper foods are shellfish (oysters), nuts, organ meats, 

vegetables (potatoes, spinach, mushrooms) and chocolate [217], with low range detection of 

copper found in tap water [218].  Copper deficiency although being rare in the adult 

population is now being more recognised, given that its symptoms present with similarly to 

anaemia.  The risks that are common to copper deficiency are stomach surgery [219], 

malabsorption diseases (Celiac’s disease and Crohn’s Disease) [220] and inadequate dietary 

intake. There are limited studies on food choices and their effect on the body’s physiological 

copper concentrations. However, it has been shown that copper depletion could also be a 
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result of competitive absorption of other elements like zinc [221], with zinc smelter workers 

[222, 223] and use of denture adherents [224] are prone to causing a depletion in serum 

copper levels.  Copper depletion is seen in rodent studies where a copper deficient diet was 

used to measure the impacts on the body.  Impairment in motor coordination [225] and 

sensorimotor functions [226] are seen in aged mice after deprivation of copper only during 

neonatal development.  Restorations of copper levels can be achieved by supplementation, 

but this seems to only be specific to peripheral copper levels and more permanent and 

persisting copper depletion is seen the brain [225].  Copper, essential to the enzyme 

dopamine beta hydroxylase (DβH) to breakdown dopamine to norepinephrine, is not restored 

even after a transient deprivation of copper to neonatal mice [227].  Therefore, dietary 

copper, particularly during the critical stages of human development, is important to the 

acquisition of brain copper levels for later in life. 

1.5.3 Copper uptake and handling machinery in the brain 

Researchers have used a radioactive copper tracer to study how copper is absorbed into the 

bloodstream and is transported via albumin and transcuprein to the liver and kidneys and 

eventually the brain by other copper-handling proteins [228].  Copper enters hepatocytes to 

deliver copper to the trans Golgi network via chaperone proteins.  The radioactive copper 

tracers then confirms copper is added to ceruloplasmin, the main copper transport protein 

and a cuproenzyme, which is responsible for over 90% of the body’s copper transport [229].  

Ceruloplasmin can sequester up to 6 - 8 copper atoms per protein [230] delivering copper to 

the plasma membrane for cellular importation.  For copper to enter the brain, there is a 

stringent mechanism that allows the entry of small molecules to cross the BBB (Figure 1.4).  

Transportation into the brain requires copper to cross the BBB and the cerebrospinal fluid 

barrier (CSFB) via a lining of endothelial cells of the cerebral capillaries into the brain 

parenchyma [231] (Figure 1.4).  Excess copper is released into the CSF via epithelial cells in 

choroid plexus then cycling back into the blood [231] all to be accepted again by 

ceruloplasmin.  Located next to capillary endothelial cells and widely distributed throughout 

the brain, astrocytes take up copper via copper transporter 1 (CTR1) and divalent metal 

transport 1 (DMT1) and other metals like iron and zinc to redistribute to other types of cells 

like neurons and oligodendrocytes [232-234].  Astrocytes have a high capacity to accumulate 
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copper because they express abundant levels of copper cellular handling proteins and 

antioxidants like glutathione, metallothionine and SOD1 [232, 235] allowing for protection 

against copper induced toxicity.  Copper must be as a cuprous ion (Cu+) upon entry to any 

cell.  It is unknown which cuproreductase is found on the plasma membrane of astrocytes and 

or neurons although it is possible that STEAP proteins (six transmembrane epithelial antigen 

of the prostate; STEAP 1-4) which are classed as metalloreductases, could facilitate this role 

as they are known to stimulate copper uptake upon expression [236].  Copper transporting 

mechanisms are ubiquitously expressed across different cell types to maintain the flux of 

intracellular copper (Figure 1.5).  CTR1, is abundant in cerebral capillaries and within choroid 

plexus to capture copper from the blood and CSF respectively [237, 238].  CTR1 is one of the 

primary mechanisms of copper uptake given that the homozygous mutants are embryonic 

lethal [239].  CTR1 is ubiquitously expressed and requires no ionic gradient or ATP hydrolysis 

for importation of copper into the cell [240].  Upon its entry into the cell, unbound copper 

must be maintained at low concentrations and this is performed by copper chaperone 

proteins and/or intermediary shuttling to glutathione and metallothionines [241, 242] which 

are all are sensitive in regulating the bioavailable pool of copper.  The uptake rate of 5 to 15 

copper atoms per second [243], millimolar concentrations of glutathione [244] and 

metallothionein [241, 242] are engaged to not only receiving copper, but to keep its unbound 

concentration at a minimum [245].  Copper homeostasis also plays a significant role in 

mitochondrial function since there are two important cuproenzymes located within the 

intermembrane space that both require copper for protein maturation; complex IV and 

superoxide dismutase 3 (SOD3).  Localisation of copper within the mitochondrial matrix 

ensures that there is a minimum level of copper in the matrix pool to sustain cuproenzyme 

activity even when the cells are copper deficient [246].  The delivery of copper to various 

cuproenzymes requires specific protein chaperones to ensure copper is transported within 

the cytosol and to specific organelles that require it (Figure 1.5).  Copper chaperone to SOD1 

known as CCS, is a small homodimer chaperone which directly binds to SOD1 through its 

domain III for both ion transfer and SOD1 activation [247, 248].  CCS is essential for SOD1 

activity since its loss seen in knockout mice shows a dramatic reduction in SOD1 activity [249, 

250].  
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Other organelle specific proteins that require copper have designated chaperones like 

cytosolic COX17, COX19, COX23 coordinating with mitochondrial intermembrane space SCO1, 

SCO2, and COX11 for delivery of copper to complex IV.  Newly synthesised cuproenzymes in 

the trans Golgi network are in an un-metallated state and require the delivery of copper via 

chaperone Antioxidant-1 (ATOX1). ATOX1 not only facilitates the transport of copper to the 

trans Golgi network for cuproenzymes (ceruloplasmin, lysyl oxidase, DβH and tyrosinase) but 

also distributes copper to ATP copper pumps ATP7A and ATP7B for intracellular removal 

[251].  Energy is required for ATPases to transport copper from the cell across the plasma 

membrane and it is an important step for the successive incorporation of copper to 

cuproenzymes [252-256].  ATP7A and 7B expression in human tissue show that they are most 

prominently found in the cerebellum, anterior cingulate cortex, visual cortex, caudate 

nucleus, putamen, cerebellum and the substantia nigra [176].  The ATPases 7A and 7B possess 

a role in also the removal of copper from cells and may play an important role in copper 

distribution from astrocytes to neurons [178, 257].  Most functional experiments involving 

these ATPases and copper are performed using peripheral based cells.  However, it is 

understood that copper regulation by both ATPases is similarly seen in astrocytes and 

neurons.  ATPases regulate copper by its subcellular localisation within cells.  Under 

conditions of high intracellular copper levels, both ATPases trafficked from the trans Golgi 

network to the plasma membrane for copper removal [258] which is also mediated by 

another protein chaperone copper metabolism MURR domain 1 (COMMD1).  COMMD1 is 

involved in copper transport and in animals [259, 260] its deletion results in excessive copper 

levels in the liver. However, COMMD1 is ubiquitously expressed in various tissues so it 

suggests that its copper handling abilities are not limited to hepatocytes [261].  The histidine 

residues in the COMMD1 domain, located in the C-terminal of COMMD1 bind copper [262] 

and act as a protein scaffold for ATPases (ATP7A/B), which facilitates the secretion of copper 

[263, 264].  COMMD1 is known to promote proteolysis of many misfolded proteins including 

the ATPases 7A and 7B, Parkin (PD associated protein) and SOD1 [263, 265, 266].  Despite the 

direct association between copper handling and PD, there have been no studies investigating 

whether copper handling mechanisms have changed in PSP. Further investigation is needed. 
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Figure 1.4. Facilitation of copper transport across the blood-brain and CSF barriers 
The blood-brain-barrier (BBB) transports peripheral copper (Cu) into the brain.  Endothelial cells 
located near capillary lumens take up copper using copper transporter 1 (CTR1), which transports 
it from chaperone antioxidant 1 (ATOX1) to ATPase 7A (ATP7A) before it is taken up by astrocytes 
(via the astrocytic endfoot), stored in metallothionein (MT), or transported to neurons. Copper ions 
readily flow through the ependymal cells into the CSF and are taken up by choroidal cells via CTR1, 

ATOX1, and recycled back into the blood by ATP7A/B.  This figure was created using Biorender and 

adapted from Wen et al. (2021) [267]. 
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Figure 1.5. Copper transport and handling within cells 
Extracellular copper in the oxidase form (Cu2+) is reduced by metalloreductase, STEAP proteins 
before it enters the cells via copper related transporter 1 (CTR1).  Copper can also enter the cell by 
divalent metal transporter 1 (DMT1).  Copper can be bound by chaperones and shuttled to various 
pathways including; 1) incorporation into superoxide dismutase 1 (SOD1) within the cytosol via its 
chaperone for SOD1 (CCS); 2) bound to antioxidant chaperone 1 (ATOX1) and shuttled to ATPases, 
ATP7A and ATP7B to be incorporated into cuproenzymes (like ceruloplasmin; CP, lysyl oxidase; LOX, 
dopamine beta hydroxylase; DBH and monoamine oxidase B; MAOB) through the trans Golgi 
network (TGN) and excess is released via vesicle-mediated exocytosis that is facilitated by ATP7A 
and copper metabolism murr1 domain (COMMD1) with ATP7A is recycled back to the TGN; 3) Excess 
copper levels stimulate the expression of metallothionines via metal regulatory transcription factors 
(MTF1/2); 4) transported via chaperones Cytochrome C oxidase 17 (COX17) into the mitochondria 
and through inner membranes via Cytochrome C oxidase 11 (COX11) and synthesis of cytochrome 
c oxidase 1/2 (SCO1) to be delivered to Complex IV and 5) storage into metallothionines (MT).  This 
figure was created using Biorender.  
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1.5.4 Cuproenzymes  

Integral to various metabolic pathways, copper is essential for the function of several of the 

body’s cuproenzymes as outlined in Table 1.3.  Many of these copper handling and 

cuproenzymes genes are regulated by the intracellular availability of copper and iron, through 

a transcription factor specificity protein 1, known as Sp1.  With its three zinc finger domains 

Cys2-his-Cys domains which recognises CG box in DNA sequences [268], Sp1 is affected by 

excess copper as it displaces the zinc ions, resulting in confirmational change and 

compromising the binding to DNA promoters [269, 270].  Many of these cuproenzymes are 

expressed ubiquitously and are also there are exclusively expressed within certain cell types 

within the CNS.  Here we describe a few important of these copper-dependent and how they 

are regulated in mammalian cells.  

Human cytochrome c oxidase also known as complex IV, is the terminal copper-dependent 

enzyme in the electron transport chain.  Copper delivery from the cytosol into the 

mitochondria is performed by a series mitochondrial specific chaperones (COX11, COX17, 

SCO1 and SCO2).  Human complex IV is composed of 14 subunits for the assembly within the 

intermembrane space, with two of the three catalytic subunits COX1p and COX2p requiring 

both copper and haem for electron transfer.  While the exact mechanism of copper transfer 

to COX1p being unknown, it is suggested that the supply of copper to a nascent COX1p is a 

transient interaction within the intermembrane space [271, 272].  Copper delivery to the 

COX2p subunit is shared by initially by COX17, then by SCO1 within the inner membrane of 

mitochondria [273].  Copper deficiency has a significant impact on the assembly and 

biosynthesis of complex IV, which causes repression of respiration and reduced ATP levels 

[274, 275].  The activity of complex IV is reduced significantly in a variety of different tissue 

matrices including the brain when there is lack of dietary copper [276], in genetic altered 

copper-deficient models [194, 277] and in neurodegenerative diseases [278, 279].  

Within glycosylphosphatidylinositol-anchored (GPI) astrocytes and in circulation within 

neurons, ceruloplasmin catalyses ferrous to ferric iron for binding into apo-transferrin for its 

immediate removal from the cell [280-282].  Based on its various functions other than iron 

export, the expression of ceruloplasmin is thought to be regulated by various factors including 
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iron, inflammation, and ROS [283-285]. The translation of ceruloplasmin is not reliant on the 

availability of copper but the copper deficient form, apo-ceruloplasmin requires copper for 

its correct folding [286].  Apo-ceruloplasmin degrades rapidly with a short life of 5 hours [281].  

The delivery of copper to ceruloplasmin is thought to arise from ATP7B after synthesis of apo-

ceruloplasmin in the trans Golgi network, which requires six copper atoms that occupy six 

ligand binding sites [286, 287].  Copper deficiency in cells has an enormous impact on the 

activity of ceruloplasmin whereby its alteration leads to intracellular iron accumulation, 

oxidative stress and cellular death [208, 288-290].  The alterations in its ferroxidase activity 

provides the link between iron accumulation and the loss of copper that is seen in many 

neurodegenerative conditions like AD, PD, ALS [119, 196, 208, 291], genetic defects in 

aceruloplasminaemic patients [281] and also within many their associated aberrant genetic 

animal models [292].  

As a neurotransmitter rate limiting enzyme, the copper-dependent DβH is involved in the 

biosynthesis from the catalytic breakdown dopamine to form norepinephrine.  Found within 

the adrenal medulla, heart and the CNS [293-295], the enzyme activity requires not only 

copper but requires oxygen, and an additional cofactor ascorbic acid, as an exogenous 

electron donor [296]. In SH-SY5Y cells, the levels of soluble DβH in secretory vesicles are 

associated with the intracellular copper levels [297].  DβH is subject to strict transcriptional 

regulation and many inhibitors and enhancers have been discovered, including copper-

sensitive transcription factor Sp1 [298].  Lower levels of copper alter both the enzymes activity 

and its expression levels in both mice [299] and patients with Menkes disease [181].  The 

delivery of copper is performed by ATP7A within the lumen of the Golgi, and with the lack of 

copper, causes the retention of DβH, and an increased to dopamine to norepinephrine ratio 

[300].  Dopamine, which is highly reactive and can undergo spontaneous oxidation to produce 

toxic dopamine-quinones intermediates can induce oxidative stress, and toxicity when excess 

levels are present in the cytosol. 

Homologous to ceruloplasmin, hephaestin is also part of the oxidase family, where its primary 

role is to facilitate the export of intracellular iron.  Hephaestin has similar characteristics to 

ceruloplasmin, with a high 68% sequence homology, conserved copper binding site, disulfide 

bond formation [301] and copper acquisition through ATP7B [287, 302].  Tethered to 
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membranes, hephaestin is expressed within the entire gastrointestinal tract, pancreas at 

lower levels in the brain with expression mainly seen within oligodendrocytes [303, 304].  

Hephaestin being an essential component of iron homeostasis in the brain, is transcriptionally 

regulated by copper and iron levels, but does not appear to be dependent on an iron response 

element.  Transcription of hephaestin is co-ordinately upregulated in both iron deficient and 

higher copper conditions in concert with DMT1 and iron exporter protein ferroportin [304, 

305]. Chen et al. (2006) found that hephaestin levels were lower when mice were fed a 

copper-deficient diet and when HT29 cells were treated with copper chelator 

bathocuproinedisulfonic acid (BCS) [306].  Studies of double mutants of ceruloplasmin and 

hephaestin show that both astrocytes and oligodendrocytes accumulate more iron in the 

brain than with one mutant alone [307, 308]. It was shown that in gray matter, hephaestin 

knockout mice not only showed iron and oxidative stress levels was elevated within 

oligodendrocytes, but these mutant mice exhibited motor deficits [206, 309].  

Within the brain and the periphery, monoamine oxidase b (MAOB), is an enzyme that catalyse 

the breakdown of biogenic amines including dopamine, through oxidative deamination, 

leading to the production of norepinephrine. While expression is seen in the liver and kidney, 

MAOB is highly expressed in the brain particularly within both astrocytes located in the 

mitochondria's outer membrane and within serotonin containing neurons [310].  The 

activities of MAOB also shown to regulate the biosynthesis of GABA in diseased astrocytes in 

a mouse model of AD [311].  MAOB is also a target for PD, with its inhibition using deprenyl 

(selegiline) conferring a treatment for PD to retain dopamine supply within an ailing 

dopaminergic system [312].  MAOB activity is dependent on copper together with the 

additional cofactor, flavin adenine dinucleotide [313] with its regulation reliant on early 

growth response element 1, cAMP response-element binding protein and Sp1 [314, 315].  

Altered levels of MAOB have been associated with motor-related neurodegenerative 

conditions including PSP [316].   
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Table 1.3. Mammalian copper dependent enzymes 

Cuproenzymes Abbreviation  Cellular location Function 

Cytochrome c oxidase             

(EC 1.9.3.1) 

complex IV Mitochondria -  inner 

membrane space 

Electron transport chain, energy 

production 

Ceruloplasmin                        

(EC 1.16.3.1) 

CP Plasma membrane-based Ferroxidase, iron transport 

(astrocytic) 

Superoxidase dismutase 1     

(EC 1.15.1.1) 

SOD1 cytosolic Antioxidant; dismutase 

superoxide radical 

Superoxidase dismutase 3                          

(EC 1.15.1.1) 

SOD3 Extracellular Antioxidant; dismutase 

superoxide radical 

Dopamine beta 

hydroxylase                       

(EC 1.14.17.1) 

DβH Neurosecretory vesicles  Catecholamine synthesis; 

conversion of dopamine to 

norepinephrine  

Hephaestin                              

(EC 1.16.3.1) 

HEPH Membrane Ferroxidase, iron transport 

(astrocytic) 

Lysyl oxidase              

(EC1.4.3.1) 

LOX Extracellular Cross linking of collagen and 

elastin by the deamination 

lysine and hydrolysine.  

Monoamine oxidase b          

(EC 1.4.3.4) 

MAOB Mitochondria Breakdown of biogenic amine 

using dopamine as a substrate.  

Myeloperoxidase                 

(EC 1.11.2.2) 

MPO Cytoplasmic granules, 

vesicles, mitochondria and 

nucleus 

Antimicrobial present in 

phagocytes 

Tyrosinase                              

(EC 1.14.18.1) 

TYR Cytosol Conversion of tyrosine to 

melanin 

Peptidylglycine 

monooxygenase                     

(EC 1.14.17.3) 

PAM Membrane-based within 

secretory granules 

Synthesis of amindation of 

neuroendocrine peptide 

Tyrosinase                              

(EC 1.14.18.1) 

TYR Cytosol Conversion of tyrosine to 

melanin 
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1.5.5 Disrupted copper availability promotes SOD1 pathology 

The superoxide dismutases are a family of a metalloenzymes that provide frontline defence 

against the intracellular production of oxidative metabolite superoxide that is produced by 

cells.  Among the SODs, SOD1 is the most abundantly expressed, residing within the cytosol, 

as well as subcellular compartments such as the nucleus, mitochondria, and lysosomes [317-

320].  Renamed in 1969 to reflect its enzymatic activity towards superoxide [23], SOD1 is 

essential, with genetic deletion resulting in cell death [24, 25].  Ubiquitously expressed, SOD1 

is a highly abundant and stable enzyme in its mature form.  The immature form of SOD1 must 

undergo posttranslational modifications to form a fully active and functional enzyme (Figure 

1.6).  This includes dimerisation, metalation, and tertiary folding to form a stable homodimer 

[321-325].  The supply of copper to nascent SOD1 involves the copper chaperone for SOD1 

[247, 326, 327] which provides one copper atom to each SOD1 monomer subunit (Figure 

1.6a).  This facilitates the formation of a disulphide bridge that brings together two monomer 

subunits [322].  Without copper, SOD1 is less stable under physiological conditions [328].  

Moreover, copper-deficient SOD1 monomers provide a precursor to the formation of SOD1 

aggregates [321] and copper insufficiency causes the protein to misfold in a fashion similar to 

other amyloidogenic proteins associated with neurodegenerative disease [329, 330]. 

As SOD1 has direct links with ALS [27], its role in this disease context has been extensively 

researched [28, 331].  Mutations within the disulphide bridge and within the copper binding 

domain of SOD1 can promote the formation of insoluble cytoplasmic aggregates within glia 

and motor neurons in some cases of ALS [332] and mouse models of the disease [333].  

Despite ubiquitous expression of mutant SOD1 in ALS and animal models thereof, 

accumulation of the protein in an aberrant copper-deficient state is most evident within the 

CNS [31, 334].  Moreover, promoting the physiological copper state of mutant SOD1 in vivo 

through pharmacological and genetic interventions is associated with neuroprotection and 

improved indications of neuronal function [32, 335, 336].  Aggregates of SOD1 in ALS-affected 

spinal cord contain less copper than the surrounding gray matter that contain no SOD1 

pathology [36] and, like ubiquitin, the copper chaperone for SOD1 is also a constituent of 

protein aggregates found in cases of ALS [337, 338].  Table 1.4 provides a list of protein 

constituents found within SOD1 aggregates. 
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Notably, mutations in SOD1 are not required for aggregation of the protein in 

neurodegenerative disease.  Disruption of copper handling mechanisms and SOD1 pathology 

are evident in the disease-affected tissue of sporadic cases of ALS which do not involve mutant 

SOD1 [36, 196, 339].  Moreover, data illustrative of decreased copper availability in PD [208] 

are accompanied by histological and biochemical data for SOD1 aggregation in the human, 

PD-affected brain [141, 340].  This includes evidence derived from use of conformation specific 

antibodies raised against epitopes that are naturally inaccessible when buried within the 

physiological structural fold of SOD1 (e.g., B8H10 and EDI).  Immunoreactivity for these 

antibodies indicates destabilised forms of SOD1 are present in over 70% of substantia nigra 

pars compacta cells in PD [141].  Significantly, SOD1 pathology in PD is reported to be a strong 

correlate of neuronal loss in PD [141] even though the cases of PD examined were confirmed 

free of SOD1 mutations [341]. 
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Figure 1.6. Copper coordination sites and the effect of copper availability on the 
maturation of SOD1  
a) Local coordination sites of copper within SOD1 (Protein database; PDB;1HL5) insert showing the 
4 histidine sites that are involved in copper binding when copper is oxidised (His46; blue, His48; 
black, His63; yellow, His120; pink and copper Cu2+ in orange) b) Schematic representation of the 
normal maturation process is SOD1 which is still not completely understood. Nascent SOD1 peptide 
undergoes successive folding, into a monomeric metal deficient SOD1 (apo-SOD12HS). Zinc is 
thought to be delivered to metal deficient SOD1 (apo-SOD1) first by an unknown process to initiate 
the metalation process to form weak dimeric bonds (E, Zn-SOD12SH) and can interchange between 
monomer and dimer (bidirectional arrows). If copper is available, with a large pool bound to 
metallothionines (MT), within the cytosol, copper chaperone for SOD1 (CCS) is able to deliver 
copper to SOD1. Transfer of copper into metal binding sites induces oxidation of (Cys57, Cys146) 
[329] and forms a stable dimeric enzyme once the disulphide bridge is formed (SOD1SS). If copper 
is unavailable, the lack of copper delivery to SOD1 induces SOD1 to misfold and can recruit nascent, 
monomeric SOD1 and copper deficient SOD1 to misfold and form protein aggregates in the cytosol.   
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Table 1.4. Identification of protein constituents in SOD1 aggregates 

 

Protein  Function Reference 

Superoxide dismutase 1 (SOD1) Cytosolic antioxidant [338, 342] 

Nitric oxide synthase (NOS) Enzyme catalysing the formation of nitric 
oxide 

[343] 

Ubiquitin (Ub) Post-translation tag to degrade proteins [38] 

14-3-3 proteins  Multi-functional phosphor-binding proteins 
that regulate cellular functions 

[344] 

 

Copper chaperone for 
SOD1 

(CCS) A chaperone to delivery copper to SOD1 [338] 

Cathepsin D  Aspartate protease [29] 

Glucose-regulated protein 
78-kDa 

(GRP78/BiP) ER chaperone protein [38] 

Lys-Asp-Glu-Leu KDEL Target signalling peptide [38] 
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1.6 Measurement of metals  

Measuring metal content in biological tissues is important for understanding the biology of 

metals including the alterations seen in health and disease.  It is imperative to find a method 

for measuring metals in a certain state that reflects their complexity in biological tissue that 

is reliable, accurate and valid.  Metals are complex because they are present as multiple 

chemical species, oxidation states and are bound to diverse molecular structures. Both the 

isotopic speciation and oxidation state of metals can influence the bioavailability, 

absorption, ability to cross membranes, biological activity, and toxicity properties [345].  

Traditionally, histochemical methods were used to determine copper abundance in various 

tissues and cell types.  This approach has a semi-qualitative ideology but was a valuable 

method at detecting high levels of copper in astrocytes compared to neurons particularly 

close to the ventricular regions [127]. Analytical technologies are now widely used to 

measure trace elements in biological samples, such as brain samples, using methods such as 

atomic absorption spectrometry (AAS) and inductively coupled plasma mass spectrometry 

(ICPMS), which are the most commonly used and described methods for detecting metallo-

biological changes within the brain. Several factors must be considered when choosing an 

analytical technique that can accurately measure metals in complex matrices, including 

sample type, sensitivity, speed, element of interest, cost, and availability of the technology 

(see Table 1.5 for a description of the advantages and limitations of each method).  AAS was 

the first tool for spectrometric metal analysis in samples and is widely used in many 

industries [346]. The sample is atomised using a graphite or flame furnace atomiser, which 

the atoms once free and upon exposure to light (hollow-cathode lamp) transition from 

ground to excited energy states with radiation of energy states absorbed is measured [347]. 

To ensure only the element of interest is detected, monochromators are employed to select 

the wavelength of the light to minimise interference with the intensity of the beam 

measured by a detector.  The advantages of AAS include its high throughput, sensitivity, and 

low cost per analysis. However, this method does not have the ability to measure multiple 

elements in complex samples unlike newer technologies (Table 1.5).    

Based on the Mössbauer effect, Mössbauer spectroscopy measures the atomic nucleus and 

is primarily used to study iron metabolism in samples [348-351]. In accordance with its 
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principles, a sample is exposed to radiation (in the form of gamma-rays), where the gamma-

rays excite the atomic nucleus. In order to maintain its energy, the nucleus must move with 

equal and opposite momentum, and the intensity of the beam of energy transition is 

measured and analysed by a detector [350]. While this technique is non-destructive to the 

sample, it has a poor sensitivity as it measures only subtle differences in molecular structure 

and nuclear species (oxidation states) [351, 352]. Its application is limited to detecting 

specific isotopes and requires specific operation conditions (temperature/pressure)[351, 

352] (Table 1.5).     

Synchrotron X-ray based absorption and emission techniques have been developed over the 

last decade to characterise materials in complex matrices. While these tools are both 

versatile and powerful, they are restricted in terms of both their availability and accessibility 

in beamtime, and experimental timeframes can take longer than the granted access (Table 

1.5).  One of these techniques, X-ray absorption near edge structure (XANES), is where 

photons produced by X-ray beam are at an energy above its absorption edge (~50eV), and 

are absorbed by core electrons of a sample [353]. This change in energy across the edge is 

due to a hole within the inner shell and an electron from a higher energy state falling into 

this vacancy. The energy that is released can have the effects of 1) cause fluorescent 

emission to release photons or 2) can excite and eject electrons from a higher energy state. 

The absorption edges reveal the elements that absorb within X-ray absorption spectra [353]. 

Only until recently, XANES is used as a imaging tool to map speciation of metals in complex 

biological tissues in situ [354]. XANES provides further evidence for metal speciation shifts 

and changes in metal-complexes in neurodegenerative diseases [355]. Complementary to 

the speciation information from XANES, X-ray fluorescence microscopy (XFM) that is often in 

conjunction as XANES, can facilitate the location and quantification of elements down 

extremely low detection limits [353]. In situ mapping of elements using XFM does not 

require the destruction of the sample which can alter the endogenous metal concentration 

and chemistry.  The emitted X-ray fluorescence signals from XFM, aids in the resolution of 

elements at a subcellular level and can reveal information about the cells metal 

homeostasis. Importantly, XFM has determined a significant shift in the copper to zinc signal 

in ALS CNS tissue with a lower copper level (12%) within SOD1 aggregates within ALS 

compared to the surrounding tissue [36].   
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Micro-particle induced emission (μPIXE) is another synchrotron-based technique to identify 

and determine concentration of various elements in a sample. Using a particle accelerator 

(2-4MeV), a sample is irradiated, and energy is released as photons as electrons in higher 

shells fill the gaps, giving off excess energy [356]. An ion beam is concentrated on a small 

spot size and is sampled across the sample’s surface. The X-ray spectra is collected for each 

of the rastered points to create an elemental map. Each element has its own 

characterisation based on its X-ray energies it emits and the intensity of these X-ray lines 

can determine its concentration [356]. 

Nano-secondary ion mass spectrometry (nano-SIMS) is a new generation of ion-microprobes 

that acquire nanoscale resolution to measure elements within scales. Nano-SIMS is 

commonly used to detect cellular structures, organelles and proteins in tandem with rare 

biological isotypes or newly synthesised fluorescent probes with rare isotopes to increase 

resolution [357, 358].  With nano-SIMS, a rastered ion beam is used to ablate the surface of 

a solid sample, and metal is detected with a mass spectrometer [359]. The focus of a small 

spot size ion beam enables nanoscale spatial resolution to give both cellular differentiation 

[360]. In addition, isotypes can be distinguished within the sample since nano-SIMS utilised 

the separation of ions by mass [359].  

While having a small primary ion beam allows for greater sensitivity and larger dynamic 

range, it is also its nano-SIMS greatest hinderance. As the beam size gets smaller, so too 

does the interaction volume and the number of secondary ion from the surface is reduced 

[361]. This also increases the time for imaging acquisition. Furthermore, the secondary ion 

yields of different elements change with the complexity of the matrix making both 

calibration of the instrument and determining concentration very difficult [361]. 

Due to its lower detection and higher sensitively limits, ICPMS is the method of choice for 

most laboratories for determining metal content in a variety of different tissue matrices 

including the brain. The principle of ICPMS is the plasma generates and converts the sample 

into positively changed ions. The liquid sample after digestion are introduced into the 

system by neubilisation, with the aerosol being transferred to argon gas (plasma).  The 

element spectra are generated by the ionisation of plasma (argon) that is heated to 7000K 

[362]. The biological sample is therefore undergoing ionisation and atomisation and with 

each element passing through ion optics then separated by mass to charge using a mass 
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spectrometer (quadrupole) please see review for detailed description [362]. ICPMS is the 

most common method for determining total metal content due to its low interference from 

tissue sources, higher dynamic range (5-7 orders), and the ability to detect multiple 

elements in a single sample (Table 1.5) [334].  

With the advantage of being fast and sensitive than AAS, ICPMS does have drawbacks with 

spectral interference cause by polyatomic, or isobaric species that arise from sample 

matrices, solvents and surrounding plasma [362, 363] (Table 1.5). However, these 

interfering species often affect lighter elements and there have been newer strategies and 

technologies that have attenuated these spectral interferences [364, 365].  

To effectively evaluate normal and pathological effects of metals including copper, it is 

essential to understand in vivo copper concentrations in biological systems.  When it comes 

to measuring changes in copper in neurodegenerative diseases, to date there is no standard 

method for sample collection, preparation and analytical tool used determine changes in 

copper which make evaluating data across multiple studies extremely challenging.  In 

addition, there is limited data on copper distribution across organs, tissues, biofluids, cell 

types and subcellular compartments.  These studies have a heavy focus on measuring total 

copper within a tissue sample with no reflection of the subcellular partitioning of copper 

within the cell.  The use of differential centrifugation to separate subcellular components of 

cells has given a greater understanding of copper changes that have been observed across 

many diverse neurodegenerative diseases [196, 366, 367].  The redistribution of copper in 

cellular fractions has revealed copper pools deficient in cytosolic fractions, enriched within 

subcellular compartments [196, 366, 367] or within insoluble protein aggregates [147] in 

brain tissue from cases with neurodegenerative diseases.  Using this knowledge, we can adopt 

and develop drugs that can act to divert redistribution and supply deficiencies as needed.  

Due to the complexity of the brain, a certain cytoarchitecture exists within each sample and 

region, which explains how chemical imaging technologies have developed to visualize copper 

changes within different types of brain cells.  A bulk sample of brain tissue taken at the time 

of post-mortem extraction would likely contain multiple neuroanatomical structures and, 

therefore, dilute the copper concentration.  These days, traditional methods, like ICPMS are 

now complemented with the advent of more advanced metal imaging such as laser ablation 

-inductively coupled plasma mass spectrometry (LA-ICPMS).  LA-ICPMS is a sensitive analytical 
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technique used to determine the chemical and isotopic compositions of a solid-based sample.  

The mounted tissue is ablated using a pinpoint laser with a spatial resolution of 30 μm, while 

the analyte is carried through using an inert gas, argon into the mass detector.  LA-ICPMS, like 

ICPMS discussed above, can detect elements down to the parts per trillion but without the 

need to physically dissect the tissue.  In situ quantification of copper using LA-ICPMS has the 

spatial resolution to discriminate distribution patterns of metals within important 

neuroanatomical regions. Moreover, the potential to identify cell-type specific disturbances 

could help identify metabolic disturbances between neurons, astrocytes and 

oligodendrocytes.  A combination of in situ imaging and bulk ICP-MS has not been used to 

determine region specific changes and copper distributions in post-mortem tissues from PSPs 

to date.  In tandem, these techniques may shed light on the copper distribution changes in 

PSP across specific regions, cell types, and subcellular structures that have been overlooked 

in previous studies.   
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Table 1.5. Comparative table of analytical techniques for detecting metals in biological 
tissues  
 

Analytical 
technique 

Detection/resolution Strengths Limitations 
References use 
in human CNS 

tissue 

Atomic 
absorption 

spectroscopy 
(AAS) 

Detection limits 
(0.1 µg mL−1) 

 
Resolution 

(0.02–2 nm)  

High throughput 
High sensitivity (ppm/ppb) 

Inexpensive 
Minimal inter-element 

interference 

Solution samples only 
Can only measure one analyte at a 

time 
Cannot detect non-metals 

AD [368] 
ALS [369, 370] 

PD [22] 

Inductively 
coupled 

plasma mass 
spectrometry 

(ICPMS) 

Detection limits 
(10 pg ml−1) 

 
Resolution 
(<1 amu) 

High throughput 
High sensitivity (ppm/ppb) 

Multi-element analysis 
Isotopic analysis 

Destructive of tissue sample 
Liquid samples only 

AD [371, 372] 
ALS [196] 

PD [175, 208, 
366] 

PSP [373] 

Laser ablation 
- Inductively 

coupled 
plasma mass 
spectrometry 

(LA-ICPMS) 

Detection limits  
(0.01 μg g-1) 

 
Resolution  
(5-150 μm) 

High sensitivity (ppm/ppb) 
Solid, liquid samples 

Multi-element analysis 
Spatial distribution of 

elements 
Isotopic analysis 

Destructive of tissue/sample 
Longer scan times for large tissue 

Low throughput 
Cannot map subcellular distribution 

 
 

AD [374-376] 
ALS [196] 

PD [21, 377-379] 
PSP [112] 

Mössbauer 
spectrometry 

Detection limits  
(20 μg g-1) 

 
Resolution 
(100 μm) 

Analyse delicate samples 
(Non-destructive) 

Metal species differentiation 
(oxidative states) 

Low sensitivity  
Limited to certain isotopes (Fe157) 
Limited to operational environment 

(temperature/pressure) 
 

 
AD [380] 

ALS 
PD [380-382] 

PSP [380] 

Nano-scale 
secondary ion 

mass 
spectrometry 
(nano-SIMS) 

Detection limits 
(0.1 μg g-1) 

 
Resolution  

(50–100 nm) 

High sensitivity (sub-μm scale) 
Distinguishes different 

isotopes 
Creates 2D - 3D elemental 

maps  

Destructive of tissue/sample 
Imaging acquisition is slow (small 

beam size) 
Difficulties in absolute quantification  

AD [355, 383, 
384] 

Micro particle  
induced X-ray 

emission 
spectroscopy  

(μPIXE)  
 

Detection limits 
(1–10 μg g-1) 

 
Resolution 
(100 μm) 

High spatial resolution, low 
detection limits 

Multi-element analysis 
High sensitivity (ppm) 

 

Can only probe a small region of 
sample (10-50 μm) 

AD [385-387] 
ALS [388] 
PD [389] 

 

X-ray 
absorption 
near-edge 
structure 
(XANES) 

Detection limits  
(1 μg g-1) 

 
Resolution 

(1 μm) 

High spatial resolution, low 
detection limits 

Analyse delicate samples 
(Non-destructive) 

Solid, liquid samples 
Metal species differentiation 

(oxidative states) 
Determine a number of 
properties (coordination 
environment, complexes) 

Accessibility and availability are 
limited 

Cannot determine relative 
concentration of elements 

 
 

AD [355] 
ALS [355] 

PD [355, 390, 
391] 

X-ray 
fluorescence 
microscopy 

(XFM) 

Detection limits  
(0.1-1 μg g-1) 

 
Resolution 
 (0.1-1 μm) 

High spatial resolution, low 
detection limits 

Multi-element analysis 
Analyse delicate samples 

(Non-destructive) 
 

Accessibility and availability are 
limited 

Tissue handling (histological staining) 
required before/after XFM which 

may change metal 
concentration/distribution 

AD [368, 385] 
ALS [36, 392] 
PD [393-395] 

Table adapted from [396, 397].  
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1.7 Therapeutic strategies for PSP 

Currently, there is no effective treatment available for PSP.  It is important to note that in 

suspected cases of PSP, the treatments are primarily focused on relieving the symptoms 

associated with the disease, rather than treating the underlying pathology.  Cases that 

present with parkinsonian variant PSP are generally supplemented with the pharmaceutical 

agents levodopa-carbidopa (dopamine precursor together with a DOPA decarboxylase 

inhibitor) with little benefit.  The use of other parkinsonian treatments such as rasagiline (a 

dopamine breakdown inhibitor) [398] and deep brain stimulation are not recommended for 

PSP as they do not address significant symptoms such as falls, altered gait, and postural 

instability [399].  Disease-modifying therapies investigated to date for PSP include the 

antioxidant coenzyme Q10 [400], riluzole (a glutamate antagonist) [401], and therapies that 

focus on tau specific interactions and pathology such as Davunetide [402] and Tideglusib 

[403].  Clinical studies examining these treatment options did not meet primary endpoint 

outcomes related to reducing disease progression [404-406]. 

Microtubule stabilising compounds have been effective in improving axonal transport, 

reducing motor and cognitive impairments, and decreasing tau pathology in transgenic 

tauopathy models [407].  To date, however, these treatments have failed to translate from 

efficacy in preclinical trials using tau-based animal models to positive outcomes in clinical 

trials.  Outcomes from an assessment of TPI-287, for example, indicated worsening of signs 

of disease in patients with AD, PSP, and corticobasal degeneration [408] despite the reversal 

of cognitive decline, attenuation of neuronal cell loss and enhanced clearance of tau by the 

similar taxane-based compound BMS-241027 in tau transgenic mice [409]. 

The development of tau-directed vaccines has resulted in new approaches to modulating tau 

in a variety of tauopathies such as PSP, including blocking its protein-protein interactions or 

promoting its clearance.  Active immunotherapies that target microtubule binding regions of 

tau, including the active vaccine AADvac1 [410], show to reduce the truncated form of tau in 

rodents [411].  In human clinical trials, AADvac1 [410], have been shown to decrease total 

and phosphorylated tau in CSF samples from AD patients, and antibodies also showing proof 

of principle with strong tau immunoreactivity in PSP brains [412].  While AADvac1 

demonstrated safety and tolerability, there was no improvement seen in clinical dementia 
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[413, 414].  Tau clearance is promoted by passive immunotherapies such as BBIIB092, an 

antibody that targets tau's N-terminal [415].  Repeated intravenous treatments for up to 

2100mg doses in PSP patients showed that not only was well tolerated, but by day 85 

unbound N-terminal tau was reduced within the CSF [416, 417].  A 52-week follow-up study 

of 490 PSP patients did not show clinical benefits, including reduced falls and no differences 

in gait or balance compared to placebo, despite a 98% reduction in N-terminal unbound tau 

within the CSF [418]. The strategy of targeting tau may not translate into clinical benefits, 

implying that therapies aimed at neutralising tau may be challenging. 

Therapeutic strategies for neurodegenerative disease based on modulation of metal 

availability have been proposed for the treatment of neurodegenerative disease [419-421], 

with several translating to clinical trials [422-426].  PBT2 for example, is a cell and blood-brain 

barrier-permeant copper/zinc chaperone that has been shown to decrease tau pathology and 

cognitive deficits in tau transgenic mice [157].  A mechanism of action for PBT2 involves 

facilitating the transport of copper and zinc across plasma membranes to elicit a cell signalling 

response that inhibits tau phosphorylation [156].  Corroborative evidence for mitigation of 

tau phosphorylation through a mechanism involving copper is derived from studies involving 

the copper-delivery compound CuII(gtsm) which increases intracellular levels of available 

copper [427] and decreases tau phosphorylation in vitro and in vivo [151, 428].  Whether the 

tau response is primarily attributable to inhibitory phosphorylation of GSK-3β or stimulation 

of protein phosphatase 2A is yet to be resolved [151, 428].  Nonetheless, improvements in 

tau phosphorylation after administration of treatments that modulate available copper 

support a potential role for copper availability in tau pathology. 

Structurally related to CuII(gtsm), the blood-brain barrier-permeant copper containing 

compound CuII(atsm) is neuroprotective in mouse models of ALS and PD [32, 429, 430].  A 

protective mechanism of action related to tau pathology is not yet reported.  However, 

CuII(atsm) is confirmed to increase levels of physiologically copper-replete SOD1 within the 

CNS via copper delivery [335, 336] and the compound targets disease-affected regions of the 

CNS when administered to patients with neurodegenerative disease [431-433].  The 

neuroprotective activity of CuII(atsm) has been ascribed in part to regulated release of 

available copper from the atsm ligand via disease-associated changes in redox conditions and 
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the presence of a pool of apo-cuproproteins [427, 434, 435].  Collectively, these studies 

indicate that compounds capable of safely modulating available copper within the CNS have 

capacity to improve pathological features of neurodegenerative disease that involve tau and 

SOD1.  With tau accumulation being the primary pathological hallmark of PSP and evidence 

beginning to emerge for the involvement of SOD1 pathology and altered copper availability, 

it is possible that therapeutic modulation of copper may be a plausible strategy for treating 

PSP.  Direct experimental and analytical verification of this is required. 
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1.8 Experimental outline and rationale 

1.8.1 Project summary and rationale 

Metals are essential to human life as they are involved in many biological functions in the 

brain including neurotransmitter biosynthesis, metabolism, mitochondrial oxidation 

phosphorylation and antioxidant activity.  Copper is a co-factor for many different proteins 

and enzymes in which it is static and buried within active sites with the flexibility to shift redox 

state during catalysis.  As copper is tightly regulated within cells, any unbound copper like iron 

can induce oxidative stress by the generating ROS through reactions of Fenton and Harber-

Weiss redox chemistry [136, 436, 437].  The excessive generation of ROS causes damage to 

many macromolecules within cells and can induce metal-mediated toxicity.  Alterations in 

copper are observed along with increases in oxidative stress biomarkers in areas exhibiting 

neuronal cell loss, gliosis, and tau pathology in PSP [10, 21, 22, 201].  The dysfunction of 

copper handling mechanisms that regulate copper can impact the availability of copper for 

various cellular compartments and can also cause the aggregation of proteins such as tau 

which are pathological hallmarks of PSP.  

One of the most commonly affected brain regions in PSP is the basal ganglion, a region that 

has a high metabolic demand and regulates motor movement and is also abundantly copper-

rich [168, 173, 438].  Copper is decreased within key anatomic regions in the PSP brain which 

suggests that there could be a disruption in many cuproenzymes that require it for their 

function.  Disrupted bioavailability of copper is a common feature seen in neurodegenerative 

conditions such as AD, ALS and within PD, with copper unavailable to be delivered to the 

important cellular antioxidant SOD1.  Failure to load copper onto the active site of SOD1, 

which is seen as an early event in ALS, triggers its misfolding and leading to its aggregation.  

The antioxidant activity of SOD1 with the lack of copper within its active site, becomes 

impaired with the build-up of toxic ROS inside the cell ultimately causing its demise.  The 

perturbed levels of copper that is seen in PSP could also have profound effects on other 

various cuproenzymes with selective distribution of copper that has been shown in ALS [196].  

Multi-copper ferroxidases that aid in the removal of excess iron from cells, like ceruloplasmin 

are shown to be severely affected in neurodegenerative conditions of PD and ALS where 

together its activity is decreased [196, 208] and iron accumulates [21, 439, 440].  In PSP, 
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changes in expression of ceruloplasmin [22] and accumulation of iron is shown in various 

nuclei in the brain [21, 439, 440] which potentially links aberrant changes of both copper and 

iron to PSP pathogenesis.  

The diversity of roles that copper plays in biology shows that there are multiple pathways that 

could be affected in PSP.  Thus, one goal is to identify metal-associated mechanisms of 

neurodegeneration that can be one of many targets during the early stages of the disease in 

order to prevent cell death.  In this thesis, immunohistochemistry, biochemical analysis, and 

proteomics were used to examine neurodegenerative mechanisms seen in PSP human post-

mortem tissue.  The overarching focus of this thesis is to investigate whether the disruption 

of copper availability is a feature of PSP whereby we observe SOD1 misfolding and pathology, 

changes in copper handling mechanisms and cuproenzymes together with various cellular 

pathways that may contribute to disease pathogenesis.  The hypothesis of this project is that 

there are decreased copper levels in neuroanatomical regions in PSP that show high levels of 

pathological changes.  The lower levels of copper in these regions have a profound impact on 

a diverse range of cuproenzymes that facilitate many different functions within the cell that 

lead to protein misfolding including SOD1. 

The specific aims of this current study are as follows:  

Aim 1. Assess SOD1 in specific brain regions from human cases of PSP. 

Aim 2. Determine if SOD1 metal status and activity is perturbed in human cases of 

PSP. 

Aim 3. Determine the molecular signature for copper availability in PSP brain samples 

relative to controls. 

Aim 4. Assess copper-dependent functionality of additional cuproenzymes in PSP 

brain samples relative to controls. 

Aim 5. Proteomic analysis to quantitate protein changes and pathways that are 

disrupted in PSP brain tissue.  
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Aim 6. Examine the relationship between copper availability and neuronal survival in 

vivo by partially knocking out the gene for copper transporter (Slc31a1). 

1.8.2  Study design 

In this study, we used both human samples from cases diagnosed with PSP together with 

aged-matched controls with no history of neurological illness and an animal model of copper 

deficiency.  From the studies using human tissue, two tissue sources were used, paraffin 

embedded brain sections and fresh frozen tissue.  Samples from cases, together with their 

demographics, are shown in Table A1 in Appendices. Paraffin embedded sections were used 

for the histopathological analysis and the frozen samples were used for biochemical analysis 

as stated in each chapter methods section.  The one frozen substantia nigra sample per case 

was used across a number of different biochemical assays and a uniform sample that 

consisted of the whole substantia nigra was prepared and described (Figure 1.7). We also 

obtained fresh frozen midbrain sections to perform LA-ICPMS that encompassed the two 

subregions of the substantia nigra to determine spatial distribution of copper within the 

substantia nigra pars compacta and substantia nigra pars reticulata (Figure 1.7). From the 

animal model of copper deficiency, (involving partial knockout of Slc31a1, the gene encoding 

CTR1), we used the substantia nigra dissected from mouse brain to perform similar 

experiments to determine if there was a similar histological and molecular phenotype that 

resembles that of PSP (Figure 1.8).  
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Figure 1.7. Workflow of frozen tissue from human PSP and control cases 
A whole substantia nigra sample that contains both subregions pars compacta (SNc; dark pigmented 
region) and pars reticulata (SNr; sits adjacently below SNc).  A uniform sample that combines both 
SNc and SNr was produced to keep the sample consistent across all assays. The substantia nigra 
sample were left to acclimatise on dry ice for 40 minutes, before the chunk of sample was powdered 
into small fragments using a warm fresh blade and combined before dividing up the sample into 
systematic tissue aliquots of ~10mg each.  These samples were pre-weighed and snapped frozen in 
the -80°C until future until subsequent assays of 1) quantitative PCR analysis 2) trace metal analysis 
using Inductively coupled plasma mass spectrometry; ICPMS, and 3) Protein levels measured by 
western blotting and activity assays and 4) proteomic mass spectrometry analysis. 
Frozen midbrain section which encompasses both of the subregions pars compacta and pars 
reticulata of substantia nigra were used to quantify 5) trace metals in situ using laser ablation using 
Inductively coupled plasma mass spectrometry. A Pseudo-colour map of metal abundance is used 
to quantify the metal concentration within a region of interest. 
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Figure 1.8. Workflow of mouse tissue from copper deficient animal model Scl31a1-/+ 
Slc31a1-/+ and littermate wildtype controls were bred to 9 - 10 months of age.  Mouse brain samples 
were next collected and the substantia nigra was microdissected from the rest of the brain and used 
in biochemical and molecular analyses.  Histological samples were prepared for cyrosectioning and 
were frozen once sectioned prior to Nissl and immunohistochemical staining.  The microdissected 
samples were pre-weighed and snapped frozen in the -80°C until future until subsequent assays of 
quantitative PCR (qPCR) analysis and trace metal analysis using Inductively coupled plasma mass 
spectrometry (ICPMS). 
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Chapter 2. Investigating superoxidase dismutase 1 pathology in 
progressive supranuclear palsy 

Commonalities among neurodegenerative conditions were discussed in Chapter 1 where 

proteinopathy and altered availability of essential metals were highlighted as features 

consistently evident across different conditions that result in diverse cognitive and physical 

symptoms of neuronal demise.  Moreover, connections between altered metal availability and 

proteinopathies were described.  Generally, distinct proteinopathies are described in terms of 

their specific neurodegenerative condition (e.g., amyloid plagues in AD).  However, some 

proteinopathies appear to occur in several neurodegenerative conditions.  Some of these have 

been recognised for some time (e.g., tauopathy in AD and Dementia with Lewy bodies) 

whereas others are only beginning to gain recognition.  In the present Chapter, we examined 

SOD1 pathology in PSP.  SOD1 is a copper-dependent enzyme mostly described in terms of 

ALS [27, 441, 442] but more recently described as a pathological feature of PD [141].  We 

examined SOD1 pathology in PSP because of disease commonalities shared with PD [39, 54, 

78], prior reports on altered SOD1 in PSP [20], and prior indications that copper availability is 

disrupted in PSP. 

2.1  Introduction  

The characterisation of neurodegenerative diseases, and in some instances their confirmation 

of diagnosis, relies heavily on immunohistochemical detection of specific proteinopathy at 

post-mortem [443].  For PSP, this has primarily focussed on tau pathology.  PSP brains show 

a distinct accumulation of aggregated tau in neurons, astrocytes, and oligodendrocytes, which 

correlates with neuronal cell loss and disease severity [444, 445].  However, multiple 

proteinopathies are now being identified in a large range of neurodegenerative diseases [141, 

443] (as shown in Chapter 1, Figure 1.3), indicating that although some proteinopathies may 

be more conspicuous than others in certain diseases, the dysfunctional processes associated 

with neurodegeneration are not necessarily restricted to pathological alteration of one key 

protein.  As therapeutic strategies for neurodegenerative diseases have to date tended to 

focus on preventing specific and readily detectable proteinopathies (e.g., tau in PSP), the 

implication herein is that on-going therapy development may need to incorporate poly-
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therapy strategies that target multiple proteins and/or target mechanisms more broadly 

involved in maintaining proteostasis.  Illustrative of the expansion in understanding of 

multiple proteinopathies in neurodegenerative disease, a study by Trist et al. (2017) showed 

that in PD, a primary synucleinopathy, SOD1 aggregates were evident within regions of 

degeneration regions in the PD brain [141].  In the absence of mutations within the SOD1 

gene, SOD1 misfolding and dysfunction are features of the PD-affected brain [141].  SOD1 

alone has been strongly linked to neuronal loss, with a level eight-fold higher in substantia 

nigra pars compacta, an area with severe neuronal cell death [141]. 

SOD1 is a frontline antioxidant whose physiological function involves formation of a 

homodimer in which each protein subunit acquires one copper atom and one zinc atom.  

Destabilisation of SOD1 and its potential subsequent aggregation can arise from post-

translational modifications that affect the protein's correct folding and quartnery structure 

[321-325].  Notably, these include incomplete acquisition of copper and oxidative 

modification of the protein, factors that are implicated in PSP.  Key areas in the brain that are 

vulnerable to tau pathology and neuronal cell loss in PSP are also associated with decreased 

copper levels [21, 22] and have indications of abnormal SOD1 accumulation [20].  This chapter 

further explores the potential role of SOD1 proteinopathy in PSP through direct examination 

of human, PSP-affected brain samples
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2.2  Hypothesis and aims 

Considering that PSP has substantial biochemical and clinical overlap with PD, including 

decreases in copper, elevated brain iron and motor symptoms, as well as increased SOD1 

expression, this chapter will investigate if SOD1 proteinopathy is present within PSP diseased-

affected tissue. 

Hypothesis: In regions where tau pathology and neurodegeneration are most prominent in 

the PSP brain as previously described [47], which is where copper depletion is most common, 

causing SOD1 to misfold and form pathological inclusions.  The specific aims as per outlined 

in section 1.8.1: 

Aim 1: Assess SOD1 in specific brain regions from human cases of PSP using 

immunohistochemistry.  

.  
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2.3 Materials and methods 

2.3.1 Post-mortem human brain tissue 

Human ethics was approved for this project by the University of Melbourne (ID #21178, 

University of Melbourne Office of Research Ethics, and Integrity).  Post-mortem brain tissue 

was obtained from Sydney Brain bank (New South Wales, Australia).  PSP cases were clinically 

diagnosed with classic variant PSP-Richardson’s (PSP-R) or parkinsonian variant PSP (PSP-P).  

Brain tissue from control cases involved and aged-sex matched individuals who died without 

any confirmed neurological condition.  All case details are provided in Table A1 (see in 

Appendices), with sample demographics for this chapter provided in Table 2.1. 

Paraffin embedded sections were used for all histopathological analyses in this study.  These 

were obtained from neuroanatomical regions that showed neurodegeneration, gliosis and 

mild to severe pathological tau distribution in the PSP brain according to Williams et al. (2007) 

[47].  Specifically, the substantia nigra pars compacta, substantia nigra pars reticulata, 

subthalamic nucleus, globus pallidus externus, caudate nucleus and the dentate nucleus 

(Figure 2.1).  Sections were also obtained from visual cortex (Brodmann’s area primary visual 

cortex; BA17) and these brain regions were assessed as regions not normally associated with 

PSP pathology (Figure 2.1).  All brain regions were sectioned at 7 µm in a coronal plane with 

the exception of the substantia nigra pars compacta, substantia nigra pars reticulata and 

dentate nucleus which were sectioned on a transverse plane and mounted on superfrost 

slides (Figure 2.1).   

 

Table 2.1. Descriptive demographics of PSP cohort 

Group N Males females Age (years) PMI 

Disease 
duration 
(years)# 

PSP 13 7 6 77.08 ± 1.62* 26.08 ± 5.44 

 
55tggb55.43

71.623 

7.15± 1.43  
Control 9 5 4 83.0 ± 2.25 26.89 ± 4.90 

01.623 
N/A 

Control cases were pathologically confirmed free of neurological disease.  #Period from diagnosis to death.  PSP: Progressive supranuclear 
palsy; PMI: Post-mortem interval; n/a: not applicable; significance is indicated when *P<0.05 (two-tailed t-test) 
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Figure 2.1. Human sections were immunostained for SOD1 in the neuroanatomical 
regions of the brain 
Regions were selected based in tau distribution pattern observed by Williams et al. (2007) [47].  
Each region was paraffined embedded, sectioned and mounted on glass slides.  Regions examined 
were the a) substantia nigra pars compacta (SNc; blue) and substantia nigra pars reticulata (SNr; 
orange); b) subthalamic nucleus (STN; purple) c) globus pallidus externus (GPe; dark blue), d) 
caudate nucleus (CN; yellow) e) dentate nucleus (DN; green) and the f) sampled region from the 
visual cortex (Brodmann’s area A17; red). 
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2.3.2 Immunohistochemical staining for SOD1  

One designated slide from each region was immunohistochemically stained for SOD1 

pathology.  Validated by the Human Protein Atlas, the SOD1 antibody is capable of detecting 

physiological as well as aggregated forms of SOD1 (refer to Table A2 in Appendices for 

antibody details).  A known PD midbrain section (contains both the substantia nigra pars 

compacta and the pars reticulata) was used as a positive control for detection of aggregated 

SOD1 whereas negative controls involved omission of primary antibody on the same slide 

(each slide contained multiple sections from the same case).  Samples were deparaffinised 

using xylene, exposed to a series of decreasing ethanol concentrations, then rinsed in ddH2O. 

The sections underwent heat mediated antigen retrieval using a pressure cooker (Retriever 

2100, Electron Microscopy Sciences) to boil in sodium citrate buffer (pH 6.0) for 10 min.  

Samples were then allowed to cool in the solution for an hour. Due to extreme melanin brown 

pigmentation of substantia nigra pars compacta obscuring 3,3’-diaminobenzidine (DAB) 

positivity [446], sections were rinsed in ddH2O, then bleached for 21 hours overnight by 

immersion in a 10% H2O2 (H1009-500ML, Merck, USA) diluted in TBS (pH 7.4).  Sections were 

washed with TBS-T (pH 8) three times for 5 min each and incubated with endogenous blocking 

solution (K802321-2Dako/Agilent) for 10 min at room temperature.  Blocking solution was 

removed then sections incubated with primary rabbit anti-SOD1 (1:400, HPA001401, Merck) 

in diluent (3% NGS, 0.1% Triton-x100 and TBS (pH7.4)) for 10 min at room temperature.  

Sections were washed three times using TBS-T (pH 8.0).  Sections were probed with secondary 

antibody IgG (K802321-2, Dako/Agilent) for 10 min at room temperature, then washed using 

TBS-T (pH 8.0) three times for 5 min each.  For visualisation, DAB, together with chromogen 

substrate, was incubated on the sections for 5 min as per manufacturer’s instructions 

(Dako/Agilent).  Excess DAB was tipped off into bleach and sections rinsed three times for 5 

min in ddH2O.  Tissue sections were counter stained using Hematoxylin (CS70030-2, Agilent) 

and Dako bluing agent (CS70230-2, Agilent) for 11 sec each, dehydrated in ethanol gradient 

and xylene, mounted in DPX and cover slipped.   
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2.3.3 Stereological quantification of accumulated SOD1 

Quantification of accumulated SOD1 was performed using a microscopic design-based 

technique, stereology, which estimates the number of objects within a 2- or 3-dimensional 

region of interest.  A physical fractionator (Stereo investigator version 11, MBF Bioscience) 

was employed as a probe to dissect thin sections for histological approximation using a 

stereological microscope (DMLB2, Leica, Germany).  At least 100 sampling sites were assessed 

across x and y axes for all regions of interest except for the substantia nigra pars compacta 

due to its smaller area (Table 2.2).  Neurons and glia within a counting frame of 110 x 110 μm 

across a delineated region with a superimposed grid based on Bokulic et al. (2021) with the 

grid size being adapted to the region's area (Table 2.2)[447].  Cell counting was performed 

whilst blinded to sample identification numbers and diagnostic group.  DAB brown positive 

(accumulated SOD1) and negative (hematoxylin stained) cells were discriminated and 

counted under a 63X oil objective lens (1.4 numerical aperture; NA).  Neurons and glia were 

distinguished from each other separately by their size, the presence of clear and visible nuclei, 

and their nucleolus to cytoplasm ratio (Figure 2.2).  Endothelial cells were excluded based on 

their rectangular shape [447, 448].  The extent of SOD1 pathology within each region of 

interest was determined based on the number of cells counted for showing SOD1 

accumulation (glial or neuronal) per mm2. 

Table 2.2. Stereological parameters relative to brain region of interest 

Region of interest 
Average number 
of sampling sites 

Grid size 

(m x m) 

Counting 
frame 

(m x m) 

Substantia nigra pars compacta 78 300 x 300 110 x 110 
Substantia nigra pars reticulata 140 300 x 300 110 x 110 
Subthalamic nucleus 166 600 x 600 110 x 110 
Globus pallidus externa 180 400 x 400 110 x 110 
Caudate nucleus 142 900 x 900 110 x 110 
Dentate nucleus 126 600 x 600 110 x 110 
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Figure 2.2. Morphological criteria for cellular discrimination of neurons, glia and 
endothelial cells 
Neurons, glia and endothelial cells were distinguished by their individual cellular characteristics 
(nuclei, size and shape) under 63X magnification.  Neurons have a prominent nucleus and nucleolus 
with a spherical shape and size (25-30 µm) as indicated in neuron panel with white arrowhead.  Glial 
cells are sometimes multinucleated and size and shape are much smaller size of (10 µm) than 
neurons without processes as indicated glia panel with white arrowhead.  Endothelial cells as 
indicated by the white arrowhead in endothelial panel are elongated and parallel to vessels.  Black 
scale bar 25 µm. 
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2.3.4 Accumulated SOD1 pathology relative to neuronal and glial cell numbers  

To explore the association between aggregated SOD1 pathology in PSP and neuronal loss, an 

index value for neuronal loss was calculated per case within the substantia nigra pars 

compacta and substantia nigra pars reticulata as described by Trist et al. (2017).  In brief, the 

neuronal index was calculated by normalising the total number of neurons remaining in each 

case to the mean number of cells found in the control samples within the same region.  This 

was performed to reduce the natural variation across samples.  Once established, the 

neuronal index for each case/region was compared to the previously determined 

quantification of accumulated SOD1 (as described in methods Section 2.3.3).  Similarly, an 

index value for gliosis was determined by normalising the total number of glial of each case 

to the mean number of glial cells found in the control samples within the same region and the 

relationship between glial index was also compared to the quantification of accumulated 

SOD1. 

2.3.5 Detecting misfolded confirmation of SOD1  

As forementioned in section 2.3.2, despite the antibody's ability to detect accumulated SOD1, 

it would be unable to distinguish what proportion of the total SOD1 is misfolded or aggregated 

and what is physiological levels.  For this reason, we probed a small subset of PSP and control 

sections with a misfolded confirmation specific antibody called SOD1-exposed dimer interface 

(SOD1-EDI).  The use of antibodies to detect confirmation specific and misfolded forms of 

SOD1 has been valuable in distinguishing natively folded from misfolded forms of the enzyme 

[35, 449, 450].  The antibodies recognised misfolded forms or epitopes that are buried within 

but are exposed when SOD1 misfolds [35, 449, 450].  In SOD1, the dimer interface is located 

at residues 145 to 151aa and the sequence RLACGVIGI is recognisable and is exposed as an 

aberrant monomer or an oligomer and not as a dimer [450].  Of the commercial misfolded 

antibodies, SOD1-EDI is the most sensitive antibody that can detect the early forming 

oligomers [449].  SOD1 forms the stable homodimer upon the metalation events of copper 

and zinc [322] as is rarely found in monomeric state.  We employed the use of SOD1 exposed 

dimer interface (EDI) antibody to determine if SOD1 is found misfolded form in PSP tissue 

(refer to Table A2 in Appendices for antibody details). 
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2.3.5.1 Triple immunofluorescent staining for GFAP and IBA-1, and accumulated SOD1 or 
SOD1-EDI  

To identify which glial cells contain accumulated SOD1 or SOD1-EDI (misfolded), we 

performed triple labelling immunofluorescence.  Using fluorophore conjugated secondaries 

as visualisation aids, the three antigens (GFAP, IBA-1 and SOD1/SOD1-EDI) were multiplexed 

with a secondary conjugated fluorophore with its own excitation and emission spectra for 

differentiation (see Figure 2.3).  To increase specificity and limit cross-reactivity, accumulated 

SOD1 and SOD1-EDI antibodies were each incubated with different species of antibodies 

raised against common glial marker for astrocytes (GFAP) and fluorophore conjugated marker 

for microglia (IBA-1).  An additional section with the omission of primary antibodies was used 

as a negative control to determine if there was non-specific binding of primary antibodies.  

Sections of substantia nigra regions (additional slides from Section 2.3.2) from each case (N = 

6 PSP cases and N = 6 control cases) were deparaffinised using xylene then rehydrated using 

a sequential decreasing dilution of ethanol followed by ddH2O. Using a pressure cooker 

(Retriever 2100, Electron Microscopy Sciences, PA), the sections were boiled in sodium citrate 

buffer (pH 6.0) for 10 min, then allowed to cool in the solution for over an hour. Sections were 

rinsed in ddH2O, followed by a block step of 5% H2O2 (H1009-500ML, Merck, USA) diluted in 

TBS (pH 7.4) for 5 mins and a rinse in TBST (pH 8). Sections were blocked using donkey serum 

blocking solution (10% donkey serum, 0.3% Triton X-100 in Tris buffer, pH 7.4) overnight at 

4C with rocking.  One section was incubated with primary antibodies goat anti-GFAP (1:500, 

Ab53554, Abcam) and rabbit anti- SOD1 (1:200, SOD1, HPA001401, Merck) and the other 

section with primary antibodies goat anti-GFAP (1:500, Ab53554, Abcam) and rabbit anti-

SOD1-EDI (1:200, SPC-206, Stressmarq) made in antibody diluent (0.1% donkey serum, 0.3% 

Triton X-100, Tris buffer pH 7.4) for 1 hour at room temperature (see Figure 2.3). Sections 

were thoroughly washed three times for 10 min each using TBST (pH 8).  Under dark 

conditions, fluorophore conjugated secondary antibodies donkey anti-goat Alexa 488 

(Ab150177, Abcam) and donkey anti-rabbit Alexa 594 (150064, Abcam) were then applied to 

the sections, with both diluted to 1:1000 in antibody diluent (0.1% donkey serum, 0.3% Triton 

X-100, tris buffer pH 7.4) for 1 hour at room temperature. Sections were rinsed three times 

for 10 min using TBST (pH 8).  Samples were reblocked with 3% bovine serum albumen (BSA) 

0.3% Triton X-100, tris buffer pH 7.4) for 30 min at room temperature followed by incubation 

with IBA-1 (ab225261, Abcam) diluted to 1:100 in antibody diluent 0.1% BSA (0.3% Triton X-
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100, tris buffer pH 7.4).  Sections were rinsed three times for 10 min using 0.1M PBS (pH 7.4), 

counterstained with DAPI for 2 min, then rinsed for 10 min using 0.1M PBS (pH 7.4).  

Quenching of autofluorescence by lipofuscins was performed using 1x Trueblack solution 

made in 70% ethanol (Trueblack, Biotum) for 1 min, rinsed in 0.1M PBS (pH 7.4) mounted in 

aqueous mounting medium Fluroshield (F6182, Sigma-Aldrich) and sealed.  

 

Figure 2.3. Triple immunofluorescence labelling of accumulated SOD1 and SOD-EDI in glia 
Two midbrain sections per case (total of control; N = 12, PSP; n = 12) that contain the substantia nigra 
pars compacta and pars reticulata were immunostained to determine which glial cells, astrocytes 
(glial-fibrillary acid protein; GFAP) or microglia (Ionized calcium-binding adaptor molecule 1; IBA-1) 
the accumulated SOD1 and (exposed dimer interface) SOD1-EDI are located in.  Section 1 was labelled 
with accumulated SOD1 antibody, GFAP and lastly conjugated IBA-1 Alexa647.  Section 2 was labelled 
with SOD1-EDI, GFAP and then followed by conjugated IBA-1 Alexa647 outlined in section 2.3.5.1 
Schematic diagram was created in Biorender. 
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2.3.6 Quantification of accumulated and SOD1-EDI immunofluorescence 

Multiple antibody targets were visualised using fluorescence detection, with each 

fluorophore having a unique emission and excitation spectrum.  Multispectral fluorescence 

images were captured on a Zeiss upright microscope (M2 Imager) using the Zen software 

(Zeiss) with an area size of 40.136 mm2 calculated from a 20 µm scale bar.  Individual images 

of four channels with filter-sets for DAPI (Ex 358 nm, Em 463nm), Alexa488 (Ex 493 nm, Em 

520 nm), Alexa594 (Ex 590 nm, Em 619 nm) and Alexa647 (Ex 653 nm, Em 669 nm) were taken 

at 20X objective with four independent adjacent images from the ventral substantia nigra 

pars compacta and substantia nigra pars reticulata regions (total of 32 images per case) see 

Figure 2.4.  Four channel images were merged using photoshop software (Adobe Photoshop) 

and the number of GFAP positive cells, GFAP positive cells with SOD1 within cytosol/nucleus, 

IBA-1 positive cells and IBA-1 positive with SOD1 within nucleus/radial arms were counted 

and averaged across the 4 individual images per region and case and were normalised by the 

area of the image.   
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Figure 2.4. Schematic diagram of human midbrain with images obtained to quantify 
SOD1 and SOD1-EDI in glial cells in the substantia nigra pars compacta and pars 
reticulata 
Four individual locations (dotted squares) were sampled images were taken across the ventral 
substantia nigra pars compacta (SNc; red dotted squares) and the adjacent substantia nigra pars 
reticulata (SNr; green dotted squares).  At 20X magnification, the four locations were imaged across 
the four channels; DAPI (Ex 358 nm, Em 463 nm), Alexa488 (Ex 493 nm, Em 520 nm), Alexa594 (Ex 
590 nm, Em 619 nm) and Alexa647 (Ex 653 nm, Em 669 nm) and merged to quantify accumulated 
SOD1 and misfolded SOD1-EDI. Image created in Biorender. 
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2.3.7 Gene expression 

RNA was isolated from fresh-frozen tissue using TriReagent as per manufacturer’s instructions 

(T9424, Sigma-Aldrich). Genomic DNA contamination was removed from isolated RNA 

samples using the Turbo DNA-Free kit (Thermo Fisher Scientific) before measuring the 

concentration and quality of the samples using a Nanodrop.  cDNA was synthesised using 

High-capacity cDNA reverse transcript kit (#4368814, Thermo Fisher Scientific) before being 

pre-amplified (TaqMan Preamp Master mix, #4488593, Thermo Fisher Scientific) using probes 

for all genes of interest (see Table A3 in Appendices for full list of probes).  The pre-amplified 

cDNA was diluted 20-fold in water then aliquoted in triplicate into a 384 well microamp plates 

together with Taqman Fast master mix (#4444554, Thermo Fisher Scientific) and probes for 

genes of interest (see Table A3 in Appendices).  The samples were run on a Viia 7 Applied 

Biosystems qPCR system with hot start 50°C (2 min), 95°C (20 sec), 60°C (30 sec) and 40 cycles 

of 95°C (3 sec) and 60°C (30 sec).  Relative expression was calculated using the ∆∆ct method 

when correcting to housekeeper gene GAPDH, with results presented as fold-change relative 

to controls (bar graphs) or as gene expression z-scores (heatmaps).  

2.3.8 Statistical analyses 

All statistical analyses were performed using GraphPad Prism version 10.0.  Results generated 

are presented as mean values ± SEM in bar graphs or as mean values with linear regression 

and 95% confidence intervals in correlation plots.  Histopathological comparisons were 

performed using t-tests comparing controls and PSP groups with F tests used to determine 

equal variances. In the instance of unequal variances, a Welsch’s correction was used.  

Correlation analyses were performed using Pearson r upon meeting parametric assumptions.  

A two-way ANOVA was used to compare the levels of SOD1 and accumulated SOD1 with Sidak 

multiple comparisons to test differences between both levels.  Significance was indicated 

when p value was p<0.05 *, p<0.01 ** and p<0.001***. 
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2.4 Results 

2.4.1 Neuronal loss in PSP is associated with gliosis 

Neuronal loss and gliosis are characteristic features of the PSP-affected brain, particularly 

within substantia nigra pars compacta, substantia pars reticulata, subthalamic nucleus, 

globus pallidus externus.  Our initial assessment of the tissue samples used for this study 

quantified neuronal loss and gliosis to confirm these salient features in our tissue samples 

and therefore their suitability for subsequent analyses.  Histological examination confirmed 

significant neuronal loss (Figure 2.5a) and gliosis (Figure 2.5b) in our PSP samples.  Neuronal 

loss was most evident in the substantia nigra pars reticulata (60% neuronal cell loss compared 

to controls), globus pallidus externus (48% neuronal cell loss) and the caudate nucleus (31% 

neuronal cell loss).  A trend towards neuronal cell loss was evident within the substantia nigra 

pars compacta (28% neuronal cell loss), subthalamic nucleus (16% neuronal cell loss) and 

dentate nucleus (30% neuronal cell loss) (Figure 2.5a, c).  Gliosis was most apparent within 

the substantia nigra pars compacta, subthalamic nucleus, and globus pallidus externus, within 

increases in glial cell numbers in these regions measured at 80%, 63% and 56% above controls 

respectively (Figure 2.5b, d).   

To gain greater insight to the histological results generated, particularly the types of glial cells 

likely contributing to the observed gliosis, we performed gene expression analyses targeting 

genes enriched in neurons, astrocytes, microglia and oligodendrocytes.  In contrast to 

histological examination which enables direct observation of individual cells within known 

neuroanatomical regions, the gene expression analysis methodology we used necessitates 

homogenisation of tissue samples.  Thus, all gene expression results presented here are for 

tissue homogenates enriched for substantia nigra pars compacta and substantia nigra pars 

reticulata.  Overall, the expression of genes associated with neurons was decreased in PSP.  

An RNA binding protein RBFOX3 regulates alternative splicing of exon 10 in pre-mRNA tau 

transcript [451] is significantly reduced in the PSP brain. Other neuronal based cytoskeletal 

proteins NEFH and TUBB3 are significantly decreased in PSP (Figure 2.12a and b).  Among the 

neurotransmitter-specific genes, GABRA1 (encodes GABAA1) and not TH, is significantly 

altered in PSP.  GABA neurons are abundant in the substantia nigra pars reticulata, however 
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in PSP these neurons are lost [452, 453]. Notably, the expression of MAPT, the gene that codes 

for tau, was significantly higher in substantia nigra of PSP tissues. 

Expression of the astrocytic markers ALDH1L1 and GFAP were significantly elevated in the 

substantia nigra of PSP cases (Figure 2.12a and b).  A solute carrier gene called aquaporin 4 

(AQP4), which facilitates astrocytic migration in response to neural injury and inflammation 

in the nervous system [454, 455], is found to be elevated in PSP.  TMEM119, the microglial 

marker, is shown to be elevated in expression, whereas oligodendrocyte markers are not 

altered (Figure 2.12a and b).  
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Figure 2.5. Quantitative assessment of pathological changes in PSP using stereology 
Several pathologies were assessed in post-mortem tissue sections from PSP and controls including 
a) neuronal cell loss and b) gliosis, together with relative numbers of c) neurons remaining and d) 
total number of glial cells to controls. The pathological evaluation on various neuroanatomical 
regions of substantia nigra pars compacta (SNc), substantia nigra pars reticulata (SNr), subthalamic 
nucleus (STN) globus pallidus externus (GPe), caudate nucleus (CN) and the dentate nucleus (DN).  
Data are expressed as the mean ± SEM, with non-significance (ns) and significance being indicated 
when *p<0.1, **p<0.01 and ***p<0.001.   
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2.4.2 SOD1 accumulation is seen at higher levels in the glia in PSP  

Histological examination of the brain samples revealed that accumulated SOD1 pathology 

was present in all brain regions of interest in PSP cases (Figure 2.6a-e) and controls (Figure 

2.6f-j).  Accumulated SOD1 was not detected in visual cortex (Figure 2.6e,j), a region of the 

brain that is suggested to show no tau pathology, neuronal cell loss or gliosis in PSP [47].  

When comparing PSP cases to controls, accumulated SOD1 pathology appeared more 

abundant in PSP within neurons of the substantia nigra pars compacta and the substantia 

nigra pars reticulata (Figure 2.6k), although neither of these results were statistically 

significant.  By contrast, accumulated SOD1 pathology within glial cells of these same brain 

regions was significantly higher in PSP compared to controls (Figure 2.6l).  In addition, 

accumulated SOD1 pathology within glial cells was also higher in the subthalamic nucleus of 

PSP cases compared to controls (Figure 2.6l).  Abnormal accumulation of SOD1 within glial 

cells in the PSP affected brain but not neuronal cells is consistent with a previous report 

[20].  The presence of accumulated SOD1 in control cases indicates that SOD1 pathology 

may be a feature of the aged brain, but its higher abundance in PSP cases overall shows a 

proteinopathy that is more pronounced in the presence of neurodegenerative disease. Glial 

SOD1 pathology has been reported in ALS cases, where an immunohistochemical study 

showed SOD1 aggregates found in CNS tissue are comprised of up to 75% of the glial 

population in patients that carry a SOD1-mutation using a mutant specific antibody [332]. In 

addition, families that carry a non-SOD1 familial mutation and even in sporadic ALS cases 

showed between 75 - 100% of glia contained SOD1 aggregates [332]. Interestingly, the 

majority of these aggregates were found in association with astrocytes (using GFAP co-

staining), with a few positively stained microglia and oligodendrocytes [332]. The more 

extensive change of accumulated SOD1 is seen in the glia within the basal ganglion (SNc, SNr 

and STN see Figure 2.6l).  As previously reported, SOD1 staining is particularly prominent in 

the substantia nigra of the PSP brain, followed by a SOD1 staining in the subthalamic 

nucleus. (Figure 2.6l). The DAB chromogen was intensely stained within glial cells that are 

an average size of 10-20 μm, a size that makes it hard to distinguish specific glial cells.  In 

addition to accumulated SOD1, a pathology similar to the Lewy bodies more commonly 

associated with PD was detected in PSP cases (Figure 2.7a). Lewy body like hyaline 

inclusions positive with SOD1 were observed and distinguished from SOD1 positive cells due 
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to the eosinophilic round halo (glass like) within the soma (Figure 2.7b).  The Lewy body like 

hyaline inclusions had a homogenous intense staining of the entire inclusion body and were 

also detected in the control cases.  Similar SOD1 positive Lewy body like hyaline inclusions 

are also present in mutant SOD1 cases of familial ALS [38, 338, 342, 344] in both motor 

neurons and astrocytes.  The SOD1 positive Lewy body like hyaline inclusions detected in 

cases of PSP appeared to be localised within astrocytes since there was an absence of 

contorted nuclei which are associated with neuronal Lewy body like hyaline inclusions.  We 

observed that the Lewy body like hyaline inclusions present in PSP were associated with a 

swollen cytoplasm, with a range of these cells measuring between 20 and 50 μm in diameter 

(Figure 2.7b).  In addition, the presence of Lewy body like hyaline inclusions in PSP appeared 

in all regions of the brain however the levels were elevated in the substantia nigra pars 

reticulata, subthalamic nucleus and the globus pallidus externus (Figure 2.7a). 
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Figure 2.6. Accumulation of SOD1 is seen in glia within PSP tissue 
Representative images of tissue sections from PSP (a, b, c, d and e) and control (f, g, h, i, j) stained 
with SOD1 (brown DAB) and counterstained with hematoxylin (blue) and pathological negative 
control (Visual cortex; VIS). Images showing the staining patterns in the substantia nigra pars 
compacta (SNc), substantia nigra pars reticulata (SNr), subthalamic nucleus (STN) and the Visual 
cortex (Vis) with the regions not shown (globus pallidus externus and dentate nucleus.   Arrow heads 
and white asterisks indicate SOD1 positive staining for glia and neurons respectively.  Black scale 
bars 25 µm. Stereological quantification of accumulated levels of SOD1 in k) neuronal cells and 
within l) glial cells in neuroanatomical regions; substantia nigra pars compacta (SNc), substantia 
nigra pars reticulata (SNr), subthalamic nucleus (STN) globus pallidus externus (GPe), caudate 
nucleus (CN) and the dentate nucleus (DN) and visual cortex (VC) with none detected ;N.D.  Data 
are expressed as the mean ± SEM with non-significance (ns) and significance being indicated when 
*p<0.1 and **p<0.01. 
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Figure 2.7. SOD1 positive Lewy body like hyaline inclusions found within PSP tissue 
Accumulated SOD1 found within Lewy body like hyaline inclusions (LBHI) a) in neuroanatomical 
regions; substantia nigra pars compacta (SNc), substantia nigra pars reticulata (SNr), subthalamic 
nucleus (STN) globus pallidus externus (GPe), caudate nucleus (CN) and the dentate nucleus (DN). 
Data are expressed as the mean ± SEM with non-significance (ns) and significance being indicated 
when *p<0.1 and **p<0.01. Represented picture micrograph of a b) PSP case with Lewy body like 
hyaline bodies found the in substantia nigra pars reticulata. Arrowhead indicates SOD1 positive 
Lewy body like hyaline inclusions. Black scale bar 25 µm.    
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2.4.3 Associations between neuronal cell loss, gliosis and SOD1 aggregation in PSP 

Due to the involvement of neuronal cell loss, gliosis, and SOD1 accumulation in the substantia 

nigra pars compacta and substantia nigra pars reticulata, we examined these regions further 

to determine whether any associative correlations exist between these factors. In the 

substantia nigra pars compacta, gliosis (Figure 2.8a), accumulated SOD1 in neurons (Figure 

2.8b), accumulated SOD1 in glia (Figure 2.8c) and accumulated SOD1 in the Lewy body like 

hyaline bodies (Figure 2.8d) did not have any association with neuronal cell loss.  In addition, 

accumulated SOD1 in neurons (Figure 2.8e) and the glia showed no relationship with gliosis 

(Figure 2.8f).  However, the presence of accumulated SOD1 in the Lewy body like hyaline 

inclusions correlated significant with gliosis (r = 0.4768, p = 0.0390, Figure 2.8g).  In the 

substantia nigra pars reticulata, a relationship between neuronal cell loss and glia is indicated 

but not statistically significant (r= -0.4540, p = 0.0509 see Figure 2.9a).  There was no 

correlation seen between neuronal cell loss and the amount of accumulated SOD1 in neurons 

(Figure 2.9b), or within Lewy body like hyaline bodies (Figure 2.9d).  However, there was a 

trend in neuronal loss and with accumulated SOD1 in glia (r= -0.4471, p = 0.0550 Figure 2.9c).  

Additionally, there was no association between gliosis and the accumulation of SOD1 in 

neurons (Figures 2.9e), or in glia (Figures 2.9f) and a positive trend was seen within Lewy 

body like hyaline inclusions (r= 0.4363, p = 0.0618, see Figure 2.9g).   
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Figure 2.8. Relationships between neuronal cell loss, gliosis and SOD1 within the 
substantia nigra pars compacta 
Linear regression (line of best fit together with the 95% confidence intervals) between a) neuronal 
loss and gliosis, b) neuronal loss and accumulation of SOD1 in neurons, c) neuronal loss and 
accumulated SOD1 in glia, d) neuronal loss and accumulated SOD1 in Lewy body like hyaline 
inclusions (LBHI), e) gliosis and accumulated SOD1 in neurons, f) gliosis and accumulated SOD1 in 
glia and g) gliosis and accumulated SOD1 in Lewy body like hyaline inclusions.  Data points represent 
individual control samples (blue) and PSP samples (red).  Pearson’s r coefficient was calculated to 
measure the linear relationships between the pathological variables, with p values (two-tailed) 
indicating significance.    
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Figure 2.9. Relationships between neuronal cell loss, gliosis and SOD1 within the 
substantia nigra pars reticulata 
Linear regression (line of best fit together with the 95% confidence intervals) between a) neuronal 
loss and gliosis, b) neuronal loss and accumulation of SOD1 in neurons, c) neuronal loss and 
accumulated SOD1 in glia, d) neuronal loss and accumulated SOD1 in Lewy body like hyaline 
inclusions (LBHI), e) gliosis and accumulated SOD1 in neurons, f) gliosis and accumulated SOD1 in 
glia and g) gliosis and accumulated SOD1 in in Lewy body like hyaline inclusions. Data points 
represent individual control samples (blue) and PSP samples (red). Pearson’s r coefficient was 
calculated to measure the linear relationships between the pathological variables, with p values 
(two-tailed) indicating significance.   
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2.4.4 SOD1 accumulation in PSP is localised to astrocytes  

We performed triple immunofluorescent labelling to examine the glial cells (astrocytes and 

microglia) within which SOD1 accumulation occurs in PSP.  Quantification of the triple 

labelling images showed that accumulated SOD1 is present at higher levels in astrocytes 

(GFAP) than microglia (IBA-1) in both the substantia nigra pars compacta (Figure 2.10a) and 

the substantia nigra pars reticulata (Figure 2.10b), regardless of whether the cases were PSP 

or controls.  In PSP cases, the accumulated SOD1 seen in astrocytes was 40% and 79% higher 

than controls within substantia nigra pars reticulata and substantia nigra pars compacta 

respectively.  We also observed that the GFAP expressing cells show a hypertrophic 

morphology with increase thickness and length of processes (Figure 2.10k and m). GFAP and 

IBA-1 expressing cells were elevated in the PSP brain (Figure 2.10c, d) and this is in line with 

the elevated levels gliosis detected (using immunohistochemistry in methods 2.3.2) and as 

presented in Figure 2.5b and c. 

As opposed to DAB chromogenic labelling of the whole cell (Figure 2.6), accumulated SOD1 

deposits were observed mainly in the cytosol of GFAP expressing cells when using 

immunofluorescence (Figure 2.10i-n).  Fluorophores as visualisation aids provide sensitive 

detection methods that can simultaneously detect the compartmentalisation of target 

antigens while multiplexing multiple targets of interest [456-458].  DAB as a chromogen, has 

been the gold standard visualisation agent in diagnostic histopathology, however DAB has a 

poor dynamic range with up to 99% of the light being blocked by the DAB substrate [457] 

which is a limiting factor to resolving small abundant proteins and could explain the difference 

in staining profiles.  

Lewy body like hyaline inclusions, which were identified by their spherical shape, stained 

positively for both GFAP and SOD1 (Figure 2.10n) indicating that this pathological feature is 

present within astrocytes.  Positive IBA-1 staining indicates microglia (purple) surrounding 

GFAP positive Lewy like hyaline inclusions for engulfment through phagocytosis (Figure 

2.10n).  The GFAP expression in these cells showed a circular ring which would indicate that 

this region would be the cytosolic compartment, given GFAP is an intermediate filament that 

is involved in the cytoskeletal structure of astrocytes [459].  



Chapter 2. Investigating superoxidase dismutase 1 pathology in progressive 
supranuclear palsy 

 
 

70 

 

Figure 2.10. SOD1 accumulation is seen within astrocytes found within substantia nigra 
in PSP compared to control 
Quantification of accumulated SOD1 within glial cells; astrocytes (GFAP) and microglia (IBA-1) a) in 
the substantia nigra pars compacta (SNc) and b) the substantia nigra pars reticulata (SNr).  Total 
number of GFAP and microglia within c) substantia nigra pars compacta (SNc) and the d) substantia 
nigra pars reticulata (SNr).  Representative images of individual filter channels e) DAPI - nuclei, 358 
nm f) GFAP – 488 nm, g) SOD1- 594 nm, h) IBA-1- 647 nm and i) all merged channels.  Representative 
images of accumulated SOD1 (red), GFAP (green), IBA-1 (purple) and DAPI (blue) within the 
substantia nigra pars compacta in j) controls and in k) PSP and within substantia nigra pars reticulata 
(SNr) in l) controls and in m) PSP with accumulated SOD1 within astrocytes as indicated by white 
arrowheads.  Accumulated SOD1 was found to be co-localised within a GFAP expressing n) Lewy 
body like hyaline inclusion as indicated by the yellow arrowhead.  Data are expressed as the mean 
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± SEM with non-significance (ns) and significance being indicated when *p<0.1 and **p<0.01.  Red 
scale bars 20 μm. 
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2.4.5 SOD1 proteinopathy in PSP astrocytes involves misfolded SOD1 

An antibody that recognises the solvent exposed dimer interface (EDI) of SOD1 was used to 

determine if SOD1 accumulating in PSP is of a misfolded conformation.  The antibody 

recognises an epitope that is normally inaccessible within the physiologically folded 

homodimer and therefore recognises monomeric and misfolded forms of SOD1, particularly 

when there is a lack of bound copper [450] (Figure 2.11a).  SOD1-EDI was detected in both 

control and PSP cases, and the staining pattern was similar to accumulated SOD1 (Figure 

2.10i-n) whereby SOD1-EDI was seen in the cytosol of GFAP positive astrocytes (Figure 2.11b-

g).  It is unsurprising that SOD1-EDI was present in control cases given that 35% of the total 

pool of SOD1 in humans exists as a metal-deficient form [460].  Interestingly, Lewy body like 

hyaline inclusions, positive for GFAP had very limited and less intense misfolded SOD1 staining 

(Figure 2.11f, g).  It could be suggested that these aggregates are highly insoluble and 

therefore mask the potential epitope that the EDI antibody recognises.  

Quantification of these images, using the same methodology used for immunofluorescent 

labelled accumulated SOD1, revealed SOD1-EDI was elevated by 116% in the substantia nigra 

pars reticulata and 67% within the substantia nigra pars compacta of PSP cases compared to 

controls (Figure 2.11h, i).  Relatively little SOD1-EDI was seen in the microglia and there was 

no difference between PSP cases and controls for microglial SOD1-EDI.  Levels of SOD1-EDI in 

PSP cases and controls were similar to but slightly lower than accumulated SOD1 levels (Figure 

2.11j, k).  In the substantia nigra pars reticulata where we see most neuronal cell death in PSP 

(Figure 2.5a, c), there is a larger proportion of SOD1 is found to be misfolded (Figure 2.11k). 
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Figure 2.11. Elevated levels of misfolded SOD1 are seen within astrocytes found within 
substantia nigra in PSP compared to control 
a) The epitope shown in blue of exposed dimer interface (EDI) antibody is buried deep inside the 
folds of SOD1 structure.  Representative images of SOD1-EDI (red), GFAP (green) and IBA-1 (purple) 
found in b) control and in c) PSP within the substantia nigra pars compacta and in d) control and in 
e) PSP within the substantia nigra pars reticulata as indicated by white arrowheads. Within 
substantia nigra pars reticulata f, g) Lewy body like hyaline inclusions staining positive for GFAP 
showing little SOD1-EDI staining within the cytoplasm as indicated yellow arrowheads.  
Quantification of SOD1-EDI in glial within the h) substantia nigra pars compacta (SNc) and h) 
substantia nigra pars reticulata (SNr).  A comparison of the staining levels of accumulated SOD1 and 
SOD1-EDI within the j) substantia nigra pars compacta (SNc) and k) substantia nigra pars reticulata 
(SNr). Data are expressed as the mean ± SEM with non-significance (ns) and significance being 
indicated when *p<0.1 and **p<0.01.  Red scale bars 20 μm. 
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Figure 2.12. Molecular signature of cell specific gene markers in the substantia nigra of 
patients with PSP 
Gene expression profiles using qPCR from tissue homogenates from the substantia nigra; a) relative 
gene expression fold change in cell specific markers in PSP case with data expressed as the mean ± 
SEM, b) standardised Z- score heatmap of cell specific gene markers. Multiple t-test (two sided) 
were used to determine non-significance (ns) and significance being indicated when *p<0.1 and 
**p<0.01. 
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2.5 Discussion 

We demonstrated that SOD1 proteinopathy is present in PSP by probing tissue sections with 

antibodies directed against SOD1 and its misfolded form.  A comprehensive assessment of 

multiple regions in the brain showed that the basal ganglia was the region that was severely 

damaged in PSP using an unbiased method of pathological assessment.  Obtaining tissue from 

both case and control specimens from tissue biobanks is a major barrier to stereological 

evaluations because serial section sampling is required in order to accurately assess the 

region as a 3D structure [461, 462].  Due to limited tissue availability, we used a representative 

section.  Although not entirely sampled throughout each region, this representative section 

is a standard sample that is used for diagnostics across many neurodegenerative diseases.  Of 

these regions in the basal ganglia, we found that the substantia nigra pars compacta and the 

pars reticulata seemed to be the most affected regions with higher levels of neuronal cell loss, 

gliosis and SOD1 intracellular staining.  The stereological assessments commonly used to 

assess PSP pathology focus on neuronal loss and tau deposition [463, 464] which, in varying 

degrees, have been found to affect the substantia nigra consistently [101, 102].  Here, we also 

evaluated the levels of glia within these sub-structures. The glia showed significant changes 

in SOD1 cell positivity despite cytosolic SOD1 being detected in neurons.  This phenomenon 

has also been seen in a similar study in PSP tissue [20] and also within another closely related 

tauopathy, frontal temporal lobar dementia [465].  There is extensive evidence to implicate 

the involvement of glial cells in the pathogenesis of neurodegenerative diseases [466, 467], 

suggesting glial dysfunction is an early event [204, 468, 469] that propagates the neuronal 

degeneration cascade.  The study of astrocyte functions has mainly been performed using cell 

culture experiments where the support and protection of neighbouring neurons is through 

the supply of metabolites required for antioxidant synthesis to defend against rising ROS 

levels [470, 471].  Consequently, astrocytes may have lost their antioxidant abilities, since the 

greatest accumulation of SOD1 is found in the area where the greatest loss of neurons is 

observed, the substantia nigra pars reticulata. 

Interestingly, we identified proteinaceous inclusions which stained positive for SOD1, 

resembling Lewy body pathology that was seen at elevated levels in PSP tissue.  Lewy body 

like hyaline inclusions were first identified by Hirano et al. (1967) in a family with ALS and 



Chapter 2. Investigating superoxidase dismutase 1 pathology in progressive 
supranuclear palsy 

 
 

76 

unlike Lewy bodies these do not stain positive for ⍺-synuclein [472].  While Lewy body like 

hyaline inclusions were detected in cases with long-term ALS illness, some early formations 

of Lewy body like hyaline inclusions have SOD1 positivity [473].  In our case, several individuals 

of our control group did have Lewy body like hyaline inclusions present in different brain 

regions and given that our control cohort used for histopathological analysis was significantly 

older than our PSP cohort (Table 2.1) there could be a possible age-related accumulation of 

SOD1.  Lewy body like hyaline inclusions have been commonly associated with sporadic and 

familial ALS cases by which their presence is noted within neuronal soma and within 

astrocytes in CNS tissue [474, 475].  Lewy body-like hyaline inclusions in astrocytes and 

neurons share similar features with granular-fibrils ranging from 10 – 25 nm in length and are 

positive for various proteins and enzymes including S100, ⍺B-crystallin, ubiquitin, tau, tubulin, 

metallothionein, SOD1, and CCS, the copper chaperone for SOD [338, 342].  A previous study 

by Yamagishi et al., (2007) demonstrated that in vitro ER dysfunction leads to Lewy body like 

hyaline inclusion formation [38], although the mechanism of their formation is not entirely 

understood.  Based on our initial immunohistochemical stain for SOD1 (Figure 2.6), we 

speculated that these positive inclusions were located within the glia and this was 

subsequently supported using the astrocytic marker GFAP, which stained all Lewy body like 

hyaline inclusions present in the sampled images (Figure 2.10n).  We have not excluded the 

possibility that SOD1 could also be accumulated within oligodendrocytes since we did not 

stain for oligodendrocytes and tau pathology is also seen in these glial cells.  It appears 

however, that the morphology of Lewy body like hyaline inclusions observed in PSP cases is 

characterised by an enlargement of the cytosolic compartment, a feature that is not evident 

in published Lewy body like hyaline inclusions images.  We recognised that Lewy body like 

hyaline inclusions pathology seen in this study may overlap with another astrogliosis 

pathology given that astrocyte cell bodies, which measure normally between 10-20 μm 

(without processes) appear swollen like Alzheimer type I astrocytes [476].  Alzheimer type I 

astrocytes are characterised by staining strongly for GFAP with voluminous cytoplasm and 

also have thickened glial processes, and these types of abnormal astrocytes are generally 

found in white matter unlike Alzheimer type II, which do not stain positive for GFAP [477].  

These types of abnormal astrocytes have featured in many neurological diseases such as 

multiple sclerosis, brain trauma, epilepsy, hereditary ferritinopathy, aceruloplasminemia and 
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Wilson’s disease and two independent studies showing these unusual cells in PSP [45, 46, 

478-482].   

What is evident in the relationship between SOD1 Lewy body like hyaline inclusions and glia 

that is seen in PSP is that Lewy body like hyaline inclusions looks to induce gliosis in the 

substantia nigra pars compacta and to a lesser extent the pars reticulata.  Accumulated SOD1 

staining within neurons had no effect on gliosis or neuronal survival.  Since the Lewy body like 

hyaline inclusions are found within astrocytes this could suggests the abnormal astrocytes 

might play a role in the disease pathogenesis.  Bondi et al. (2023) found that there are more 

GFAP-expressing astrocytes in the pars reticulata than in the pars compacta [483], and a 

combination of these abnormal astrocytes observed in PSP might explain why the there is 

substantial loss of neurons within substantia nigra pars reticulata. 

Furthermore, we found that there is a large portion of misfolded SOD1 (SOD-EDI) within the 

astrocytic cytosol that is significantly elevated in both of the substantia nigra pars compacta 

and pars reticulata in PSP (Figure 2.11j and k), suggesting that although misfolded SOD1 may 

be associated with neurodegeneration in PSP, the aged brain has some capacity to tolerate a 

certain level of misfolded SOD1 without involving both gliosis and neurodegeneration.  The 

substantia nigra pars reticulata is one of the regions that undergoes significant pathological 

changes in PSP and degeneration of the substantia nigra pars reticulata results in gaze palsy, 

a cardinal symptom of PSP [102].  It is reported that misfolded proteins including SOD1 are 

known to trigger neuronal cell death [16, 329, 484-487], induce gliosis and cause disruptions 

in cross talk communications with glia and neurons [488]. The EDI antibody used to identify 

the destabilised structure of SOD1 recognises a large portion that is usually hidden within the 

native dimer interface but can become exposed as a result of monomer-misfolding or 

oxidative modification of a SOD1 intermediate [450]. Given there are different staining 

patterns for many conformation-specific SOD1 antibodies, it is an important consideration 

that there is no standardised immunohistochemical methods for misfolded SOD1 [35].  Here, 

although our complementary use of an antibody and methodology that is not dependent 

upon SOD1 conformation facilitated interpretation of results obtained from the conformation 

specific antibody for misfolded SOD1, only one conformation specific SOD1 antibody was 
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used.  The use of additional conformation specific SOD1 antibodies would likely give 

additional insight to the role of misfolded SOD1 in PSP.    

What causes the elevated SOD1 misfolding seen in PSP tissue in this study is still unknown 

and further experiments are required to identify these factors.  PSP is generally not associated 

with genetic mutations in SOD1 [489] and therefore we postulate that an aberrant post 

translational modification event during its maturation process is a likely cause of 

destabilisation in leading to its misfolding.  Oxidative modification of SOD1 is shown to induce 

its destabilisation and promote its aggregation in a similar fashion to mutant forms of SOD1 

[490] and lead to toxicity as seen in vitro and in vivo studies [491, 492].  Indications of oxidative 

stress have been reported with the identification of biomarkers, 4-hydroxynoneal and 

malondialdehyde that are found in increased levels in the PSP brain [8, 10, 49, 201], and also 

seen to be present within type I astrocytes [493].  Several residues in SOD1 are known to be 

targets of oxidative modification including Lys3, Lys9 and Arg115 which impact the folding 

and the dimerisation of SOD1 at its native interface [490].  The histidine residues that 

coordinate the copper binding site, are susceptible to H2O2 oxidation, and SOD1 loses its 

affinity to bind copper [494].  Copper insertion into each monomer by its chaperone CCS, 

induces its structural stability by forming a disulphide bridge, resulting in dimerisation and 

ultimately its dismutase activity [326, 495]. The lack of available intracellular copper 

implicated in neurodegenerative conditions can result in a pool of copper-deficient SOD1 

which is a template for its self-assembly within the cytosol [496, 497].  There are also 

indications of copper dyshomeostasis in PSP, where some regions in the brain have 

significantly decreased copper levels [21, 22].  Considering that neuronal copper is supplied 

by astrocytes [178, 232], either dysfunction or degeneration of these cells may affect their 

copper supply.  Genetically inherited disorders characterised by copper accumulation 

(Wilson's disease) or deficiencies (Aceruloplasminemia) are known to have Alzheimer type I 

astrocytes [477, 481, 493], which suggests the glial machinery responsible for regulating 

neuronal copper availability is also dysfunctional.  As astrocytes have an abundance of copper 

storage molecules such as glutathione and metallothionines, they have the ability to protect 

neurons and themselves from copper-induced toxicity.  Interestingly, metallothionines highly 

enriched in Alzheimer type I astrocytes and Lewy body like hyaline inclusions [342, 481], 

which suggests the two astroglioses could be synonymous.  The upregulation of many 
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metallothionines is seen in many neurodegenerative conditions like PD and AD [498, 499] and 

it would be of benefit to stain for metallothionines in PSP to further characterise these 

pathologies.  There is evidence that metallothionine-1 is produced following neuronal 

damage, oxidative stress and neuroinflammation [500].  It has been shown that the 

overexpression of metallothionine -1 in mutant SOD1 mice attenuates the copper levels in 

cells, preventing Lewy body like hyaline inclusion formation and increasing the animal’s 

longevity [501].  Metallothionine being taken up into insoluble aggregates could presumably 

exacerbate copper dyshomeostasis and contribute to oxidative stress and protein 

aggregation.  Studies that have used bulk metal analysis of tissue is not sensitive enough to 

detect copper levels needed for cytosolic cuproenzymes such as SOD1 [502], it would be 

recommended to separate and measure the soluble cytosolic fraction from tissues to 

determine if is copper availability and is a factor that contributes to SOD1 misfolding [196, 

366]. 

Our immunohistochemistry studies confirmed that the PSP tissues samples used in our study 

are characterised by salient pathological changes, so we explored further cell specific changes 

in the brain to determine which cells are most affected in PSP.  Using qPCR, we measured 

mRNA levels for targeted neuron and glial markers within the substantia nigra of PSP cases.  

First, we investigated changes in MAPT mRNA since PSP is a tauopathy. Although MAPT is 

expressed only in neurons [89], its protein product tau can exit neurons and be taken up by 

neighbouring glial cells, suggestive of a prion-like spreading [503].  We observed that there 

was an increase MAPT levels in the substantia nigra from cases of PSP.  This increase in MAPT 

mRNA occurred despite significant decreases in markers of neuronal abundance (RBFOX3, 

TUBB3 and NEFH) (Figure 2.12).  RBFOX3 is a transcriptional factor as well as a well-known 

mature neuron nuclei marker (known as NeuN).  In addition to its decreased levels being a 

marker of neuronal loss in PSP, its decreased levels in PSP could influence the splicing of exon 

10 isoform in MAPT [504, 505].  

The neuron-specific changes that were seen in PSP tissue, were genes that were associated 

with TUBB3 and NEFH.  TUBB3 encodes a III class member, β-tubulin which is a core protein 

that assembles to form microtubules with actin.  Mutations in TUBB3 are associated with 

neurological conditions as distinct tubulinopathies, and result in axonal neuropathy due to a 
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defect in protein trafficking [506].  Since microtubules are destabilised in PSP, it is possible 

that reduction of TUBB3 seen in the substantia nigra of PSP cases could be a consequence of 

tau overexpression and aggregation [507].  Together with microtubules, microfilaments like 

NEFH crosslink within the mature neuron cytoskeletal architecture to provide support within 

myelinated axons [508].  Dysfunctions in NEFH has been associated with neurodegenerative 

conditions such as ALS and Charcot-Marie-Tooth disease [509] and are also constituents in 

many aggerates including tau inclusions [510, 511].  In PSP, NEFH is detected at higher levels 

in the CSF measured by ELISA [512].  Considering that neurofilaments are broken down and 

released from degenerating neurons or after axonal damage, they are cleared from the brain 

into the interstitial fluid and diffuse into the CSF [513].  NEFH levels were significantly 

decreased in substantia nigra of PSP cases and a decrease in neurofilaments could act as a 

marker of demyelination and axonal damage [514]. 

The sparse neurons in the substantia nigra pars reticulata are predominantly GABA-

dependent with intermixing of a small number of dopaminergic neurons [515].  These GABA-

expressing neurons project out to inhibit structures such as the motor/intralaminar thalamus, 

superior colliculus, and pedunculopontine, but there may also be other projections to 

diencephalon and brainstem [516-519]. The substantia nigra pars reticulata is therefore rich 

in GABRA1 which encodes GABA receptor A1 (GABAA1) and in PSP there is a significant 

decrease in GABRA1 mRNA transcript, indicating a loss of GABA and GABAergic neurons, 

which we reported in our PSP cohort (Figure 2.5a and c).  Given that this sample consisted of 

dopaminergic neurons and from what was observed in Figure 2.5a and c, there being a small 

loss of neurons from the substantia nigra pars compacta, it was intriguing that there was no 

decrease in TH levels.  There is a possibility that the sample didn’t contain similar amounts of 

substantia nigra pars compacta to detect changes between non-neurological controls and PSP 

with the majority of the sampling being the substantia nigra pars reticulata.  

Glia have an important role in maintaining brain homeostasis and in disease we understand 

that aberrant activation and changes in glia drive disease progression.  We observed 

significant changes were seen in the markers for astrocytes and microglia, with no alterations 

seen in the oligodendrocytes (Figure 2.12).  Astrocytes have a complex role in the brain and 

they can become reactive in pathological conditions, with astrogliosis being a common 
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significant feature of diverse neurodegenerative conditions [520].  We assessed the astrocytic 

markers, GFAP, ALDH1L1 (aldehyde dehydrogenase 1 family member) and AQP4 (aquaporin 

4).  GFAP is frequently used to measure astrogliosis in neurodegenerative disorders [521] and 

its up-regulation is a previously reported prominent feature found within the substantia nigra 

in PSP post-mortem tissue [522].  In addition the cellular morphology of GFAP expressing 

astrocytes in PSP we observed to have a hypertrophic phenotype (Figure 2.10k and m) also 

indicating these cells are undergoing reactive gliosis [523]. Together with our histology results 

for GFAP (Figure 2.10 and Figure 2.11), our gene expression analyses complement and 

support these prior findings (Figure 2.11).  To our knowledge and prior to this study, the 

astrocyte markers ALDH1L1 and AQP4 had not been assessed in PSP.  ALDH1L1 is not a widely 

used marker in neurodegenerative conditions, however it is now considered a broader marker 

for astrocytes as it labels more astrocytes than GFAP itself [524].  ALDH1L1 functions as a 

metabolic folate enzyme that is expressed within fibrous and protoplasmic astrocytes [525].  

The observed increase in ALDH1L1 levels in the substantia nigra of PSP tissue could suggest 

that there is a large number of proliferating astrocytes within the substantia nigra, which 

often leads to glial scaring as a means to stimulate repair and regrowth of axons [526].  

Within the astrocyte-facing neurons and within the perivascular end feet, AQP4 controls fluid 

exchange from the CSF and interstitial fluid in the brain parenchyma in a bidirectional 

manner [527, 528]. In addition to this function, it is also found to regulate K+ reuptake [528] 

and its transcriptional expression is altered in pathological conditions.  Altered AQP4 

expression is seen in many CNS disorders like ischemia, cerebral edema, glioblastoma, 

astrocytoma, neuromyelitis optica, AD, ALS and PD [529-535]. In our study, AQP4 was seen to 

be upregulated in PSP post-mortem tissue.  AQP4 has a role in the glymphatic system which 

facilitates the removal of waste and prevents toxic protein build-up in the brain.  The 

glymphatic system is impaired within aged people and within the cortex of AD cases [536].  

The immunohistochemical staining pattern of AQP4 is similar to that of GFAP, where it is 

present around amyloid plaques and tau inclusions [536, 537].  In addition, several metals are 

shown to cause inhibition of AQP4 in vitro studies [528, 538].   

Microglia play a dual role of neuroprotection and neurotoxicity in neurodegenerative 

conditions [539, 540] and therefore we assessed if there were any alterations to other 
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microglia genes in PSP.  As part of our immunofluorescence experiments, we used an IBA-1 

antibody to determine whether SOD1 accumulated and misfolded within microglial cells 

(Figures 2.10 and 2.11) and get a first impression of microglial changes in PSP.  IBA-1, which 

we used as a widely utilised marker for detecting microglia [541], was altered in PSP (Figures 

2.10c and d) and though it is thought to detect activated microglia, IBA-1 can also detect 

resting microglia and also infiltrating myeloid cells [541, 542].  We measured two additional 

microglial activation markers: CX3C motif chemokine receptor (CX3CR1) and transmembrane 

protein 119 (TMEM119).  The internalisation of tau into microglia via phagocytosis is 

regulated by CX3CR1 [543].  We did not detect any changes in CX3CR1 expression which like 

IBA-1, can be detected within other resident tissue macrophages and circulating monocytes 

[544].  By contrast TMEM119 levels increased significantly. It is known that the 

transmembrane microglial marker, TMEM119, can distinguish between resident brain 

microglia and infiltrating myeloid cells, however the function of TMEM119 is unknown [542, 

545]. TMEM119 is upregulated in a variety of neurodegenerative diseases, but there is 

conflicting evidence that it is unchanged in the cerebellum [546] or that it increases in PSP as 

seen in purified extracellular vesicles from inferior parietal gyrus of PSP patients [547].  

TMEM119 is also differentially expressed across regions, with some regions like the midbrain 

having a microglia transcriptome profile that indicates greater immune vigilance [548].  In ALS 

SOD1 (G93A) mutant mice with SOD1 pathology in their spinal cords, RNA-seq analysis of 

myeloid cells showed that resident microglia in the CNS like TMEM119 were increased [549]. 

Our analyses indicate a strong up-regulation of TMEM119 in the PSP-affected substantia nigra 

(Figure 2.12ab).  

Here, we provide results that show SOD1 proteinopathy is a feature of PSP that involves 

accumulation of SOD1 and its misfolding. While both tau pathology and neurodegeneration 

are pathological hallmarks of the disease, our results confirm that pathological processes in 

PSP extend beyond neuronal tau, supporting the assertion that effective therapeutic 

inventions for PSP will likely need to extend beyond tau as a protein target and also address 

non-neuronal factors. 
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Chapter 3. Molecular signature of copper bioavailability in PSP 

Results presented in Chapter 2 provided evidence for SOD1 proteinopathy in cases of PSP 

whereby the protein accumulates and misfolds in regions that have severe neurodegeneration 

and gliosis.  This proteinopathy was most evident within astrocytes, the glial cells that provide 

trophic support for neurons under physiological conditions but can directly cause neuronal 

death if provoked into an aberrant activated state.  As the propensity for SOD1 to misfold and 

accumulate is in part determined by its acquisition of copper, and as evidence exists to 

implicate altered copper availability in PSP, experiments reported in the present chapter were 

undertaken to gain further insight to the role that copper availability may play in the SOD1 

proteinopathy of PSP. 

3.1 Introduction 

Among the six transition metals, copper serves as a cofactor for many proteins and enzymes 

that are essential to human health, which is why copper deficiency and overload are closely 

related to disease.  Aside from the liver, the brain has one of the highest concentrations of 

copper in the body and of all the neuroanatomical structures, the basal ganglia, cerebellum, 

and hippocampus contain the highest amounts of copper [176, 550].  Though it is unclear why 

these areas are particularly high in copper, it is known that these regions also tend to be more 

susceptible to pathological lesions and degeneration in PSP.  The disruption of copper 

homeostasis is a prominent feature of neurodegenerative disorders, being implicated in 

pathological protein misfolding and oxidative stress.  Most pertinent to PSP, the tau protein, 

which is associated with more than twenty different neurodegenerative clinicopathologies 

[551], is known to possess copper binding sites that lay within the histidine residues in the 

pseudo-repeat regions of the microtubule-binding domain [149].  The reason for their 

existence is unknown.  A meta-analysis study by Schrag et al. (2011) indicated significant 

depletion of copper in regions is associated with tau pathology in patients diagnosed with AD 

[552].  Similarly, as described in Chapter 1 (Section 1.3.1), PSP has a hallmark pathology of 

misfolded tau seen within neurons, astrocytes, and oligodendrocytes.  The PSP-affected brain 

exhibits regional copper changes within several nuclei, including the most severe decrease in 

copper seen in the cerebellum [21] and caudate nucleus [22].  It appears, therefore, that 
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disrupted copper availability may be involved in PSP and that it may be associated with the 

disease’s characteristic tau pathology.  However, detailed examination of copper in PSP and 

its potential role in causality is lacking.  Not least of which, consideration is yet to be given to 

biochemical partitioning of copper in PSP, the molecular machinery involved in its cellular 

handling, and whether the natural anatomical distribution of copper may be altered within 

brain substructures or even between different cell types.   

The only reports of copper in PSP (see Table 1.2) show the cerebellum and basal ganglion 

regions caudate nucleus being significantly decreased in copper levels with trends in 

substantia nigra and putamen [21, 22].  Even though these studies have been useful for 

identifying copper changes in neuroanatomical regions, they have been unable to identify 

changes at the cellular and subcellular levels.  By determining the cellular and subcellular 

changes, you not only determine the potentially underlying cause of the changes, but also the 

pathological effects in the subcellular environment.  We reported that SOD1 is found to 

accumulate and also misfolded in some of the key degenerative regions in the post-mortem 

tissue of the PSP brain especially within astrocytes (Chapter 2).  SOD1 is known to misfold and 

form aggregates when there is no binding of copper within its active sites seen in in vitro and 

in vivo studies [31, 497].  Additionally, copper loss decreases the ability of SOD1 to regulate 

the basal oxidative stress load within cells, resulting in decreased antioxidant capacity [553].  

Thus, it is critical to understand the metal status to determine whether the loss of metals like 

copper could be a factor as to why SOD1 is found to be aggregated in PSP particularly when 

astrocytes are the key cell type that regulates the copper homeostasis in the brain [178, 232].
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3.2  Hypothesis and aims  

Although the reports described above show copper changes in post-mortem brain tissue 

from cases of PSP, the amount of insight provided for copper handling and cuproenzyme 

activities in PSP remains limited.  Therefore, the aim of this study is to investigate the 

copper related changes in the regions affected in the substantia nigra of PSP cases, the 

region that was most vulnerable to SOD1 pathology, neurodegeneration, and gliosis (as 

described in Chapter 2).  

Hypothesis:  

Indications of disrupted copper availability are present in the PSP-affected brain, particularly 

in the vulnerable substantia nigra where neuronal loss is most prominent. 

The specific aims of this current study as per Section 1.8.1 are as follows:  

Aim 2. Determine if SOD1 metal status and activity is perturbed in human cases of PSP. 

Aim 3. Determine the molecular signature for copper availability in PSP brain samples relative 

to controls. 

Aim 4. Assess copper-dependent functionality of additional cuproenzymes in PSP brain 

samples relative to controls. 
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3.3 Methods 

3.3.1 Fresh frozen post-mortem human samples 

Post-mortem substantia nigra tissue used in this study was obtained from the Sydney Brain 

Bank and the Victorian Brain Bank under the approval of the University of Melbourne (ID 

#21178, University of Melbourne Office of Research Ethics, and Integrity).  Fresh frozen 

substantia nigra tissue from clinically diagnosed classical Richardson’s syndrome (PSP) and 

controls were used in this experimental chapter (see Table A1 in Appendices for the full list 

of case details). Frozen tissue was prepared at outlined in Figure 1.7 and removed from -80C 

and kept on ice for subsequent biochemical and molecular assays (Table 3.1), with fresh 

frozen samples cryosectioned for LA-ICPMS (Figure 1.7, Table 3.2).  The tissue samples used 

for qPCR, solution ICPMS and protein/activity levels encompassed both the substantia nigra 

pars compacta and the pars reticulata and all results derived from these samples are 

therefore collectively termed substantia nigra (See study design in Section 1.8.2). 

 

Table 3.1. Descriptive demographics of PSP cohort used for qPCR, ICPMS, protein/activity 
levels 

Group N Males females Age (years) PMI 

Disease 
duration 
(years)# 

PSP 15 8 7 74.73 ± 1.26 22.53±2.55** 

 
55tggb55.437

1.623 

5.526 ± 0.79 

 
Control 7 5 2 74.71 ± 3.183 

 

40.57 ± 5.71 

01.623 

N/A 
Control cases were pathologically confirmed free of neurological disease.  #Period from diagnosis to death.  PSP: Progressive supranuclear 
palsy; PMI: Post-mortem interval; n/a: not applicable; significance is indicated when **P<0.01 (two-tailed t-test) 

 

 

Table 3.2. Descriptive demographics of PSP cohort used for LA-ICPMS 

Group N Males females Age (years) PMI 

Disease 
duration 
(years)# 

PSP 3 2 1 66.67 ± 3.21 

 

43.0 ± 4.04 

 
55tggb55.437

1.623 

9.00 ± 3.00 

 
Control 3 2 1 70.33 ± 2.97 

 

45.83 ± 7.59 

01.623 

N/A 
Control cases were pathologically confirmed free of neurological disease.  #Period from diagnosis to death.  PSP: Progressive supranuclear 
palsy; PMI: Post-mortem interval; n/a: not applicable. 
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3.3.2 Preparation of fresh-frozen CNS tissue samples for biochemical assays 

Pre-weighed tissue samples were thawed on ice then homogenisation buffer (See Table A4 

in Appendices) added with a 1 mg to 10 µL tissue:buffer ratio.  Using a motorised tissue 

homogeniser, the tissue was homogenised twice for 20 sec with a 20 sec delay in between. 

Samples were centrifuged at 21,000 RCF for 30 min at 4°C. The supernatant (soluble fraction) 

was removed and placed into a separate tube and stored at -80°C. The pellet fraction was 

resuspended in 20 times volume of homogenisation buffer, centrifuged (21,000 RCF, for 30 

min at 4°C) and the supernatant discarded. The pellet was resuspended again in 20 times 

volume of homogenisation buffer, then this ‘insoluble fraction’ stored at -80°C.  This tissue 

processing protocol, when applied to CNS tissue samples, separates cytosolic material 

(soluble fraction) from other cellular material such as the nucleus, plasma membrane and 

myelin (insoluble fraction) [554].  

3.3.3 Inductively Coupled Plasma-Mass Spectrometry  

Soluble and insoluble material prepared from human brain samples (Section 3.3.2; 50 µL 

aliquots) was transferred to 1.5 mL microfuge tubes then lyophilised.  After lyophilisation, 

each sample was digested in nitric acid (65% Suprapur, Merck) overnight at room 

temperature then for a further 20 min at 90°C.  An equal volume of H2O2 (30% Aristar, BDH 

chemicals) was then added in the samples via incubation at room temperature for 30 min 

then at 70°C for 15 min.  A final addition of 1% nitric acid was added to each sample. Multiple 

elemental measurements were made using a 7700 series ICPMS (Agilent) under routine 

operating conditions with a helium reaction gas cell.  Certified multiple element calibration 

solutions at 0, 5, 10, 50, 100 and 500 parts per billion (ICPMS-CAL2-1, ICPMS-CAL-3 and 

ICPMS-CAL-4, Accustandard), together with an internal standard containing 200 ppb of 

Yttrium (Y89), were used.  Results for copper, iron and zinc were adjusted for inter-sample 

differences in the high abundance elements magnesium, phosphorous, potassium.  This 

involved calculating concentrations of these high abundance elements in each sample then 

using these concentrations to determine a correction factor for each sample, akin to using 

total protein abundance on a western blot to correct for abundance of a protein of interest 

on a western blot.  The resulting corrected values for elements of interest where then 

expressed as g element per g tissue. 
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3.3.4 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) 

Frozen, unfixed tissue sections from clinically diagnosed cases of PSP (N = 3) and non-

neurological controls (N = 3) were sectioned at 30 µm in a coronal plane using a cryostat and 

mounted on superfrost slides for in situ elemental analysis using laser ablation ICPMS (LA-

ICPMS).  The images were generated using an ESL imageBIO laser ablation unit (Kennelec 

Scientific) coupled to an Agilent 7900 ICP-MS (Agilent).  Adapted from a method previously 

described [555, 556], data were collected from brain samples that contained substantia nigra 

pars compacta, substantia nigra pars reticulata, and cerebral peduncle.  We identified these 

regions using another section stained with hematoxylin and eosin and the neuromelanin 

pigmented cells of the pars compacta as a reference [557].  We annotated the regions of 

interest using Caseviewer and the Human Brain Atlas [557]. 

Intensity values for all elements of interest as ppm were collected for ablation spots of 30 μm 

and these values, relative to x and y co-ordinates of the section, saved as csv files.  Heatmap 

images for all elements analysed within each sample were generated by importing csv file 

data into ImageJ.  Mean values for copper, iron and zinc were calculated within each 

anatomical region of interest, were subtracted for background levels and normalised to 

potassium, magnesium and phosphorous levels, then expressed as a concentration of μg per 

g-1. 

3.3.5 Gene expression 

For complete methods please refer to section 2.3.7 (Chapter 2).  The list of genes of interest 

and assays used for measuring their expression is presented in Table A3, in Appendices).  

Relative expression was calculated using the ∆∆ct method when correcting to housekeeper 

gene GAPDH, with results presented as fold-change relative to controls (bar graphs) or as 

gene expression z-scores (heatmaps).  

 

3.3.6 SDS-PAGE and immunoblotting  

SDS-PAGE and immunoblotting was used to investigate the abundance of cuproenzymes in 

TBS soluble and insoluble fractions prepared from PSP brain samples and controls (Section 
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3.3.2).  The TBS insoluble fraction was further processed by the addition of Triton X-100 (1% 

v/v, Calbiochem) and vigorous vortexing, followed by centrifugation (18,000 RCF for 3 min, 

4°C).  The resultant supernatant was collected ,then the protein concentration of each sample 

determined using the BCA assay (Pierce BCA Protein assay Kit, Thermo Scientific) and all 

samples subsequently normalised to a consistent protein concentration by diluting with TBS.  

Protein-normalised samples were prepared in 4x sample buffer (Nupage LDS sample buffer, 

NP0007, Invitrogen) and loaded onto 4-12% Bis-Tris Midi gels (Thermo Scientific) and run in 

MES SDS buffer (1x, Life Technologies) at 200 volts for 40 min.  Proteins were transferred to 

PVDF membrane (Invitrogen) using the iBlot as per manufacturer’s instruction (Invitrogen).  

Membranes were blocked in blocking buffer consisting of PBS-T (0.05% v/v Tween-20 

Chemsupply) and 4% v/w Skim milk for 1 hour at room temperature followed by the 

incubation of primary antibody overnight at 4°C prepared in blocking buffer. Primary 

antibodies used were raised to detect SOD1 (1:100,000, Abcam), ceruloplasmin (1:1000, 

DAKO) or hephaestin (1:500, SantaCruz Biotechnology).  All antibody details are provided in 

Table A2 in Appendices.  Blots were rinsed 3x in PBST for 10 min then incubated with 

secondary IgG HRP (1:5000, Cell Signaling) for 1 hour.  The membranes were rinsed 3x in PBST 

for 10 min then visualised using ECL reagents (GE Healthcare) and an LAS-3000 image capture 

system (Fujifilm).  Membranes were re-probed for the loading controls GAPDH (1:5000, Cell 

Signaling) or -actin (1:2000, Cell Signalling).  Quantitation of proteins were performed using 

ImageJ software and proteins expression levels normalised to the loading controls GADPH 

(soluble fraction) or -actin (insoluble fraction).   

3.3.7 SOD1 activity 

Cytosolic SOD1 activity in the substantia nigra was measured in the TBS soluble fraction using 

a colourimetric assay as described by [31]. As pyrogallol is autoxidized in the presence of 

superoxide, a chromophore is formed which can be measured at 325 nm.  The presence of 

active SOD1 prevents this reaction.  In a 96 well plate that is preloaded with blank (ddH2O) or 

with the SOD1 inhibitor potassium cyanide (10 mM made in ddH20, #20710, Sigma-Aldrich), 

TBS soluble fractions were added to the plate in duplicate.  The pyrogallol (#254002, Sigma-

Aldrich) was prepared in a buffer containing 50 mM Tris, 1 mM EGTA and with a pH of 7.4, 

and was added into each well after a 1 min pre-incubation period.  The reaction was 
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monitored in a plate reader (Enspire, Perkin Elmer) by measuring absorbance at 325 nm in 30 

sec intervals for 30 min at 25°C.  Using the initial linear phase, SOD1 activity was calculated 

relative to controls [31].   

3.3.8 Ferroxidase activity  

Ferroxidase activity in PSP brain tissue was measured using an established method [31], in 

which oxidation of ferrous iron (Fe2+) into ferric iron (Fe3+) and its subsequent incorporation 

into apo-transferrin is measured by an increase in absorbance at 460 nm. Human substantia 

nigra tissue (see sample list in Table A1, in Appendices) was prepared as outline in the method 

in section 3.3.2 however in this homogenisation buffer contained detergent Triton X-100 with 

a final volume of 1% (v/v) to increase the solubilisation of the membrane-bound ferroxidases.  

The assay utilised the Triton X-100 extracts of the TBS insoluble fraction (Section 3.3.2).  The 

use of TBS-based homogenisation buffer in preference to a PBS-based homogenisation buffer 

for original tissue homogenisation  was critical to avoid interference in the ferroxidase assay 

introduced by the presence of phosphate [558].  Fresh solutions of human apo-transferrin 

(250 μM product, Sigma-Aldrich) and 1 mM FeSO4 were made in N2-purged ddH2O to prevent 

the oxidation of iron.  In a 96 well plate, HEPES-buffered saline (50 mM HEPES, 150 mM NaCl, 

pH 7.2) was loaded into the wells followed by apo-transferrin to a final concentration of 50 

μM and with 20 μL of the substantia nigra samples (final concentration of 60 μg of sample 

was loaded).  In a plate reader (Enspire, Perkin-Elmer), FeSO4 was added to each well to a final 

concentration of 150 μM and the absorbance at 460 nm measured every 10 sec for 5 min at 

25°C. This assay does not discriminate the different ferroxidases (predominantly 

ceruloplasmin and hephaestin in CNS tissue).  The calculation of total ferroxidase activity was 

performed using the initial linear phase.  

3.3.9 Statistical analysis 

Compared to controls, this study examined whether there are disease-associated changes in 

copper availability and its homeostatic regulation in post-mortem human brain tissue.  The 

data collected across a variety of assays was graphed in GraphPad Prism (version 10) and 

expressed as the mean ± SEM (unless stated otherwise).  All statistical analyses were 

calculated using Graphpad Prism (version 10) and statistical outliers were determined using 
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ROUT method as previously described [559].  Significant differences in the mean scores 

between PSP group and control were tested using two-sided t-tests.  F tests used to 

determine equal variances and in the instance of unequal variances, a Welsch’s correction 

was used.   
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3.4 Results 

3.4.1 Alterations in nigral metals levels in PSP diseased tissue 

The substantia nigra contains naturally high levels of metals, particularly copper, iron, and 

zinc [168, 173, 174, 176, 375].  Our understanding from previous studies is that changes in 

metals is an underlying feature across diverse neurodegenerative diseases in regions that 

have severe tau pathology, gliosis and neuronal cell loss.  Results presented in Chapter 2 

indicate that the substantia nigra in PSP had the highest levels of gliosis, SOD1 pathology, and 

neuronal cell loss.  Based on this, we performed a more comprehensive biochemical analysis 

on the substantia nigra.  Using analytical methods to measure metal concentrations in the 

brain, we observed that there were significant alterations in metals levels in the substantia 

nigra of a PSP-diseased brain (Figure 3.1 and Figure 3.2).  While changes in these metals have 

been observed in previous studies using PSP tissue, there is little known about potential 

changes within subcellular fractions within the substantia nigra as copper is associated with 

various compartments inside the cell.  Therefore, we separated tissue samples into two 

fractions, the soluble fraction and the insoluble fraction to represent both the cytosolic and 

the membrane-associated compartments respectively [554].  The concentration of copper in 

the nigra showed a significant decrease of 37.0% in the soluble and 27.5% decrease in the 

insoluble fraction (Figure 3.1a) (Table A5 in Appendices).  Conversely, a non-significant 

increase in iron (54.4%) in the soluble fraction and increased by 78.7% in the insoluble 

fraction.  Note that only the latter did reach statistical significance (Figure 3.1b) (Table A5 in 

Appendices).  Although the trends in zinc were similar to those in iron, there was only a 

modest 23.2% increase in soluble zinc and slight but significant increase in zinc within the 

insoluble (27.4%) (Figure 3.11c) (Table A5 in Appendices). 

LA-ICPMS is a sensitive tool to investigate the spatial distribution of elements, with the ability 

to resolve distinct regions in biological tissues.  The application of this technology enabled the 

discrimination between the concentration of metals within the subregions of the substantia 

nigra (Figure 3.2a, b).  Total copper levels were significantly decreased in the substantia nigra 

pars compacta and a similar trend was seen in the substantia nigra pars reticulata (Figure 

3.2c) (see Table A6 in Appendices).  The white matter tracks of cerebral peduncle that 

encapsulate the midbrain and the brainstem, showed a non-significant decreased in copper. 
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Iron levels detected in all regions, substantia nigra pars compacta, pars reticulata and the 

cerebral peduncle showed large variation in the datasets, with no significance changes in iron 

or zinc concentration detection within the substantia nigra pars compacta or pars reticulata 

with a small decrease in zinc seen in the cerebral peduncle (Figure 3.2d, e) (see Table A6 in 

Appendices).   
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Figure 3.1. Trace metal levels within soluble and insoluble fractions of the substantia 
nigra in PSP cases detected using solution ICPMS 
Comparison of cytosolic (soluble) and membrane-associated compartments (insoluble) metals 
levels in nigral tissue homogenates in PSP.  Using solution ICPMS, metals a) copper, b) iron and c) 
zinc were measured in the sample fractions. Data expressed as mean ± SEM expression relative to 
control. Two tailed t-tests were used to test significance.  
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Figure 3.2. Trace metal concentration within subregions of the substantia nigra of PSP 
cases detected LA-ICPMS 
An example of a) H&E-stained midbrain section and b) the corresponding superimposed annotated 
regions of interest defining areas of substantia nigra pars compacta (SNc), substantia nigra pars 
reticulata (SNr) and surround region of the cerebral peduncle (CPn).  Comparison trace metal 
content within sections measured by LA-ICPMS; c) copper, d) iron and e) zinc.  Representative LA-
ICPMS pseudocolour heatmaps of copper. Iron and zinc in control midbrain section and PSP 
midbrain section. Data expressed as mean ± SEM expression relative to control. Multiple t-tests 
(two-sided) were used to test significance. Significance indicated ** P<0.01, * P<0.05 compared to 
control. 
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3.4.2 Expression of genes related to copper handling is changed in PSP  

The regulation of intracellular copper involves a variety of copper transporters and 

chaperones that coordinate the delivery of copper to various subcellular compartments and 

its cellular extrusion.  To explore mechanisms that may be involved in the alterations in 

copper observed in PSP (Figures 3.1a, 3.2c), we measured the expression of 20 genes related 

to copper handling (Figure 3.3).  We observed that of the 20 copper handling genes measured, 

9 were increased in expression in the substantia nigra of PSP brain (Figure 3.3) with an overall 

change in copper handling (Figure 3.3c).  While copper deficiency in PD may be due to 

decreased levels of SLC31A1 encoding CTR1 [175], SLC31A1 levels were not altered in the 

substantia nigra in PSP (Figure 3.1). In contrast to SLC31A1, the metalloreductases (STEAP 

family 1-4) that facilitate copper entry into the cell and its transport inside the cell were 

altered in PSP.  In addition, expression levels of the ATPase ATP7A were significantly increased 

in PSP as well as the mitochondrial specific chaperones COX11 and SCO1 (Figure 3.3).  Factors 

that sense metals and regulate metal homeostasis at the transcription level MFT1 and MFT2 

were significantly elevated in PSP (Figure 3.3). We examined the relationship between copper 

concentration and copper handling genes significantly altered in PSP (Table 3.3). There was a 

strong relationship between the copper levels and STEAP1 and STEAP3, whereby as copper 

levels decreased, the STEAP1 and STEAP3 gene expression increased (Table 3.3). There was a 

moderate negative correlation between ATP7A, COX11 gene expression and copper levels, 

although it was not statistically significant (Table 3.3).  
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Figure 3.3. Molecular signature of copper handling genes in the substantia nigra of 
patients with PSP 
Measurement of gene profiles using qPCR from tissue homogenates from the substantia nigra; a) 
relative fold change in copper-handling genes compared to control b) standardised z-score heatmap 
of copper handling genes, and c) composite z-scores of overall copper handling genes. Data 
expressed as mean ± SEM expression relative to control except for graphs b and c being expressed 
as z-scores. Multiple t-tests (two-sided) were used to test significance. Significance indicated ** 
P<0.01, * P<0.05 compared to control. 
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Table 3.3. Relationships between ICPMS copper levels and copper handling genes within 
the substantia nigra 
 

Gene Soluble copper concentration Insoluble copper concentration 

ATP7A  

(N = 22) 

Pearson r = -0.3862 

P (two-tailed) = 0.0758  

Pearson r = -0.3642 

P (two-tailed) = 0.0956 

COX11 

(N = 22) 

Pearson r = -0.3938 

P (two-tailed) = 0.0697  

Pearson r = -0.2933 

P (two-tailed) = 0.1852 

MTF1 

(N = 22) 

Pearson r = -0.2258 

P (two-tailed) = 0.3123 

Pearson r = -0.3639 

P (two-tailed) = 0.096 

MTF2 

(N = 22) 

Pearson r = 0.005106 

P (two-tailed) = 0.982 

Pearson r = -0.2186 

P (two-tailed) = 0.3285 

SCO1 

(N = 22) 

Pearson r = -0.1084 

P (two-tailed) = 0.6311 

Pearson r = -0.1274 

P (two-tailed) = 0.5719 

STEAP1 

(N = 20) 

Spearman r = -0.3394 

P (two-tailed) = 0.1433 

Spearman r = -0.522 

P (two-tailed) = 0.0182 * 

STEAP2 

(N = 22) 

Pearson r = -0.2048 

P (two-tailed) = 0.3607 

Pearson r = -0.3626 

P (two-tailed) = 0.0972 

STEAP3 

(N = 21) 

Pearson r = -0.5527 

P (two-tailed) = 0.0094 ** 

Pearson r = -0.576 

P (two-tailed) = 0.0063 ** 

STEAP4 

(N = 20) 

Pearson r = -0.3726 

P (two-tailed) = 0.1057 

Pearson r = -0.2927 

P (two-tailed) = 0.2105 

Significance is indicated **P<0.01 and *P<0.05. 

  



Chapter 3. Molecular signature of copper bioavailability in PSP 

 
 

99 

 

3.4.3 Alterations in cuproenzymes  

The supply of copper to various cuproenzymes is regulated by many transporters and 

chaperones.  Decreased levels of both cytosolic and membrane associated copper in PSP 

(Figure 3.1a) may have a profound effect on both the expression and specific activity of 

cuproenzymes in PSP.  Therefore, we measured expression profiles of selected 

cuproenzymes, ceruloplasmin; CP, dopamine beta hydroxylase; DβH, hephaestin; HEPH, 

monoamine oxidase B; MAOB, myeloperoxidase; MPO and SOD1 in the substantia nigra of 

PSP cases (Figure 3.4).  The presented study showed an increase in mRNA levels in 

ferroxidases ceruloplasmin and hephaestin (Figure 3.4a, b) which both contain multiple 

copper ions that facilitates iron efflux [205, 280, 288, 303, 560] and genes DβH, MAOB, MPO 

and SOD1 were unchanged.  SOD1 protein expression (Figure 3.4c) and activity (Figure3.4f) 

showed no alterations in PSP.  Commensurate with mRNA levels, protein levels of 

ceruloplasmin (Figure 3.4d) and hephaestin were elevated in PSP (Figure 3.4e) however no 

alteration in ferroxidase activity was observed (Figure 3.4g).  



Chapter 3. Molecular signature of copper bioavailability in PSP 

 
 

100 

 

Figure 3.4. Gene, protein and activities levels of cuproenzymes in PSP 
mRNA and protein levels of cuproenzymes (ceruloplasmin; CP, dopamine beta hydroxylase; DBH, 
hephaestin; HEPH, monoamine oxidase b; MAOB, myeloperoxidase; MPO and superoxide 
dismutase 1; SOD1) measured from tissue homogenates from the substantia nigra; a) relative mRNA 
fold change in cuproenzymes, b) standardised Z- score heatmap of cuproenzymes and protein levels 
of measured by western blot of cuproenzymes c) SOD1, d) ceruloplasmin, e) hephaestin, f) SOD1 
specific activity and g) ferroxidase activity measured in the substantia nigra. Except for z-score 
heatmap, data are expressed as the mean ± SEM, t-tests (two-tailed) was used to test significance 
with non-significance (ns) and significance being indicated when *p<0.1, **p<0.01 and ***p<0.001. 



Chapter 3. Molecular signature of copper bioavailability in PSP 

 
 

101 

3.5 Discussion  

We report here that brain tissue from cases of PSP exhibit features indicative of copper 

dyshomeostasis.  Not least of which, it was found that the copper content in the substantia 

nigra was significantly decreased when assessed using two complementary analytical 

techniques, with the pars compacta subregion showing more extensive copper loss (Figures 

3.1 and 3.2).  One of the greatest regions for neuronal cell loss is in the substantia nigra pars 

compacta and appears to be universal in all PSP cases [102].  In PSP, there was an overall 

copper deficiency seen in both subcellular compartments.  Copper levels were decreased by 

37% within the cytosolic fraction, where SOD1, an important antioxidant resides.  The 

membrane associated fraction which would include plasma membranes, vesicles, organelles 

like the mitochondria also showed a 27.5% decreased in the copper levels associated with this 

fraction where important cuproenzymes like complex IV, ceruloplasmin and hephaestin 

function.  We also observed alterations in the insoluble iron and zinc pool in PSP tissue (Figure 

3.1b, c), which if left unregulated can cause a change in the redox status of the cell where free 

iron can induce metal-mediated toxic cascade leading to degeneration [14]. In situ assessment 

of iron and zinc using LA-ICPMS indicated unchanged concentrations of iron and zinc (Figure 

3.2b, c) which appeared in contrast to results obtained from solution ICPMS analysis of the 

TBS-soluble and -insoluble fractions (Figure 3.1b,c). This result could be explained by a 

number of factors such as differences in sample preparation and processing and capacity for 

LA-ICPMS analysis to more specifically extract data from defined regions of interest.  

However, we anticipate that the much smaller number of samples per group used for LA-

ICPMS (N = 3) may have played the larger role, with higher overall variation in the LA-ICPMS 

data noticeable.  

Iron can also induce the aggregation of tau [561] where there is also putative binding sites for 

tau and iron to interact [562]. Iron is also found within NFTs bound to ferritin that is seen in 

PSP brain tissue [563]. Zinc on the other hand is redox inert however under low zinc levels, 

the activity of SOD1 is increased to protect against oxidative stress [564].  The binding of zinc 

to SOD1 ensures its conformational stability [553], but an excess of zinc has been reported to 

decrease its activity [565].  Zinc is known to be increased in the metallothionine transcription 

factors MFT1 and MFT2 [566], although there was no significant increase in metallothionines 

seen in PSP tissue.   
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Few studies have shown copper alterations in the PSP brain [21] and the substantia nigra is 

one of the areas that is most abundant in copper [168, 173, 174, 176, 375].  This study used 

copper handling genes as additional indicators of copper dyshomeostasis, and altered copper 

concentration is likely to be a result of dysfunctional copper handling.  It was observed that 

there were several copper handling genes significantly altered (Figure 3.3) resulting in an 

overall shift in copper handling in PSP tissue (Figure 3.3c).  Copper trafficking is a homeostatic 

process of delivering copper to various compartments and cuproenzymes, which is facilitated 

by chaperones and the ATPases.  Of note, we saw an increased levels of ATP7A, which is 

known to be expressed predominately in choroid plexus, the cerebellum, and the substantia 

nigra [176].  The essential role of ATP7A is seen when it is defective in the neurodegenerative 

condition Menkes disease, animal models of Menkes disease and altered expression of its 

ortholog in drosophila leading to age-related motor decline [181, 186, 256, 567].  It is possible 

that the altered levels of ATP7A is a contributing factor to the loss of copper in PSP as seen in 

mice with altered expression in the Atp7a gene, copper levels are decreased in most tissues, 

including the brain [568].  ATP7A regulates copper by directing its removal from the trans 

Golgi network to the plasma membrane when intracellular copper levels are elevated [569].  

Mutations that cause a dysfunction in ATP7A as seen in Menkes disease patients show a 

sensitivity to copper with accumulated copper seen in fibroblast cultures [570].  

Overexpression of ATP7A in CHO cells shows copper resistance where intracellular copper 

levels remained very low even when being exposed to increasing copper concentration [569].  

As Camarkaris et al. (1995) have demonstrated, increasing ATP7A mRNA levels by 3, 7 and 70-

fold confers copper resistance resulting in the higher copper efflux of the 7 and 10-fold ATP7A 

variants [569].  The amount of extracellular copper influences ATP7A cellular localisation 

whereby high extracellular levels of copper induces its translocation to the plasma membrane 

[258].  Accordingly, copper levels within cells are decreased because ATP7A promotes copper 

efflux rather than copper insertion in copper-dependent enzymes [569].  In cell lines derived 

from mouse lung primary fibroblasts, the deleting of genes Atp7a and metallothionine 1 by 

Adeno-Cre virus caused lethality due to extreme copper insensitivity [571].  The levels of 

copper significantly increased when ATP7A (ATP7A–) and ATP7A/metallothionine 1 (ATP7A–

/MT1–) were deleted in a medium containing only 1.7 μM copper [571].  Introducing the 

copper chelator BCS into the media decreased the intracellular copper levels in these cells, 

however the copper levels were still more than the wildtype control cells [571].  The addition 
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of 0.25 μM of copper into the media was shown to cause a decreased in cellular viability in 

both the ATP7A– and the ATP7A–/MT1– cells.  Metallothionines are shown to regulate the 

availability of copper for ATP7A.  This is shown in the cells with no metallothionine 1, there 

was a greater proportion of ATP7A found in cytoplasmic vesicles and the addition of copper 

chelator BCS shifting to perinuclear region with an increase in copper trafficking of 

cuproenzyme lysyl oxidase [571].  The ATP7 interactome, identified by quantitative mass 

spectrometry using co-isolated proteins with ATP7A, identified 541 proteins that interact with 

ATP7A in neuroblastoma cells, that were treated with BCS or with copper [506]. Comstra et 

al. (2017) using western blot showed that DβH being one of the strong interactors with ATP7A 

with or without the copper or BCS treatment [506] and using mass spectrometry, 134 proteins 

that co-purified with ATP7A were proteins were unaffected by copper chelator BCS or with 

copper chloride [506].  Bioinformatics using gene ontology algorithms found that ATP7A 

interactome is overrepresented in membrane trafficking and vesicular transport with 

enrichment in neuronal ontological pathways of growth cone, dendrite and synapse 

formation [506].  Phenotypes significantly associated with the ATP7A interactome were 

neurodegenerative diseases, and among these tauopathies were highlighted [506].  Severe 

degeneration in neurons, together with axonal disruption and loss of synapses, is profound in 

PSP tissue [572].  Since most of the functional studies of ATP7A have been investigated in 

enterocytes, there is little data on ATP7A and its functioning in neurons and glial cells [573, 

574].  It is known that ATP7A is involved in synaptogenesis where ATP7A can shift locations 

readily from the neuronal cell body to axons during this process [575, 576].  Menkes disease 

mouse model using mottled brindled Atp7a mutation, the olfactory epithelial cells show 

disruption in synapse formation with sensory olfactory neurons as well as disturbance in 

transitioning from immature to mature using markers for axonal growth and synaptic 

connections [575].  The release of copper within the synapse is thought to occur through 

ATP7A, since the Menkes Atp7a mouse mutant shows little copper within synapses [577].  

Copper is also found to modulate secretory vesicles and synaptic markers, synaptophysin and 

t-SNARE docking protein SNAP-25, when neuroendocrine PC-12 cells were treated with 

copper-complex CuII(gtsm) [578].  While it is still not clear as to why copper is also released at 

the synapse, it is suggested that copper could modulate neural transmission, protect from 

glutamate excitotoxicity and induce synaptic plasticity [579].  It may also be important to 
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highlight the importance of copper's role in controlling axonal growth and synaptogenesis 

through the mechanism of ATP7A. 

Copper is supplied by ATP7A to DβH and MAOB, while ATP7B is believed to supply copper to 

ceruloplasmin and hephaestin at the trans Golgi network [287, 580].  We found no statistically 

significant change in ATP7B, but the magnitude of the change in ATP7B levels was similar to 

that of ATP7B (Figure 3.3a).  Furthermore, we did find increased mRNA and protein levels of 

multi-copper ferroxidases ceruloplasmin and hephaestin. Multicopper ferroxidases are 

significantly affected by the decrease in availability of copper as iron accumulates within 

substantia nigra despite increased expression of both proteins as seen our PSP cohort (Figure 

3.4g).  The regulation of both ceruloplasmin and hephaestin is mediated by intracellular iron 

and copper levels.  A diet deprived of copper given to rats and mice induces a decrease in GPI-

linked ceruloplasmin protein levels in the liver and spleen with no changes to its mRNA 

expression, supporting that copper deficient ceruloplasmin is rapidly degraded in these 

tissues [581].  Intracellular iron levels are suggested to regulate hypoxia-inducible factor-1 

[582], which is a transcription factor to over sixty different genes, including ceruloplasmin 

[583].  Hypoxia-inducible factor-1 expression increases in response to decreased iron levels 

via translocation to the nucleus for transcriptional regulation via its response element to 

upregulate ceruloplasmin.  Copper also promotes hypoxia-inducible factor-1 transcriptional 

regulation through its response element to upregulate ceruloplasmin in response to 

decreased iron levels [582, 584].  Ceruloplasmin is an acute phase reactant, which is 

transiently upregulated by a variety of factors, including cytokines and ROS, but in diseases 

like sporadic ALS [196], in which ceruloplasmin levels are increased, removing excess iron 

from the central nervous system could serve as a compensatory mechanism to prevent iron-

mediated toxicity.  As in PD and ALS, iron accumulates potentially due to decreased 

ferroxidase activity of ceruloplasmin, as seen in our PSP cohort with an additional ferroxidase 

hephaestin, since copper supply to these cuproenzymes is presumably restricted by the 

overall decrease in tissue copper content.  It has been shown that CNS tissue in mice deficient 

for both ceruloplasmin and hephaestin accumulates more iron than mice with either mutant 

alone [308].  For confirmation, it would be interesting to determine which cells are 

accumulating iron using more resolved based techniques capable of measuring metal 

concentrations in single cells due to the cell specificity of ceruloplasmin and hephaestin.  Iron 
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accumulation is common in neurodegenerative conditions including PSP [21, 373, 379, 439, 

440, 552, 585-588], and its increased levels can also overtly participate in oxidative stress 

[136, 589] inducing the aggregation of various proteins like tau, which lead to neuronal cell 

death and gliosis [590].  In the remaining cuproenzymes that we measured, we saw no 

difference in the mRNA levels, and no changes in the mRNA or the proteins levels in SOD1.  

Despite seeing misfolded SOD1 in the substantia nigra of sections from PSP cases detected by 

immunohistochemistry (Chapter 2), SOD1 mRNA levels, SOD1 protein levels, and its specific 

activity were all unchanged in PSP.  Based on their density, SOD1 aggregates would be found 

in high concentrations in insoluble fractions rather than in cytosolic compartment which is 

where biochemical activity was measured.  It is possible that that most of the copper-deficient 

SOD1 would be bound up in the insoluble fraction, presenting as misfolded SOD1 in 

aggregates.  

SLC31A1 (CTR1) mRNA levels did not change in PSP, indicating a disconnect between copper 

levels and its importation.  The uptake of copper performed by CTR1, one of the necessary 

mechanisms for transport of copper inside cells, including within the brain.  CTR1 is 

transcriptionally regulated by Sp1 under copper depletion conditions [591] and CTR1 is 

degraded when copper levels are high [592].  If there is less intracellular copper, CTR1 

expression would be increased to bring more copper inside the cell.  We observed that there 

were no alterations in mRNA levels of SLC31A1 which is seemingly different to what is seen 

in post-mortem PD tissue [175]. Notably, copper import can also be via other mechanisms.  

Monovalent copper can only be transported by CTR1 [240].  However, copper in its bivalent 

form is suggested to be transported within cells by DMT1 [593].  DMT1 is suggested to act as 

a compensatory mechanism to when CTR1 is deficient [594].  DMT1 levels are increased 

within the substantia nigra in PD patients [595] however, we saw no change in DMT1 in PSP 

(see Figure A1 in Appendices). 

Tissue-specific expression patterns of Steap metalloreductases stimulate the uptake of 

copper and iron in cells [236]. According to our data, copper levels are negatively correlated 

with STEAP (STEAP1 and STEAP3) gene expression, indicating that the STEAP family are 

involved in copper absorption.   STEAP1-4 transcripts were all upregulated in the substantia 

nigra of PSP tissue suggesting that it is possible that the lack of copper drives the upregulation 
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of Steap1-4 to potentially import more copper inside the cell with the assumption that the 

STEAP1-4 proteins work in conjunction with CTR1 [236].  STEAP4 overexpression has been 

shown to promote copper uptake by tumor cells in inflammatory conditions, such as presence 

of cytokine interleukin-17 [596].  

Mitochondrial dysfunction is a factor in the pathogenesis of PSP [597, 598] and a key 

component of mitochondrial activity is complex IV which requires copper for its function.  Two 

mitochondrial chaperones COX11 and SCO1 deliver copper to form the assembly of complex 

IV in the inner membrane space [271].  We found that expression levels for both COX11 and 

SCO1 were significantly upregulated in PSP (Figure 3.3a, b).  SCO1 and COX11 receive their 

copper from COX17 [599], which is shuttled from the cytoplasm into the inner membrane 

space where SCO1 and COX11 are anchored [600, 601].  Most mitochondrial chaperone 

studies are not performed in mammalian systems and have been studied using their orthologs 

found in yeast and plants [271, 602].  What is seen in overexpression of a homolog of Cox11 

in Arabidopsis, surprisingly showed to inhibit complex IV activity [603].  However, Cox11 

functions to partially attenuate oxidative stress [604] and in this role it does not require 

copper for functionality [605].  This response is also seen similarly with Sco1 [606].  Therefore, 

the increase in COX11 and SCO1 levels in PSP tissue might be a response to oxidative stress 

levels being excessively produced in the mitochondria.  Complex IV has also been shown to 

be downregulated in globus pallidus in PSP tissue compared to control tissue [598] and ATP 

levels are significantly decreased in the basal ganglion [607]. No specific measurement of 

complex IV activity has been reported in PSP brain.  However, one study by Qaud et al. (2021) 

assessed complex IV activity in red blood cells from a heterogeneous pool of atypical PD 

samples which included some cases of PSP [608].  They reported decreased complex IV 

activity levels in atypical PD group.  Measuring complex IV activity in brain samples is 

confounded by reliance on post-mortem tissue which compromises capacity to enrich for 

mitochondria which is a requirement for accurate assessment of mitochondrial enzyme 

activity.  Overcoming this obstacle would likely provide important insight to the impact of 

altered copper availability in PSP.  

The aim of this chapter was to determine whether there is evidence of copper dysregulation 

in the neurodegenerative condition PSP.  Significant alterations in copper were detected, 
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together with changes involving genes associated with copper handling and cuproenzymes. 

Thus, copper deficiency in the degenerating substantia nigra may be crucial for pathological 

changes implicating SOD1 with PSP.   
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Chapter 4. Examining decreased copper bioavailability as a putative 
model for PSP 

Results presented in Chapter 2 show that in PSP, SOD1 accumulates and is misfolded in 

regions with marked neurodegeneration and gliosis, indicating a proteinopathy in PSP that 

may be related to disrupted availability of copper required for physiological folding and 

maturation of this highly abundant cuproenzyme.  In Chapter 3, we report that the PSP-

affected brain is characterised by decreased copper concentrations in affected regions and 

altered expression of genes associated with copper handling.  In addition, some evidence was 

provided to indicate a disconnect between copper-dependent ferroxidase activity and 

abundance of the ferroxidases ceruloplasmin and hephaestin.  To explore a potential causal 

connection between copper and neuronal death in PSP we examined in this chapter a strain 

of mouse that is heterozygous deficient for the copper uptake transporter Slc31a1 (Figure 

1.8).  At present, mouse models for PSP are lacking.  An objective in this Chapter, therefore, 

was to determine whether inducing decreased copper availability in vivo could model features 

of PSP. 

4.1 Introduction 

Early efforts into developing a mouse model for PSP relied on replicating tau pathology by the 

overexpression of human mutant tau due to the distinctive tau pathology evident in PSP.  

Numerous mouse lines based on tau have been established which display a broad range of 

pathological and phenotypical manifestations (Table 4.1) and findings derived from these 

mice require careful interpretation.  The lack of animal models specifically for PSP is mainly a 

result of the disease complexity and significant overlap with other more common tauopathies 

such as AD and PD.  Further confounding the development of specific animal models of PSP is 

the fact that PSP is primarily a sporadic disease with no known causal mutations [60].  

Of the many tauopathies, the one with the closest resemblances to PSP clinicopathology is 

frontal-dementia with parkinsonism linked to chromosome 17 (FTDP-17)[609, 610], a familial 

disorder with an autosomal dominance pattern of inheritance with frequent mutations in tau 

(N279K, P301S and P301L).  The discovery of several mutations in intronic and exonic regions 

in MAPT provided a link with tau and neurodegenerative disease.  Several tau mouse lines 
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have been created by inserting these familial mutations into the genome, including the 

N279K, P301S and P301L mutations, that cause the microtubules to be destabilised and 

disassembled [611, 612] (Table 4.1).  While these models mimic basic cellular alterations such 

as aggregation, cytoskeletal dysfunction, cell death and gliosis [613-615], there are several 

caveats as to the distribution of tau within specific regions and with cell types does not fully 

replicate what is seen in PSP.  In addition, this raises concerns about whether in vivo 

transgenic models using tau overexpression induced by a variety of mutations/promoters are 

accurate representation PSP cytopathology.  Potential development of non tau-based models 

for PSP is a relatively unexplored field.
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Table 4.1. Summary of tau animal models 
    Pathology Behavioural phenotype  

Mouse line mutation Promot
er 

isoform Area affected Cytopathology Neurological Refs 

Mapt-/- KO N/A N/A N/A None reported Muscle weakness, 
hyperactivity in locomotor 

[616], 
[617] 

T44  
(B6D2F1) 

Wildtype PrP 0N3R Spinal cord, Pons, cortices, hippocampus, 
amygdala, entorhinal cortex 

NFTs Motor impairment (tail 
suspension) 

[618], 
[619], 
[407] 

8c 
(SWxB6D2F
1)  

Wildtype PAC 
(Tau) 

3R (0N, 1N, 
2N) > 4R 
(0N, 1N, 2N) 

Spinal cord, cortex, hippocampus, striatum,  NFTS No motor abnormalities 
observed  

[620], 
[621] 

htau 
(SWxB6D2F
1) 

Wildtype PAC 
(Tau), 
Mapt-/-  

3R (0N, 1N, 
2N) > 4R 
(0N, 1N, 2N) 

Hippocampus, medial septum, entorhinal cortex, 
nucleus of the diagonal band, hypothalamus 

NFTs None reported [621] 

htau  
(B6D2F1) 

Wildtype Thy-1.2 2N4R Hippocampus, olfactory tract, cerebral cortex, 
dentate gyrus, amygdala, brainstem, spinal cord, 
and nerve bundles of skeletal tissue 

NFTs, neuropil 
threads, axonal 
spheroids  

Hindlimb clasping [622] 

Htau40  
(FVB/N) 

Wildtype Thy-1.2 2N4R Cortex, hippocampus, thalamus, spinal cord, 
amygdala,  

NFTS Motor and sensorimotor 
impairments 

[623] 

GFAP/tau Tg 
B6C3/F1) 

wildtype GFAP 1N4R Spinal cord, brainstem, thalamus, amygdala, 
caudate putamen, midbtain, medulla, cortices, 
midbrain 

TA Motor impairments (data 
not shown) 

[624] 

PrP-TA  
(B6D2F1) 

G272V  
(Exon 9) 

PrP  2N4R Brain and spinal cord NFTs, 
Oligodendrocyte
s  

Not reported [625] 

VWL  
(C57BL/6J× 
CBA) 

G272V/ 
P301L/ 
R406W 

Thy-1.2  2N4R Hippocampus and cortices NFTs Not reported [626] 

JNPL3 
(C57BL/DBA
2/SW)  

P301L  
(exon 10) 

PrP 0N4R Amygdala, pons, midbrain, hypothalamus, pre-
optic nuclei, septal nuclei, spinal cord, brainstem 
and dentate nucleus 

NFTs, filaments 
in neurons 
Axonal spheroids 

Hindlimb Clasping, muscle 
weakness, hunched, 
dystonia 

[613] 

pR5 
(B6D2F1) 

P301L  
(exon 10) 

Thy-1.2  2N4R Hippocampus, cortices, brainstem and spinal cord  NFTs Impaired spatial reference 
memory, accelerated 
extinction of condition 
taste aversion 

[627], 
[628, 629] 

Tg Tau 
23027 
(129SvEv × 
FVB/N) 

P301L 
(exon 10) 

PrP 2N4R Hippocampus, cerebral cortex, amygdala, basal 
forebrain nucleus, locus coeruleus, Caudate 
putamen, accumbens nucleus and substantia 
nigra, Spinal cord 

NFTs, glial 
tangles in 
astrocytes, 
oligodendrocytes 

Impairment learning of 
taste aversion, impaired 
working memory and 
spatial learning  

[614] 

Tau-AR, 
P301L 
(FVB/N) 

P301L  
(exon 10) 

Thy-1.2  2N4R Cerebral cortex brainstem, spinal cord NTFs Severe motor impairment, 
clasping 

[630] 

Tg4510 
(FVB/N) 

P301L 
(exon 10) 

CaMKII 0N4R Frontal cortex, hippocampus, spinal cord NFTs Decreased ambulation, 
motor impairment, 
hindlimb dysfunction, 
impaired spatial reference 
memory 

[615] 

2541 
(C57BL/6J× 
CBA/ca) 

P301S 
(exon 10) 

Thy-1.2  0N4R Spinal cord, hippocampus, cerebral cortex, 
amygdala, dentate nucleus, brainstem  

NFTs Paraparesis, muscle 
weakness 

[631] 

PS5, PS19 
(B6C3H/F1) 

P301S 
(exon 10) 

PrP 1N4R neocortex, amygdala, hippocampus, brainstem 
and spinal cord 

NFTs Clasping, limb weakness, 
paralysis 

[632] 

N279K 
(C57BL/6 × 
SJL) 

N279K 
(exon 10) 

PrP 0N4R N/A No pathology Impaired spatial learning, 
hyperactivity, deficits in 
fear learning, 

[633] 

THY-Tau22 
(C57BL6/CB
A) 

G272V, 
P301S  
(exon 10) 

Thy-1.2 1N4R Hippocampus, dentate gyrus, amygdala, spinal 
cord 

NFTs, neurites Impaired spatial and 
learning memory, 
increased anxiety, no 
motor impairments 

[634] 

Tg212, 
Tg214, 
Tg216 
(B6SJL) 

V337M  
(exon 11) 

PDGF-
beta 

2N4R Hippocampus, cerebral cortex NFTs Increased time in open 
arms, no deficits in spatial 
or learning memory 

[635], 
[636] 

Tg748, 502, 
492,483  
(B6SJL) 

R406W  
(exon 13) 

CaMKII 2N4R Hippocampus, amygdala, and neocortex NFTs No impairments in 
sensorimotor/motor/anxi
ety, impairment in fear 
conditioning 

[637] 

RW tau 
B6C3/F1) 

R406W  
(exon 13) 

PrP  2N4R Hippocampus NFTs Progressive motor 
weakness 

[638] 

TgTau 
R406W 
(FVB/N) 

R406W(ex
on 13) 

PrP  2N4R Hippocampus, amygdala, neocortices  NFTs Motor impairment, 
impairment in acquired 
memory 

[639] 

Promoters; prion protein (PrP), penicillin G acylase encoding gene (PAC), Thymus cell antigen (Thy-1), platelet-derived growth factor 
(PDGF), calmodulin-stimulated protein kinase II (CaMKII). Cytopathology; neurofibrillary tangles (NFTs), tufted astrocytes (
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4.1.1  Animal models of copper deficiency as a putative model for PSP 

Despite its similar symptoms to iron-deficient anaemia, dietary copper insufficiency is 

uncommon in humans.  There have been many studies that show severe neurological effects 

associated with dietary copper depletion among ruminants with low copper levels in their 

forage, including ataxia, tremors, uncoordinated gait, and death [640, 641].  Further 

examination of the CNS of these animals reveals primary lesions on the spinal cord, low 

myelination, collapse of white matter, and necrosis within the brain [642-644].  Laboratory 

rodents have been used for further investigation of the biochemical and neurological effects 

of decreased dietary copper.  Multiple organs are affected by copper deficiency, particularly 

the liver, cardiovascular system, and brain, and these can be partially reversed with copper 

supplementation [645].  A diet low in copper leads to inflammation, hypercholesterolemia, 

cardiac hypertrophy, and mitochondrial dysfunction in rodents [646].  In the brain, the 

impairment of mitochondria is observed, with decreased levels of complex IV activity due to 

low supply of copper [276].  The activities of several copper-containing enzymes are lower in 

the body including SOD1, ceruloplasmin, lysyl oxidase, and hephaestin [206, 227, 237], which 

can persist into adulthood if dietary copper is depleted from a young age [276].  Although 

some of these cuproenzymes (ceruloplasmin and hephaestin) regulate iron efflux from cells, 

iron levels are not always consistently elevated in these copper deficient models [647, 648].  

In aged mice, dietary copper depletion showed significant alterations in copper levels in the 

parietal lobes together with decreased levels of metallothionines with no profound abnormal 

behaviour [647].  Conversely, in perinatal mice with severe copper depletion motor activity is 

impaired and ataxia occurs [648, 649].  After 6 weeks, catatonia and seizures become 

apparent [227].  It is suggested that factors that contribute to these manifestations include 

decreased ATP levels, altered neurotransmitter biosynthesis, decreased myelination, lesions, 

and necrosis in the brain [649-652]. 

In addition to these neuronal effects, copper depletion has been shown to trigger microglial 

and astrocytic activation in the thalamus and the cerebral cortex [653], revealing that copper 

plays a role in gliosis.  Copper is known to be involved in immunity and copper deficiency in 

rodents suppresses natural killer cells and antibody titres and therefore these mice become 
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more susceptible to infections [654], similar to what is seen when humans present with 

copper deficiency [655]. 

A mouse model that shows significant decreased in total copper levels in the CNS involves 

partial abolition of the Slc31a1 gene, causing a 50% decreased in the transcript of one of the 

body’s main copper transporter, Slc31a1 [239].  Similar, to mice expressing mutant Atp7a 

which develop severe signs of copper deficiency and die prematurely (Section 1.5.2), mice 

that are homozygous deficient for Slc31a1 (Slc31a1-/-) die in utero, demonstrating the 

necessary requirement for Ctr1 in development.  By contrast, mice that heterozygous 

deficient for Slc31a1 (Slc31a1-/+) are phenotypically indistinguishable from wildtype 

littermates, with normal weight gain and no gross abnormalities up to 15 months of age [239].  

Commensurate with this there is no loss of copper in the gut, kidney or liver [239, 277], 

demonstrating that these tissues are able to acquire physiological levels of copper despite 

decreased expression of the transporter.  Alternatively, there may be a compensatory 

mechanism that pumps copper into peripheral organs when Ctr1 levels are decreased, such 

as Dmt1 which is reported to be inversely regulated to Ctr1 [594].  In contrast to these tissues, 

copper levels in the brain and spleen are decreased by approximately 50% in Slc31a1+/- mice 

[277]. Partial knockdown of Slc31a1 decreases complex IV and SOD1 activities in the brain, 

demonstrating the importance of both functional alleles for copper homeostasis [277].  CTR1 

expression is associated within degenerating substantia nigra of PD patients at post-mortem 

[175] and a rare CTR1 homozygous variant c.284 G > A (p.Arg95His) found in twins with this 

causing extensive cortical and cerebellar atrophy and enlargement of the ventricles [656].  To 

date there is no published data on the effect of decreased copper levels on neuronal viability 

in the substantia nigra of Slc31a1-/+ mice.  
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4.2  Hypothesis and Aim  

We examined a strain of mice that is heterozygous deficient in the copper uptake transporter 

kSlc31a1 (Slc31a1+/- mice) in which concentrations of copper in the CNS are suppressed.  We 

hypothesised that decreased copper concentrations in the brain induces biochemical and 

histological changes that replicate those seen in PSP.  Currently, there is no established in vivo 

model of PSP. Our aim, therefore, was to assess brain samples from Slc31a1-/+ mice for 

indications of PSP-related copper changes and pathology. 

The specific aims of this current study as per Section 1.8.1 are as follows:  

Aim 6. Examine the relationship between copper availability and neuronal survival in 

vivo by partially knocking out the gene for copper transporter (Slc31a1). 
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4.3 Methods 

4.3.1 Mouse samples 

All animal handling and procedures were approved by a University of Melbourne Small 

Laboratory Animal ethics committee and conducted in accordance with guidelines of the 

Australian National Health and Medical Research Council.  Male and female mice 

heterozygous for a functional form of the copper uptake transporter Slc31a1 (a.k.a. Ctr1) 

(Jackson Laboratory stock# #025649) and wild-type littermate controls mice were bred and 

housed in animal house facilities at the University of Melbourne under 12-hour light/dark 

cycle with access to food and water ad libitum.  Genotype of Slc31a1-/+ mice was determined 

by automated services provided by Transnetyx and utilising reported information for targeted 

disruption of the gene [277]. 

Mice were aged to 9-10 months of age before collection of tissue samples. Animals were 

anaesthetised with a cocktail of ketamine and xylazine (120 mg/kg and 16 mg/kg body weight 

respectively) then killed by transcardial perfusing with 20 mL of perfusate (see Table A4 in 

Appendices).  The brain was removed from the skull and left to chill on ice. Using a pre-chilled 

stainless steel brain matrix (1 mm coronal guides, Plastics One), the right hemisphere of the 

brain was micro-dissected to remove the substantia nigra which was weighed then fresh-

frozen on dry ice and stored at -80°C.  The left hemisphere was placed in 4% 

paraformaldehyde (Sigma-Aldrich) made in 0.1 M PBS overnight at 4°C. Paraformaldehyde-

fixed brains were transferred the following day to a 30% sucrose solution (made in 0.1 M PBS, 

pH 7.4) and kept at 4°C and a second change of fresh 30% sucrose solution (made in 0.1 M 

PBS, pH 7.4) was done the following day and stored at 4°C until absorbed the sucrose solution 

to sink to the bottom of the tube (a week in solution) until sectioned.  

4.3.2 Inductively Coupled Plasma-Mass Spectrometry 

Pre-weighed, fresh-frozen substantia nigra samples from mice (section 4.3.1) were 

lyophilised overnight.  Nitric acid (65% Suprapur, Merck) was then added to digest each 

sample for several hours at room temperature, then for a further 20 min at 90°C.  An equal 
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volume of 30 μL of H2O2 (30% Aristar, BDH chemicals) was then added to break down lipids 

from the samples via incubation at room temperature for 30 min then at 70°C for 15 min.  A 

final addition of 1% nitric acid was added to each sample.  Multiple elemental 

measurements were made using a 7700 series ICPMS (Agilent) under routine operating 

conditions with a helium reaction gas cell. Certified multiple element calibration solutions at 

0, 5, 10, 50, 100 and 500 parts per billion (ICPMS-CAL2-1, ICPMS-CAL-3 and ICPMS-CAL-4, 

Accustandard), together with an internal standard containing 200 ppb of Yttrium (Y89), 

were used. The concentrations for copper, iron and zinc were calculated as g element per g 

wet weight tissue.  

4.3.3 Gene expression 

Gene expression was performed on the substantia nigra samples from Slc31a1-/+ and wildtype 

mice. For complete methods please refer to Section 2.3.7 (Chapter 2) and the list of 

genes/probes of interest can be found in Table A3, in Appendices).  Relative expression was 

calculated using the ∆∆ct method when correcting to housekeeper gene Gapdh, with results 

presented as fold-change relative to controls (bar graphs) or as gene expression z-scores 

(heatmaps). 

4.3.4 Immunohistochemistry on frozen mouse sections 

Fixed mouse brains (see Section 4.3.1) were mounted in OCT before being sectioned using a 

cryostat (Lecia, D1950). At a temperature of -20°C, sections were cut at a thickness of 30 μm 

and collected on precoated gelatine slides (0.5% gelatine made in ddH20).  Sections were 

collected in series, sampling one of every three sections from anterior to posterior of the 

substantia nigra pars compacta and were frozen at -80°C.  The first series was removed from 

-80°C and dried for 1 hour in a 37°C oven to remove excess water, then stained with 2% 

Neutral red solution (Nissl) for stereological analysis.  The second series was immunostained 

for Sod1, Gfap and Iba-1.  Sections were blocked using 3% donkey serum (D9663, Sigma-

Aldrich) made in 3% Triton X-100 and TBS (pH 7.5) for 1 hour at room temperature then 

incubated in primary antibodies Sod1 (1:200; HPA001401, Sigma-Aldrich) and Gfap (1:500; 

Ab53554, Abcam) made in 0.1% donkey serum, 1% Triton X-100 and TBS (pH 7.5) overnight 

at 4°C.  Sections were washed 3 times in TBS-T (pH 8.0) for 10 min each to remove excess 
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antibodies following incubation of secondaries conjugated with fluorophores donkey-anti 

goat Alexa488 (1:1000 A32814, Invitrogen) and donkey-anti rabbit Alexa594 (1:1000, 

Ab150064, Abcam) for 1 hour at room temperature.  Sections were rinsed 3 times in TBS-T 

(pH 8.0).  Sections were reblocked using 3% BSA blocking buffer for 30 min then incubated 

with Iba-1 conjugated Alexa647 (1:100; EPR16588, Ab225261, Abcam).  Sections were washed 

in 0.1 M PBS (pH 7.4) 3 times for 10 min each following a counterstain with DAPI (300 nM in 

PBS, D1306, Life Technologies) for 2 min and a final rinse in 0.1 M PBS (pH 7.4).  Sections were 

mounted in anti-fade aqueous mounting media fluroshield (F6182, Sigma-Aldrich) and sealed.   

4.3.5 Stereological estimate of total neuronal cells within the substantia nigra 
pars compacta 

Stereological assessment of substantia nigra pars compacta were performed using an optical 

fractionator probe which accounts for tissue shrinkage which occurs when processing thick 

mounted sections [657].  The average tissue thickness was measured prior to counting using 

three independent sections sampling three sites per section (total of 9 sites throughout the 

substantia nigra pars compacta).  The substantia nigra pars compacta region was delineated 

(at 10X magnification) using a superimposed grid size of 140 x 140 μm and both neurons and 

glia were counted independently using a 45 x 45 μm unbiased counting frame (total area size 

of 2025 μm2).  Neurons and glia were counted at 63X (1.4 numerical aperture NA) oil objective 

according to Gundersen un-biased rules with an optical dissector height of 14 μm [657, 658].  

Neurons, glia and endothelial cells in the substantia nigra pars compacta were distinguished 

from each other and also from surrounding regions of the ventral tegmental area based on 

several cellular characteristics including shape, size (16 - 20 µm cell body), clear nuclear 

membrane and prominent nucleolus (see Figure 4.1).  The cell numbers in the substantia nigra 

pars compacta were estimated using Stereological software (Stereo investigator 11.0, MBF 

Bioscience) and viewed using Stereological microscope (DMBL, Lecia).  Total neurons and glia 

were calculated using optical fractionator method with a Gundersen coefficient error of 0.10 

(10%).
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Figure 4.1. Morphological criteria for cellular discrimination of neurons, glia and 
endothelial cells in a mouse brain 
Neurons, glia and endothelial cells from mouse brains were distinguished by their individual cellular 
characteristics (nuclei, size and shape) under 63X magnification, 2% neutral red (Nissl) staining.  
Neuron as indicated by black arrowhead in neuron panel, have a prominent nucleus and nucleolus 
with a spherical shape and size (16 - 20 µm). Glia, have a cellular morphology that is distinguished 
from neurons and endothelial cells by their size and shape and can be multinucleated. Glial cells are 
smaller in size of (10 µm) than neurons without processes as indicated in Glia panel with black 
arrowhead. Endothelial cells are elongated and parallel to vessels as indicated by black arrowhead 
in Endothelial cell panel.  Black scale bar 25 µm. 
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4.3.6 Quantification of immunofluorescence images of the mouse substantia nigra 

Two adjacent representative images were taken at 20X magnification per mouse for each 

genotype  (WT N = 4, Slc31a1-/+ N = 5) at the same section of the substantia nigra pars 

compacta and substantia nigra pars reticulata where the mammillary tract was present 

(mouse brain coordinates interaural; 0.72 mm, bregma; -3.08 mm [659]) (Figure 4.2).  ImageJ 

software was used to measure area of the substantia nigra pars compacta and substantia 

nigra pars reticulata and photoshop (Adobe Photoshop) was used to merge each channel.  

Sod1 positive astrocytes (Gfap) and microglia (Iba-1) were counted in each image and were 

normalised to area (mm2) and averaged across two independent images.  

 

 

Figure 4.2. Schematic diagram illustrating sampling of two independent sites per 
substantia nigra region within a mouse brain for immunohistochemical quantification 
Mouse brain sections obtained at one fixed point where the mammalian tract (MT) was most 
prevalent (coordinates, ML; 2.6 mm, AP; -3.1, DV; 1.6, figure 56, [660]) were sampled per genotype 
(WT N = 4, Slc31a1-/+ N = 5) to quantify the presence of Sod1, Gfap and Iba-1 immunological staining 
within the substantia nigra pars compacta (SNc; red dotted squares) and substantia nigra pars 
reticulata (SNr; green dotted squares). 
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4.3.7 Statistical analysis 

We assessed an animal model of altered copper availability to determine whether there is a 

similar molecular and histological signature that is seen in PSP.  The data collected across a 

variety of assays was graphed in GraphPad Prism (version 10) and expressed as the mean ± 

SEM (unless stated otherwise).  All statistical analyses were calculated using Graphpad Prism 

and statistical outliers were determined using ROUT method as previously described [559].  

Significant differences in the mean scores between Slc31a1-/+ and wildtype littermates (WT) 

were determined using t-tests (two tailed) with the assumptions of equal variance.  F tests 

used to determine equal variances and in the instance of unequal variances, a Welsch’s 

correction was used. 
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4.4 Results 

4.4.1 Expression of copper handling genes in Slc31a1-/+ mice 

Our purpose in examining the brain was to ensure that substantia nigra (Figure 4.3a) copper 

levels were reduced as in PSP tissue (Chapter 3), given partial knockout of the primary cellular 

copper importer.  Compared to wild-type littermate controls, Slc31a1+/- mice had 45% less 

copper in the substantia nigra (Figure 4.3b).  By contrast, partial deletion of Slc31a1 had no 

effect on iron (Figure 4.3c) or zinc (Figure 4.3d). 

Gene expression analysis confirmed a 50% decreased in Slc31a1 mRNA levels in the substantia 

nigra of Slc31a1-/+ mice (Figure 4.3e, f).  Commensurate with this, Atox1 mRNA levels were 

elevated 27% and Steap1 RNA levels elevated 145.3% in the Slc31a1-/+ mice (Figure 4.3e, f).  

The increase in Steap1 matched that observed in human cases of PSP (Chapter 3, Figure 3.3a, 

b).  However, none of the other gene expression changes detected in the Slc31a1-/+ mice, 

including Atox1, matched those detected in the human PSP cases (Figure 4.3e, f). In contrast 

to human cases of PSP, the composite gene expression profile measured in substantia nigra 

samples from Slc31a1-/+ mice indicated no overall perturbation to the copper handling 

mechanisms (Figure 4.3g).   
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Figure 4.3. Copper and associated copper-handling gene expression in Scl31a1-/+ mice 
a) Substantia nigra (highlighted in red) was microdissected tissue from brain samples. Trace metal 
analysis of elements b) copper, c) iron d) zinc measured in the substantia nigra in WT and Scl31a1-

/+ mice (WT; N= 4, Slc31a1-/+; N = 5); e) relative gene expression fold change in copper-handling 
genes (WT; N= 10, Slc31a1-/+; N = 7), f) standardised z-score heatmap of cell copper-handling genes, 
g) composite z-scores of overall copper handling genes. Data in b-e are expressed as the mean ± 
SEM, with non-significance (ns) and significance being indicated when *p<0.1, **p<0.01 and 
***p<0.001.  Data in f and g are presented as composite z score by which the latter is a calculation 
each gene’s z-score is averaged across cases or animals. 
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4.4.2 Cell specific marker expression in Slc31a1-/+ mice 

We investigated to see if copper deficiency influenced the expression of cell-specific genetic 

markers that were measured in the PSP cohort (Figure 4.4).  Although there was a large 

variation in expression of neurofilament gene Nefh, no significant changes in expression in 

any neuronal, astrocytic or oligodendrocytes markers.  
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Figure 4.4. Molecular signature of cell specific genes markers in the substantia nigra of 
Scl31a1-/+ mice 
Measurement of gene expression profiles using qPCR from tissue homogenates from the substantia 
nigra; a) Relative gene expression fold change in cell specific markers in Scl31a1-/+ mice (WT; N= 10, 
Slc31a1-/+; N = 7), b) standardised Z- score heatmap of cell specific gene markers.  Data in a are 
expressed as the mean ± SEM, with non-significance (ns) and significance being indicated when 
*p<0.1, **p<0.01 and ***p<0.001.   
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4.4.3 Immunohistochemical assessment of the substantia nigra in Slc31a1-/+ mice 

A histological approach was used to determine whether a lack of copper leads to neuronal 

loss, gliosis, or accumulation of Sod1 in the substantia nigra (Figure 4.5).  Stereological 

analysis of total neurons and glial populations in the substantia nigra pars compacta region 

of Slc31a1-/+ mice revealed that there was a 9.4% decrease in neurons in the substantia nigra 

pars compacta (Figure 4.5a, h) while no changes were detected in glial cell numbers (Figure 

4.5b, h).  Loss of copper and its availability within cells causes nascent SOD1 to misfold and 

form intracellular pathological aggregates and toxicity [497].  Due to the observation that 

SOD1 accumulates within the glial cells in PSP, we performed triple-labelled 

immunofluorescence to determine if Sod1 accumulates within the glial cells in Slc31a1-/+ 

mice, given the decreased in copper availability in these transgenic animals (Figures 4.5c, d, i 

and j).  There was no difference in the amount of accumulated Sod1 found within astrocytes 

and microglia in Slc31a1-/+ mice compared to wildtype in the substantia nigra pars compacta 

and substantia nigra pars reticulata (Figure 4.c) and (Figure 4.5d) respectively.  
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Figure 4.5. Histological analysis of the substantia nigra in Slc3a1-/+ mice 
Stereological evaluation of total number of a) neurons and b) glia cells within the substantia nigra 
pars compacta of 9 – 10-month-old Scl31a1-/+ and littermate wildtype (WT) controls (WT; N = 4, 
Slc31a1-/+; N = 5).  Sod1 positive astrocytes (Gfap) and microglia (Iba-1) were counted in the c) 
substantia nigra pars compacta (SNc) and d) substantia nigra pars reticulata (SNr) with total 
numbers of Gfap and Iba-1 positive cells in the e) SNc and f) SNr.  Picture micrographs of neutral 
red staining in g) wildtype and h) Scl31a1-/+ mice.  Triple-label staining of Sod1 (red), Gfap (green) 
and Iba-1 (purple) in substantia nigra of i) wildtype and j) Scl31a1-/+.  Scale bars 25 µm (black) and 
20 µm (white). Data are expressed as the mean ± SEM, with non-significance (ns) and significance 
being indicated when *p<0.1 compared to wildtype. 
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4.5 Discussion 

An animal model involving mice with partial deletion of the Slc31a1 gene was used to explore 

how brain tissue copper levels might influence pathways that lead to the pathogenesis of PSP. 

From birth, the Slc31a1-/+ heterozygosity is ubiquitous, yet the 50% loss of functional Slc31a1 

affects copper levels in the brain more than other tissues [277, 661].  Levels of iron and zinc 

are unaffected (Figure 4.3c, d).  Apart from the expected 50% decreased in Scl31a1 transcript 

[240, 277], these mice surprisingly showed minimal alterations in copper handling genes 

(Figure 4.3). Intriguingly, iron accumulation was not observed in the substantia nigra of 

Slc31a1-/+ mice (Figure 4.3c).  As copper levels inversely decrease, iron accumulates in the 

brain of PSP patients [21, 439, 440].  No changes in iron levels have also been reported in 

earlier studies by Lee at el. (2001) in this strain [277].  It could be implied that the loss of 45% 

nigral copper seen in these mice could still be an adequate amount for the supply to 

ceruloplasmin activity for intracellular iron efflux.  Dietary copper deficient mice have 

inconsistent reports of brain iron changes depending on copper deficient paradigms [451], 

this could be supportive of the theory that mice are able to survive on a small amount of 

copper.  There is also a possibility that copper is preferentially supplied to ceruloplasmin for 

its activity at the expense of other cuproenzymes as a means for cellular protection and 

survival.  For example, it has been shown that there was a 20% loss in Sod1 and complex IV 

activity as reported using whole brain homogenates from Slc31a1-/+ mice aged 5-6 weeks.  

However, as detected by immunohistochemistry, Sod1 staining was no different in the 

Slc31a1-/+ mice compared to wildtype with minimal staining observed in both the substantia 

nigra pars compacta and substantia nigra pars reticulata.  We did not measure Sod1 

gene/protein or activity levels.  As a result, measuring both the mRNA and protein levels of 

cuproenzymes, as well as their specific activities, would be crucial for assessing the level of 

copper metalation status within each of these important copper-dependent processes. 

Consistent with most copper-related genes assessed, we saw no significant changes in any 

cell-specific markers in substantia nigra tissue from Slc31a1-/+ mice.  Contrary to what was 

observed in PSP (Figure 2.12), we did not see evidence of gliosis based on the number of glia 

and the upregulation of astrocytic markers in the brains from Slc31a1-/+ mice.  Copper 

deficient rodents that have lost 80% of their copper levels in their third post-partum week 
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show prominent microglia activation observed in the thalamic and cortical layers in the brain 

[653].  Astrogliosis, using Gfap as an indicator was also seen later in the fifth week onwards 

within the cerebral cortex and hippocampus [653].  Microglial and astrocytic activation is also 

seen in a copper deficient brindled Atp7amobr mice with the deletion of 6bp in Atp7a genes.  

Despite Slc31a1-/+ mice having 45% less copper in the brain than wildtype littermates, they 

do not display overt signs of gross neurological or motor impairment. Commensurate with 

this, neuronal cell loss within the substantia nigra of Slc31a1-/+ mice was moderate, at 9.4% 

decrease relative to wildtype littermate controls (Figure 4.5a).  In humans, a rare homozygous 

mutation found in SLC31A1 found in twins appearing normal at birth have severe 

neurodegeneration by 10 weeks of age [656].  At 8 months, there was a 40% decrease in 

copper in the CSF and by 9.5 months, these children display a lack of spontaneous movement 

[656].  Similarly, the mottled brindled Atp7amobr mice, display significant motor decline and 

grip strength when there is a 73-75% loss of copper in the brain and evidence of necrosis 

within pyramidal Purkinje and hippocampal neurons through the identification of pyknotic 

nuclei at 10 weeks of age [662].  Neurodegeneration and gliosis appear to occur most 

frequently in copper-deficient animal models that show severe copper depletion >75%.  Thus, 

it appears possible that physiological function of copper-dependent processes within the 

mouse brain can be sustained despite a 45% loss of copper.  Our LA-ICPMS assessment of 

human PSP-affected substantia nigra pars compacta indicated a loss of copper at ~67% 

(Figure 3.2).  Alternatively, or perhaps additionally, the upregulation of Atox1 detected in the 

substantia nigra of Slc31a1-/+ mice may have provided some neuroprotection.  ATOX1 has dual 

functions of a copper chaperone and also as an antioxidant which can be transcriptional 

upregulated by oxidative stressors [663].  Atox1 is shown to protect from superoxide in yeast 

when Sod1 is deficient [664].  Furthermore, neurons derived from rats (NT2 cells) are 

protected from serum starvation and oxidative stressors H2O2 and MPTP when Atox1 levels 

are increased [663, 665].  In a PD animal model that uses the neurotoxin MPTP, induction of 

Tat-ATOX1 was shown to protect dopaminergic neurons by the suppression of apoptosis 

[666].  Notably, ATOX1 mRNA levels are unchanged in the substantia nigra from cases of PD 

[175] or PSP (Figure 3.3, Chapter 3).  Therefore, it is possible that the up-regulation of Atox1 

detected in the Slc31a1-/+ mice provided a mechanism for neuroprotection that does not 

occur in human cases of PD or PSP.  From the evidence gathered, the Slc31a1-/+ mice strain 
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had no biochemical, histological or pathology similarities to PSP other than decreased levels 

of copper in the substantia nigra and a marginal decrease in neuron numbers.  A more 

extensive histological assessment would be required to determine whether the observed 

decrease in copper induced PSP-relevant SOD1 and/or tau pathology.  If detected, the 

Slc31a1-/+ mouse model would provide intriguing insight to the relationship between the 

protein pathology of PSP and neuronal function, such as the timeframes involved in 

progressing from protein pathology to neurodegeneration and the onset of neurological 

symptoms.  Limitations on the use of animal models to mimic neurological diseases will be 

further discussed in detail Chapter 6 (Discussion).  

The absence of many of these changes in the brains of Slc31a1-/+ mice may indicate that 

decreased brain concentrations of copper per se do not cause PSP.  Alternatively, results from 

the Slc31a1-/+ mice may indicate that copper related changes are an early-stage phenomenon 

in PSP and that our assessment of the mice at the age of 9 - 10 months represented a pre-

symptomatic stage of disease that is not captured by assessment of post-mortem human 

brain tissue. 
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Chapter 5. Proteomic analysis of human, PSP -affected substantia 
nigra 

In Chapter 3, copper levels within the substantia nigra of a PSP brain were shown to be 

decreased.  Further, gene expression analysis showed that the expression of genes involved 

in maintaining cellular copper homeostasis is disrupted in PSP and some cuproenzymes may 

not receive their required copper supply.  This may be a factor relevant to results presented 

in Chapter 2 that show the cuproenzyme SOD1 accumulates in the PSP-affected substantia 

nigra in potential copper-deficient state.  However, although optimal neuronal function is 

dependent upon an adequate supply of copper, it remains unclear how/if altered copper 

availability may lead to neuronal degeneration in PSP.  To address this, here we conducted a 

proteomic analysis of human, PSP-affected substantia nigra tissue.  The objective was to 

employ an unbiased proteomic analysis approach to explore molecular and cellular pathways 

affected in the PSP. 

5.1 Introduction 

Proteomics, like all other omics research, is a collective endeavour to characterise proteins by 

their functions and relationships inside cells. With the use of mass spectrometry together with 

integrated proteomics workflows, this powerful tool is used to profile proteins and peptides 

in biological samples and impute data to identify and quantify proteins. Mass spectrometry -

based proteomics workflows have enabled detection of whole tissue or cell preparations from 

clinical samples with high sensitivity, fast acquisition, and high resolution [667].  

When applied in the context of pathology, mass spectrometry based proteomics affords an 

unbiased approach that moves beyond hallmark proteinopathy to consider many molecular 

and cellular mechanisms that may contribute to the disease development.  This is in direct 

contrast to historically standard biochemical approaches which are often low-scale and rely 

on traditional protein markers with limited quantitative capacity and low sensitivity. 

Illustrative of this, a study of the mouse brain proteome identified over 10,000 proteins that 

were differentially expressed across different regions of the brain and within different CNS 

cell types [668].  Additionally, this enables rapid development of the proteome brain atlas and 
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its analogues, such as the atlas brain maps and the connectome project, both vital tools for 

bioscientific research [669]. 

Over the last few years mass spectrometry based proteomics has identified thousands of 

different proteins in many diseases that may act as novel biomarkers for disease [670].  These 

biomarkers could be differentially upregulated in various stages of a disease and provide 

opportunity for novel diagnostic, prognostic, or therapeutic developments.  Brain biopsy 

samples from patients who are living with neurodegenerative diseases are very rarely 

available and therefore most tissue is provided from post-mortem cases who had reached the 

terminal stage of disease.  

5.1.1 Proteomics – Mass spectrometry  

Over the last decade there has been a dramatic expansion in development of experimental 

‘omic’ techniques, covering proteomics, transcriptomics, lipidomics and metabolomics.  

Liquid chromatography in tandem with mass spectrometry (LC-MS/MS) is utilised in 

proteomics to detect lowest abundance tryptic cleaved proteins. LC-MS/MS systems are 

designed to measure the mass to charge ratio (m/z) to determine the molecular weight of 

protein digestion products.  After purification and separation using LC-MS, the molecules are 

transformed to gas-phase ions with the second involving separation of ion based on m/z 

under the influence of electro/magnetic mass analyser.  Lastly, the ions that have been 

separated together with the amount of peptide with the m/z value are measured.  

There are three approaches for protein identification using mass spectrometry: top-down, 

bottom-up and shotgun approaches. In the top-down approach, full length and undigested 

proteins are sent to mass spectrometry for analysis [671]. The technique represents the true 

form of proteins in biological samples, but identifying heavily modified proteins becomes 

problematic, and this technique still has many challenges that need to be addressed [672].  

The bottom-up approach by contrast is when proteins are fragmented into peptides by 

enzymatic or chemical approaches.  Similar to bottom-up proteomics, shotgun proteomics 

involves analysis of fragmented proteins followed by their identification and post-

translational modifications by reference to sequence databases utilising data dependent 

engines [673]. In large-scale runs, data-dependent acquisition (DDA) is typically used, in which 
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ions are fragmented based on their intensity or abundance, whereas data independent 

acquisition (DIA) captures all of the fragmented ions within a m/z window range and can 

detect all analytes in the sample, regardless of their abundance or m/z value [673].  One 

problem is that before interpreting quantitative proteomics from DIA, DDA spectrum libraries 

need to be created and this comes at a cost of the sample and also the time and effort spent 

with fractioning the sample.  

5.1.2 Bioinformatics in proteomics 

Proteome analyses usually yield a long list of identified proteins and peptides, along with 

quantifications and probability scores.  This makes interpreting each of these 

proteins/peptides a challenging task since each of those proteins is involved in a variety of 

pathways and mechanisms.  Interpretation of proteomics datasets therefore requires a 

bioinformatic approach and central to this is large databases such as Uniprot and Ensembl 

that provide unique identifiers for each protein.  Interpretation of differentially expressed 

proteins identified via proteomics requires that the unique protein identifier is associated 

with its gene ontology (GO) [674].  Each protein is assigned a GO term that consists of a 

hierarchically clustered group of functional terms related to molecular, biological and cellular 

functions.  GO terms are constantly evolving as more data becomes available and the function 

of many gene/proteins in the human genome is still not completely understood.  Researchers 

can perform enrichment analyses on a set of proteins using either algorithm-based software 

or web-based programs [674-676] which are up to date with GO annotations.  The enrichment 

pathways analysis has a threshold of p value of 0.05 calculates a enrichment p value that is 

based on the probability of the number of proteins out of all total annotated of the GO term 

with the number closest to 0 being the most significant (https://geneontology.org/docs/go-

enrichment-analysis/).  

One highly valuable resource to facilitate bioinformatic interpretation of proteomics datasets 

is the Kyoto Encyclopedia of Genes and Genomes (KEGG), an integrated resource that consists 

of over 20 curated databases with pathway maps and graphical representations being a main 

component [677].  To infer the systemic functioning of a cell or organism, the proteins are 

matched against the KEGG pathway reference databases for pathway mapping.  The KEGG 

resource has organised pathway maps for human diseases that include causative genes and 

https://geneontology.org/docs/go-enrichment-analysis/
https://geneontology.org/docs/go-enrichment-analysis/
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protein aggregates that have been identified across a wide range of diseases.  Numerous 

diseases, particularly neurodegenerative disease, show significant overlap. 

5.1.3 Proteomic analysis of neurodegenerative diseases 

Molecular and cellular abnormalities have been found in neurodegenerative conditions like 

AD, with Hondius et al. (2016) discovering the first molecular changes in early detected AD 

cases [678].  With both western blotting and immunohistochemistry validation, this elegant 

study revealed that using cluster analysis of 40 hippocampal samples from cases with AD, 89 

differentially expressed proteins were detected at the earliest stage of the disease out of the 

3000 proteins detected at different stages of Braak AD [678].  According to their clustering 

analysis, astrocytic proteins were over-represented in the upregulated protein set during 

early Braak staging of AD, suggesting that astrocytes played a role in disease progression.  

Neuronal proteins were over-represented in the downregulated proteins, indicating cell 

death and loss of synapses [678].  In 2017, samples from the olfactory bulb from cases with 

early, intermediate, and late stages of AD showed that over 50% of proteins that were 

differentially expressed where localised at the synaptic terminals [679].  Network analysis 

revealed that dysregulation of the cytoskeleton, cell-to-cell junctions in the early stages, 

redox signalling imbalance in the intermediate stages and impairment of mRNA splicing and 

RNA stability were more evident in the late stages of AD [679].  It was found by Seyfriend et 

al. (2017) that the proteosomes of presymptomatic AD cases were different from those of 

AD, with increases in proteins associated with extracellular matrix and decreases in proteins 

related to synaptogenesis [680].  Synaptic markers were also a focus of other proteomic 

studies comparing AD to dementia with Lewy bodies and PD with dementia to healthy 

controls whereby 25 out 851 synaptic transmission-based proteins were significantly 

dysregulated in all of these dementias [681].  There are also synaptic proteome changes 

associated with ALS, where 500 associated synaptic proteins showed altered expression in 

ALS brain tissue and isolated synaptoneurosomes [682].  Other pathways that have been 

identified in ALS using mass spectrometry based techniques include upregulated proteins 

involved in transcription, cell cycle, lipoprotein remodelling and splicing of the neurofilaments 

[683].   
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Proteomic profiling studies have also investigated protein changes in PD. Samples from the 

substantia nigra of PD cases show alterations in proteins associated with oxidative stress, 

cytoskeleton impairment and mitochondrial dysfunction [684].  In addition, a novel protein 

nebulette was founded to be overexpressed in the substantia nigra of PD cases which has a 

modulation effect on cell survival and cytoskeleton remodelling and could act as a biomarker 

for the disease [684].  Petyuk et al. (2021) used proteomic profiling of the substantia nigra to 

determine pathways associated with the formation of Lewy bodies using a label free LC-

MS/MS approach.  It was uncovered that the likely drivers of Lewy body formation were 

pathways involving the deregulation in synaptic function, actin nucleation/filament 

polymerisation process, poly(A) RNA binding, and H2O2 metabolic processes [685]. 

To date, there are only two reported proteomic analyses performed using PSP tissue. Jang et 

al. (2022) using isobaric tandem mass tag (TMT)-base mass spectrometry experiments with 

15 healthy controls, 15 PD and 15 PSP GP samples showed that Parkinson’s Disease KEGG 

pathway was the most enriched pathway, and a majority of these enriched proteins were 

involved in mitochondria and involved in oxidative phosphorylation [598].  In KEGG pathways, 

genes/proteins and molecular networks associated with diseases are represented as maps.  

Parkinson’s disease KEGG pathway includes causative genes, protein aggregates, and 

molecular pathways that lead to neurodegeneration with overlap with other 

neurodegenerative diseases’ molecular networks. In the more recent study by Radford et al. 

(2023), proteins that were in close proximity to tau-aggregates were examined using 

proximity ligation methods coupled with mass spectrometry in the motor cortices [686].  Of 

the 117 proteins in proximity to phosphorylated tau, multiple groups of proteins were 

identified as being associated with cytoskeletal dynamics, neurotransmission, and metabolic 

processes [686].  A typical brain tissue sample can contain many thousands of proteins 

depending on isoforms present and the number of post-translational modifications or splicing 

events that are present.  To date, there has been no comprehensive analysis of the PSP 

substantia nigra proteome, a region that contains a large distribution of tau pathology and 

cellular death.  Therefore, in this current chapter, we used largescale proteomics as a means 

to understand the underlying molecular and cellular pathways that could contribute to or 

cause the disease.   
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5.2 Hypothesis and aim 

Hypothesis: Post-mortem nigral tissue collected from human cases of PSP displays an 

abundance of differentially expressed proteins and that some of these will map to distinct 

enrichment pathways related to copper biology.   

The specific aim for this current study as per Section 1.8.1 are as follows:  

Aim 5. Proteomic analysis to quantitate protein changes and pathways that are 

disrupted in PSP brain tissue. 
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5.3 Methods 

5.3.1 Fresh frozen post-mortem human samples  

Fresh frozen substantia nigra tissue from cases of PSP and non-neurological controls was 

used for all proteomic analyses.  Specific details of each case and the analyses for which they 

were used are included in Appendices, as Table A1.  A summary of cases used for proteomic 

analyses is shown in Table 5.1.  The substantia nigra tissue blocks encompassed both the 

substantia nigra pars compacta and substantia nigra pars reticulata and are collectively 

termed substantia nigra.  These were prepared as a uniform sample as outlined in (Figure 

1.7).  A 10 mg sample from each case was used for proteomic analyses.   

 

Table 5.1. Summary of PSP and control cases used for proteomic analyses 

Group N Males females Age (years) PMI 

Disease 
duration 
(years)# 

PSP 15 8 7 74.73 ± 1.263 22.53 ± 2.548** 

55tggb55.4371.
623 

5.526 ± 0.7887 

 
Control 7 5 2 74.71 ± 3.183 

 

40.57 ± 5.707 

01.623 

N/A 

Control cases were pathologically confirmed free of neurological disease.  #Period from diagnosis to death.  PSP: Progressive supranuclear 

palsy; PMI: Post-mortem interval; n/a: not applicable; significance is indicated when *P<0.05 (two-tailed t-test) 
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5.3.2 Sample preparation for mass spectrometry 

Frozen substantia nigra samples were removed from storage at -80C then immediately 

solubilised in fresh 4% SDS lysis buffer made in Tris (pH 8.5).  Samples were next boiled at 

95C and shaken on a thermomixer at 2000 RPM for 10 min then cooled on ice for 10 min. 

The process of boiling and cooling was repeated until visible solubilisation of the material for 

all cases was evident.  Protein concentration of each sample was measured using the BCA 

Assay (Thermo Fisher Scientific).  Aliquots containing 50 µg of protein were collected then 

reduction of disulphide bonds and carbamidomethylate residues was performed by the 

addition of a freshly prepared reduction/alkylation buffer (100 mM TCEP, 400 mM 

chloroacetamide and 1 M Tris, pH 8.5) at a ratio of 10 µL reduction/alkylation buffer per 1 µL 

sample.  Samples were incubated with the reduction/alkylation buffer for 30 min at 45C in 

the dark with shaking at 1500 RPM.  Samples were then removed from the heat and allowed 

to cool at room temperature. The removal of detergents/chaotropic agents was perform with 

Single-pot solid-phase-enhanced sample preparation (SP3) as these chemicals are 

incompatible and interfere with LCMS/MS analysis [687].  SP3 clean-up was performed using 

SeraMag SP3 beads in a final volume of 50% ethanol solution (mass spectrometry grade) as 

described previously [687, 688].  Samples were mixed for 10 min at 1000 RPM on a 

thermomixer at room temperature.  Following placement of samples on a magnetic rack, the 

supernatant was removed after the clearing of the suspension.  The pellet was rinsed three 

times with 80% ethanol (mass spectrometry grade), spun in the magnetic rack, then the 

remaining 80% ethanol removed. Typsin/Lys C (Promega V5071 made in 100 mM Tris, pH 8.5) 

was added to the samples at a ratio of 1:100 (wt/wt) then the samples digested overnight at 

37C, with shaking.  To obtain extremely clean peptide samples for the LC MS/MS, the SP3 

cleanup with mixed mode-based chromatography resin styrene- divinylbenzene reverse 

phase sulfonate (SDB-RPS) Strata-X-C columns was used.  For SDB-RPS clean-up, a 1.25 

volume of Isopropranol (HPLC grade) was added to the digest and vortexed to ensure the 

contents were well mixed.  Pre-wet SDB-RPS columns with acetonitrile were used following 

an addition of 10% TFA (Trifluoracetic acid in ddH20).  SDB-RPS columns were washed with 

30% methanol in 1% TFA solution, then with 90% isopropanol in 1% TFA solution.  Samples 

were loaded on to the SDB-RPS columns and washed with 90% isopropanol in 1% TFA solution, 
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then with 90% ethyl acetate in 1% TFA solution and lastly with 1% TFA solution.  Samples were 

eluted off the SDB-RPS column with 5% ammonium hydroxide and 80% acetonitrile (mass 

spectrometry grade) and were dried down in a speed vac and stored at-20C.  

5.2.3 LC-MS/MS  

Purified peptides from each sample prepared as described in Section 5.3.2 were resuspended 

in Buffer A1 (Table A3 in Appendices) and separated using a two-columns; PepMap100 C18 20 

mm by 75 μm trap and a PepMap C18 500 mm by 75 μm analytical column (Thermo Fisher 

Scientific).  Using Buffer A2 (Table A3 in Appendices), samples were concentrated onto the 

trap column at 5 μL/min for 5 min, then infused into an Orbitrap Fusion Eclipse Mass 

Spectrometer (Thermo Fisher Scientific) at 300 nL/min via the analytical column using a 

Dionex Ultimate 3000 UPLC (Thermo Fisher Scientific).  Analytical runs of 125 min were carried 

out by changing buffer composition from 2% of Buffer B (Table A4, found in Appendices) to 

23% of Buffer B over 95 min, then from 23% of Buffer B to 40% of Buffer B over 10 min, then 

from 40% of Buffer B to 80% of Buffer B over 5 min.  The composition was held at 80% Buffer 

B for 5 min and then dropped to 2% Buffer B over 2 min, before being held at 2% Buffer B for 

another 8 min.  The Orbitrap Fusion Eclipse Mass Spectrometer (Thermo Fisher Scientific) was 

operated in data-independent mode (DIA), which allows high reproducibility and low 

variation in the quantification of thousands of proteins [689].  DIA interrogates >90% of 

trypsin cleaved peptides in selected m/z windows in one go [690].  The Orbitrap Eclipse Mass 

Spectrometer switched between 50 cycles of MS1 and MS2 scans, as it stepped through the 

whole mass range and cycled through the LC gradient.  The MS1 scan operated at; 350-1100 

m/z, maximal injection time of 50 ms with an Automated Gain Control; AGC set to 1 x 106 ions 

and a resolution of 120k and scans the entire mass range.  The MS2 scan operated at; 

Normalised Collision Energy 30%, 30k resolution, AGC 1x106, 200-2000 m/z and a maximal 

injection time of 54 ms which all peptides in this mass range are fragmented and detected. A 

pooled gas-phase fractionation spectral library was created in Spectronaut Pulsar™ [690, 691] 

repeating measurements over each sample to get in-depth detail in m-to-z ranges [692].  This 

was performed by importing the acquired data from Max-Quant (version 2.0.2.0) into 

Spectronaut Pulsar™ (Biognosys).  The separated peptides are identified by searching the 

protein FASTA database (UniPro).  The library consists of the elution time together with its 



Chapter 5. Proteomic analysis of human, PSP -affected substantia 
nigra 

 
 

138 

ion fragment pattern of each identified protein [693].  DIA MS/MS quantification was 

reported as the sum of the integrated fragment ion peak areas. 

5.3.4 Quantification and statistical analysis 

As stated above, Max-Quant (version 2.0.2.0) together with Spectronaut Pulsar™ was used 

for identification and label-free quantification (LFQ) analysis [694], with Perseus (version 

2.0.11) for data analysis [695].  Using Perseus, the table of data results were filtered for 

contaminants, proteins matching to the reverse database, then further filtered for sample 

groups (controls and PSP) with <50% valid values in in both groups (total control = 7; total PSP 

= 15).  LQF intensities were transformed in Log2 values and missing values were imputed with 

a normal distribution (downshift 1.8, width 0.3).  After data filtering, principal component 

analysis was performed to identify protein intensities that had a batch effect after 

transformation (Figure 5.1).  A two-sample t-test corrected for multiple testing was 

performed between control and PSP groups (Benjamini-Hochberg FDR 0.05, S0) and identified 

significantly differentiated proteins (P value of 0.05).   

 

 

Figure 5.1. Principal component analysis (PCA) after data transformation 
To visualise the effect of sample batch effects after data were transformed in Perseus, 22 
substantia nigra samples were plotted on a 2D PCA plot (PSP= 15 in red dots; control = 7 in 
blue dots). 
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5.3.5 Gene enrichment pathway analysis 

Kyoto Encyclopedia of Genes and Genomes (KEGG) was used to identify pathways potentially 

disrupted in PSP based on proteins that were significantly differentially expressed between 

PSP cases and controls.  The web-based bioinformatic resource Shinygo (version 0.8) was used 

on the substantia nigra datasets comparing to the human reference dataset containing all GO 

annotations taxonomy for enrichment analysis [675].  The fold enrichment for each GO term 

is determined by comparing the percentage of substantia nigra proteome dataset in the 

pathways divided by the human proteome reference.  The false discovery rate (FDR) is a 

measure of how likely the enrichment is by chance, and it is calculated from a hypergeometric 

distribution from a nominal P-value.  A cell type-based classification of differentially 

expressed proteins was based on RNA cluster analysis using the Human Protein Atlas 

database); https://www.proteinatlas.org/humanproteome/brain/cell+types)   

 

https://www.proteinatlas.org/humanproteome/brain/cell+types
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5.4  Results 

5.4.1 Statistical analysis of the proteome in PSP 

From the original raw dataset of LFQ intensity values obtain from Maxquant, there were 7,900 

proteins in 15 cases of PSP and 7 controls.  However, LC-MS/MS can introduce exogenous 

contaminants and interferences from solvents, ion sources and polymers. MaxQuant can 

detect contaminants via the contaminants-FASTA database built into the software [696].  

Therefore, false positives and common contaminants detected by MaxQuant were removed 

from the analysis.  In addition, samples that had a missing intensity value of >50% per 

condition (i.e Control or PSP) were selected and missing values were imputed with normal 

distributed values were used for downstream analysis.  This meant that after data filtering, 

3,146 proteins were confidently identified.  We checked the variability in the dataset by 

principal component analysis which forces the reduction of a number of variables in a large 

dataset whilst still retaining the largest possible variances to see if there are batch effects in 

samples that may skew the data (Figure 5.1).  The principal component analysis revealed less 

data variability between controls and PSP. 

Perseus performs a robust analysis from microarray data analysis (known as significance 

analysis of microarray) to determine proteins that have been significantly altered. By using 

permutations of repeated measurements, this principle estimates how many proteins/genes 

are identified by false discovery rates (FDRs, cut off value p = 0.05) and with the q- value 

estimations [697].  We identified 191 proteins that were differentially expressed in the 

substantia nigra in PSP tissue, with 106 being upregulated and 85 downregulated (see Figure 

5.2a, see Appendices Table A8).  The 10 proteins that were most upregulated (based on -Log2 

P) were MAOB, PLCD1, MSN, ESD, PGLS, HL1, PGAM2, PI16, TAGLN2, and ANXA1.  The 10 

proteins most downregulated were HSPA12A, PDHX, ATP1A3, EPDR1, OGDHL, COX6B1, 

COX5A, MAP6, TOM1L2 and OAT.  MAPT (full length tau) was also one of 106 upregulated 

proteins in PSP (see Figure 5.2a, Appendices Table A8). 

Cell specificity of the all the changed proteins was assessed using the human protein atlas 

(Figure 5.2b and c).  This revealed that the largest proportion of differentially expressed 
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proteins (38%) could be found in all cell types (i.e., non-specific).  Neuronal proteins 

accounted for 21% of all differentially expressed proteins and astrocytic proteins accounted 

for an additional 21% of all differentially expressed proteins (Figure 5.2b).  But despite their 

equal representation in the overall pool of differentially expressed proteins, differentially 

expressed astrocytic proteins were mostly up-regulated in PSP whereas neuronal proteins 

were mostly down-regulated in PSP (Figure 5.2c).  Although microglial proteins accounted for 

a relatively small proportion of differentially expressed proteins in PSP at 4.7%, all were 

upregulated in PSP (Figure 5.2b and c).  One differentially expressed protein identified, the 

negatively charged glycoprotein alpha 2-hs glycoprotein (AHSG), is not attributed to the brain 

in the human protein atlas and classified as 'non-CNS'.  In PSP, AHSG was in the top 14 most 

downregulated proteins in PSP (based on Log P) with a fold change of 1.8-fold in the 

substantia nigra (Log P 3.88, see Appendices Table A8). The reason for detection of this 

protein in human substantia nigra tissue is not clear.   
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Figure 5.2. Differentially expressed proteins identified in PSP 
Differentially expressed proteins in the substantia nigra from PSP cases (N =15) compared to non-
neurological controls (Control; N= 7). 191 Proteins that were significantly differential expressed, 
were detected in the substantia nigra of the PSP brain.  a) Volcano plot of proteins identified in the 
substantia nigra of PSP. The red highlighted proteins were the 10 most significantly downregulated, 
and the green highted proteins were the 10 most significantly upregulated, and the other 171 
significantly differently expressed proteins highlighted in blue with the remaining ~2900 proteins 
shown in grey.  b) Cellular clustering of differentially expressed proteins from the Human protein 
Atlas, non-specific (expression in all cells), astrocytes, neurons, oligodendrocytes, microglia, 
vascular cells and not detected in brain and c) protein expression counts in each cellular type. 
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5.4.2 Gene enrichment 

Differentially expressed proteins were used for gene set enrichment analyses using the 

bioinformatics resource Shinygo (version 0.8) [675].  We assessed molecular, cellular and 

KEGG pathways.  The most enriched molecular pathways were structural constituents of 

cytoskeleton, followed by phospholipid binding, oxidoreductase activity, lipid binding, 

transporter activity, actin binding, calcium ion binding, primary active transmembrane 

transporter activity, structural molecule activity and cell adhesion molecule binding (Figure 

5.3, see Table A9 in Appendices).  The constituents of the cytoskeleton had 11 out of 114 

enrichments sets with the astrocytic intermediate filaments VIM and GFAP significantly 

upregulated (Tables A8 and A9 in Appendices) and neuronal-based neurofilament internexin 

neuronal intermediate filament protein alpha (INA) significantly down (Tables A8 and A9 in 

Appendices).  The phospholipid pathway was enriched with 16 proteins, two of which are 

high-density lipoproteins, the APOA1 and APOA2, both of which are downregulated in PSP 

(Figure 5.3, Tables A8 and A9 in Appendices).  The 25 proteins enriched in oxidoreductase 

activity pathway included astrocytic-based aldehyde dehydrogenases (ALDH1L1 and ALD7A1), 

NADH dehydrogenase/Complex I (NDUFV1, NDUFA9, NDUFA5), pyruvate dehydrogenase 

(PDHA1, PDHB) and cytochrome c oxidase/Complex IV (COX6C, COX6B1, COX5B and COX5A).  

Additionally, the oxidoreductase pathway included the metalloenzymes selenium binding 

protein 1 (SELENBP1) and MAOB, both were significantly upregulated in PSP and the latter is 

a cuproenzyme (Figure 5.3, Tables A8 and A9 in Appendices). 

Cellular component analysis revealed that numerous mitochondrial pathways were enriched 

for the differentially expressed proteins.  These included mitochondria protein-containing 

complex, the inner mitochondrial member protein complex, the respiratory chain complex, 

the mitochondrial matrix, the mitochondrial respirasome, and the respirasome (Figure 5.4, 

and refer to Table A10 in Appendices).  Protein subunits of complex I (NDUFA5, NDUFA9, 

NDUFV1, NDUFS8), complex III (UQCRQ, UQCRC1, UQCRC2), complex IV (COX5B, COX6B1, 

COX6C and COX5A), and complex V (ATP5F1D, ATP51B, ATP5F1A) were the most enriched in 

PSP compared to controls (see Table A8 and A10 in Appendices).  These subunits of the 

mitochondrial respiratory chain complexes were all significantly downregulated in PSP (Figure 

5.4 and refer to Table A8 and Table A10 in Appendices).  In addition, numerous mitochondrial 
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matrix proteins were downregulated in PSP including TIMM8A, OAT, HSPA9, LRPPRC, NFS1, 

GFM1, TSFM, PDHX, PDHB, NDUFA9, OGDHL, GLS, PDHA1, ACO2, SUCLA2, ALDH7A1 (Table 

A8 and Table A10 in Appendices).  Collectively, the cellular component analysis highlights 

mitochondria as one of the most affected cellular components in the PSP-affected substantia 

nigra (Figure 5.4).   

Assessment of protein sets in the KEGG pathways revealed metabolic pathways, Parkinson’s 

diseases, diabetic cardiomyopathy, Huntington’s disease, oxidative phosphorylation, prion 

disease, non-alcoholic fatty liver disease, amyotrophic lateral sclerosis, cardiac muscle 

contraction, and chemical carcinogenesis-reactive oxygen species as the most enriched 

pathways for differentially expressed proteins in PSP (Figure 5.5, refer to Table A11 in 

Appendices).  Proteins associated with metabolic processes were the most abundant with 

respect to differential expression in PSP, with a total of 53 proteins changed in PSP, and these 

were almost evenly distributed between upregulated proteins (24) and down-regulated 

proteins (26).  In contrast, the other enriched pathways detected in PSP were consistently 

characterised by protein down-regulation.  An exception among these was MAOB which is a 

constituent of the metabolic and Parkinson's disease pathways and was upregulated in PSP 

(Figure 5.6 and refer Table A10 in Appendices).  Consistent with the close association 

between pathological features of PD and PSP [54] and also the large involvement of 

mitochondrial features in PSP highlighted by the cellular component enrichment analysis 

(Figure 5.4), the KEGG pathway analyses highlighted the PD (Figure 5.6) oxidative 

phosphorylation (Figure 5.7) and chemical carcinogenesis (Figure 5.8) as high-level hits for 

KEGG enrichment in PSP.  
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Figure 5.3. GO molecular component enrichment analysis 
Gene ontology (GO) analysis of proteins within the nigra using all significant differentially expressed 
proteins. Enrichment molecular pathways ranked in the lowest FDR scale (-Log (FDR; false discovery 
rate) for (a) all pathways detected and the (b) top 10 pathways enriched together with the protein 
count showing the proteins upregulated (green) and down regulated (red) in each pathway. 
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Figure 5.4. GO cellular component enrichment analysis 
Gene ontology (GO) analysis of proteins within the nigra using all significant differentially expressed 
proteins. Enrichment cellular pathways ranked in the lowest FDR scale (-Log (FDR) (a) all pathways 
detected and the (b) top 10 pathways enriched together with the protein count showing the 
proteins upregulated (green) and down regulated (red) in each pathway. 
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Figure 5.5. GO KEGG pathway enrichment analysis 
Gene ontology (GO) analysis of proteins within the nigra using all significant differentially expressed 
proteins. Enrichment KEGG pathways ranked in the lowest FDR scale (-Log (FDR) (a) all pathways 
detected and the (b) top 10 pathways enriched together with the protein count showing the 
proteins upregulated (green) and down regulated (red) in each pathway. 
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Figure 5.6. Parkinson’s disease KEGG pathway identified by gene set enrichment 
analysis 
The Parkinson’s disease KEGG pathway was one of the top hits for KEGG enrichment with the 
differentially expressed proteins in PSP and the downstream effects highlighted in red (Tau, 
Monoamine oxidase B; MAOB, complex I;(I), complex III; (III), Complex IV; (IV) and complex V; ATP 
synthase) and DA refers to dopamine. Created in Biorender. 
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Figure 5.7. Oxidative phosphorylation KEGG pathway identified by gene set enrichment 
analysis 
The oxidative phosphorylation pathway was one of the top hits for KEGG enrichment. The 
mitochondrial electron transport chain that is comprised of enzymatic complexes that sits within 
the inner membrane. Protons (H+) are pumped through to the inner membrane space, with the 
proton gradient used to generate ATP (known as oxidative phosphorylation). Each of these 
complexes is made up of subunits (see boxes) within eukaryotes.  The red highlighted subunits 
that make up each enzyme that are differential expressed in PSP (Complex I; NDUFS1, NDUFS8, 
NDUFV1, NDUFA5, NDUFA6, NDUFA9, NDUFA13; complex III; COR1, QCR2, QCR8, Complex IV; 
COX5A, COX5B, COX6B1, COX6C and complex V; ATP5F1A, ATP5F1B, ATP5F1C). 
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Figure 5.8. Chemical carcinogenesis KEGG pathway identified by gene set enrichment 
analysis 
The chemical carcinogenesis pathway (A) was one of the top hits for KEGG enrichment with the 
differentially expressed protein in PSP highlighted in red (GSTP1; glutathione s-transferase Pi). 
Insert (B) represents copper-glutathione complexes reactions determine in vitro in the presence of 
oxygen and the reversible glutathionylation of sulfur (-SG) into cysteine residues of glutathione by 
GSTP1. 
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5.4  Discussion 

Using human PSP substantia nigra tissue, we conducted an unbiased proteome analysis using 

a label-free method that detected over 3146 proteins after data clean up.  We found 191 

proteins that were significantly differentially expressed within the substantia nigra in PSP, 

with 106 being upregulated and 85 being downregulated.  The upregulated proteins were tau 

(MAPT), which is consistent with PSP being a tauopathy and with the increased expression of 

MAPT that has been reported previously [698] and shown in Chapter 2.  

Having identified a large set of differentially expressed proteins in PSP, we conducted a gene 

set enrichment analysis to help interpret our data and to extrapolate the pathways disrupted 

in PSP.  Both cellular and molecular enrichment pathways were found to be related to 

mitochondria and respiratory complex energy production.  We found a significant decrease 

in the proteins of complex I (NDUFA5, NDUFA9, NDUFV1, NDUFS8), complex III (UQCRQ, 

UQCRC1, UQCRC2), complex IV (COX5B, COX6B1, COX6C and COX5A), and complex V 

(ATP5F1A, ATP51FB and ATP5F1D) while there were no observed changes in complex II 

(succinate dehydrogenase).  These proteins were also the top hits for the KEGG pathway 

analysis linking PD pathway to the other top enriched pathways (Figure 5.5, Table A11 in 

Appendices).  A key factor underlying the pathogenesis of PSP may be mitochondrial 

dysfunction due to dysregulation of electron transport chain (Figure 5.7 Table A10 in 

Appendices).  Dysregulation of the electron transport chain has also been identified as an 

underlying factor in a recent proteomic study using 15 PSP samples comparing to both healthy 

controls and PD [598] where similar proteins in the respirasome were also found to be 

decreased in the globus pallidus.  The oxidoreductases within the mitochondrial inner 

membrane, complexes I to V are involved in election transfer, utilising nicotinamide adenine 

dinucleotide with hydrogen (NADH) as a substrate to initiate a series of redox reactions with 

oxygen as the terminal electron acceptor.  Utilising NADH from the TCA cycle, complex I 

generates 2 electrons by binding to and oxidising NADH and transferring electrons between 

flavin mononucleotide, 7-iron-sulfur clusters and ubiquinone.  The expression of proteins 

from the glycolysis and TCA cycles (ACO2, DLST, SUCL2, PDHA1, OGDM) were also seen to be 

decreased, which would lower the amount of NADH available to feed into the electron 

transport chain, ultimately decreasing the levels of ATP.  The increase in nicotinamide 
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phosphoribosyltransferase (NAMPT) that was seen in PSP tissue maybe a compensatory 

mechanism to increase the NADH for this process [699].  In addition, complexes I, III, IV and 

V require the addition of copper, iron and magnesium to be functional, which means copper, 

iron and magnesium must be available to support maturation of nascent peptides [700].  The 

decreased availability of copper which has been shown in PSP tissue [21, 22] and also 

described in Chapter 3, could potentially have a profound effect on the functionality of copper 

in complex IV, with an inability to function as it a multi-copper complex that requires 3 copper 

ions [701].  The transcriptional regulation of all COX genes is influenced by the copper sensing 

transcription factor Sp1 [269, 702] and copper supplementation is shown to rescue complex 

IV assembly in yeast cells [703]. 

In addition, we saw a decrease in one of the iron-sulfur cluster assembly proteins cysteine 

desulfurase (NFS1) that plays a role as a binding platform in iron-sulfur cluster biosynthesis 

[704].  Disorders of the biosynthesis of iron-sulfur clusters result in increased levels of 

mitochondrial iron in the brain, heart and muscle together, with deficiency in the electron 

transport chain [705].  In humans, there is evidence of decreased complex IV transcripts in 

healthy individuals from 18 - 89 years of age, with a decline of up to 10% per decade in muscle 

cells [706].  The brain is particularly sensitive to aging and is rather a complex structure in 

stark contrast to other cells in the body especially when it comes to mitochondrial location.  

Neurons and glial cells have different energy demands that require the distribution of 

mitochondria to specific intracellular compartments, the soma, axons, dendrites and 

synapses [707, 708].  Synaptic mitochondria seem to be the most susceptible to aging related 

dysfunction.  The nerve terminals require a significant level of mitochondria to sustain the 

ATP demands of synaptic transmission.  An example of this is seen in high metabolic turnover 

region of the brain the substantia nigra pars compacta. The substantia nigra pars compacta 

has an estimated number of 2.4 million synapses, with 4.5 meters in axonal projections per 

dopaminergic neuron [709] and would demand a large quantity of energy for maintenance.  

Synapses and nodes of Ranvier are high energy regions of neurons where mitochondria are 

transported to support and supply ATP [710].  Mitochondrial dysfunction is a common 

molecular pathway disrupted in both PD and PSP [597].  In our PSP proteomic dataset, we 

observed a decrease in Complex I (NDUFS1, NDUFS8, NDUFV1, NDUFA5, NDUFA9) and 

Complex IV (COX5A, COX5B, COX6B1, COX6C).  In PD, increased levels of NDUFB8 (complex I) 
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and COX1 (complex IV) were seen in mitochondria within axons of surviving dopaminergic 

neurons [710].  In addition, the surviving dopaminergic neurons have higher mitochondrial 

density per axon as well as enlarged presynaptic terminals in PD [710].  Therefore, this 

suggests that together with the expansion of pre-synaptic terminals, this acts as a 

compensatory mechanism to accommodate the increased number of mitochondria and to 

preserve mitochondria function as seen in PD.  The overall effect of this would be to preserve 

the remaining neurons for motor function [710].  There is not an extensive study that have 

investigate mitochondrial dysfunction in PSP within the neurons or synapses in substantia 

nigra pars reticulata.  However, what has been shown is that GABAergic neurons in the 

substantia nigra pars reticulata possess mitochondria with different metabolic characteristics, 

and that mitochondrial heterogeneity is also seen in cultured astrocytes [711].  Mitochondrial 

metabolism seems to also contribute to the energy supply to GABAergic neurons within the 

substantia nigra pars reticulata [712].  Cellular metabolism through glycolysis can influence 

the spontaneous firing of substantia nigra pars reticulata and when glucose levels are low or 

absent, mitochondrial fuels are capable of sustaining the firing of these subpopulation of cells 

[712].  In our PSP cohort, we saw alterations in metabolic processes with a decrease in protein 

expression in glycolysis pathway which could also put strain on the function of the remaining 

mitochondria.  

Depletion of ATP intriguingly appears to have a downstream effect on intracellular tau being 

redistributed and inducing its aggregation [171].  Indications of mitochondrial dysfunction 

that have been assessed in diseased brains when decreased in expression/activity of 

mitochondrial respiration complexes I-V have been detected in AD, ALS, Huntington’s disease 

and PD [4, 15, 710, 713-717].  Neurons also rely on mitochondria for buffering calcium which 

under damage can accumulate excessively within the matrix causing opening of channels 

(mitochondrial permeability transition pore opening) and compromising the electrochemical 

gradient. By increasing matrix permeability, ROS accumulates, causing membrane destruction 

and lipid peroxidation, which leads to cell death [718].  Previously reported in PSP, complex I, 

II, III, IV and V were significantly decreased together with ATP levels in cybrids [719].  

Increased levels of lipid peroxidation have also been identified in PSP [201].  ATP is required 

for cellular functions in the brain including cell survival, cytoskeletal remodelling, plasticity, 

neurotransmitter biosynthesis, synaptic transmission and calcium homeostasis [720]. An 
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insufficiency in ATP impairs neuronal polarisation, preventing neurotransmitter release and 

preventing its reuptake. 

In the gene enrichment PD pathway, we observed an increase in the substantia nigra the 

cuproenzyme MAOB, a primary amine oxidase involved in dopamine catabolism (see Figure 

5.6).  MAOB elevation has also been reported previously in many parkinsonian disorders 

including PSP [316, 686].  Expressed mostly in astrocytes, MAOB levels can be elevated in 

acute and chronic disease conditions [316].  MAOB is a major source of ROS whereby 

dopamine under oxidative deamination yields three products: ammonia which is utilized by 

mitochondria; H2O2; and the toxic metabolite 3, 4 dihydroxyphenylacetaldehyde (DOPAL) 

[721, 722] (see Figure 5.6). DOPAL is a known endogenous neurotoxic aldehyde that gets 

metabolised to 3,4-dihydroxyphenylacetic acid by ALDHs under normal conditions.  

Accumulation of DOPAL in neurons and glia is reported to initiate neurotoxic events [723].  

Although, it is not clear why MAOB levels increase in neurodegenerative conditions, it is 

suggested that the increase is to regulate the levels of GABA.  Yoon et al. (2014) demonstrated 

that astrocytic MAOB and aldehyde dehydrogenase 1A1 (ALDH1A1) both regulate GABA 

synthesis in various brain regions, including the substantia nigra [724].  Therefore, the 

increase in MAOB may reflect and compensate for the lack of GABA found in the substantia 

nigra of PSP cases.  A novel finding of MAOB was shown to possibly interact with 

phosphorylated tau using mass spectrometry detection, which warrants further exploration 

[725]. 

In addition to the cuproenzymes MAOB and complex IV, another finding related to copper 

that was altered in PSP is involved in glutathione biosynthesis and its related enzymes.  In PSP, 

glutathione is shown to be elevated in various regions of the brain including the substantia 

nigra [20, 111].  Consistent with this we observed an increase in expression of both the 

enzyme S-formylglutathione hydrolase (also known as Esterase D; ESD) and glutathione S-

transferase Pi 1 (GSTP1).  Esterase D is an enzyme involved in the hydrolytic cleavage of 

thioesters to produce formic acid and glutathione [726] (see Figure 5.8).  Copper-treated 

macrophage cell lines had higher levels of esterase D [727], indicating copper increases 

glutathione biosynthesis.  Esterase D has also been linked to an increased susceptibility to 

developing Wilson’s disease with variants identified in families and copper toxicosis seen in 
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dogs [728, 729].  As part of the glutathione antioxidant and detoxification system, GSTP1 

promotes glutathione coupling reactions by conjugation of sulfur atoms to glutathione (see 

Figure 5.8) [730].  GSTP1 is part of a superfamily of glutathione s-transferases that are 

involved in cellular protection against foreign chemicals and oxidative stress including lipid 

peroxidation marker 4-hydroxynonenal [731].  GSTP1 overexpression has been implicated in 

AD, ALS and polymorphisms have been shown to be linked to PD [732-735].  GSTP1 expression 

in the brain is found within endothelial cells of the BBB and within astrocytes [736].  It has 

been indicated that the exposure to pesticides or neurotoxic agents may increase the 

susceptibility to PD if harbouring a polymorphism in GSTP1 [735].  Under conditions of 

oxidative stress, GSPT1 increases gluthionylation of proteins as a defence mechanism that 

protects thiol proteins in metabolic, cytoskeletal remodelling, and apoptosis pathways from 

oxidation [737-739].  Glutathione S transferases can also conjugate dopamine quinones, 

produced from dopamine breakdown to glutathione to prevent its redox cycling as a defence 

mechanism against increased levels of dopamine [740].  GSTP1 expression and activity 

increased with exposure to copper in freshwater crabs and clams [741, 742] and copper is 

shown to bind between its reactive glutathione binding cysteine residues and cause 

glutathione S transferases overall inhibition [743]. Two putative Sp1 binding sites have also 

been identified in the proximal promotor in GSTP1 [744] and the loss of GSTP1 function due 

to its knockdown in human pancreatic ductal adenocarcinoma cells results in the increased 

ROS and the downregulation of Sp1 [745].  The inhibition of GSTP1 in vitro has been shown 

by various heavy metals, including copper, which either directly binds to GSTP1 or indirectly 

binds through glutathione [746].  Therefore, this may have implications by decreasing its 

activity as a secondary cellular defence against rising ROS [245].  The binding of copper to 

glutathione S transferases is likely to decrease the bioavailability of copper to prevent to its 

participation in redox reactions.  Overexpression of GSTP1 may be protective in the 

attenuation of lipid peroxidation [747], however the binding of copper to glutathione S 

transferases may also cause the abolition of its activity [743]. Seen previously, glutathione 

complexed with copper also loses its ability to scavenge for ROS [245].  Although glutathione 

expression has been shown to increase in PSP brain tissue [20, 142], the activity of both 

glutathione and glutathione S transferases have not been fully characterised in PSP.   
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There are many complex factors that require further examination to determine the 

underlying factors that may initiate or contribute to the pathogenesis of PSP.  Our study is 

limited by the use of post-mortem tissue, which only captures end stages of the disease. 

Furthermore, of the cuproenzymes and copper handling proteins we found to be altered in 

Chapter 3, we did not observe any changes in ceruloplasmin, SCO1 and COX17 (just outside 

of significance) in our proteomic dataset.  Hephaestin and ATP7A were beyond the limitation 

for detection which is further discussed in Chapter 6.  SOD1 was readily detected in our 

proteomics analysis and the absence of a detectable change was consistent with our western 

blot results (Figure 3.4c). 

When the PSP substantia nigra proteome was analysed for changes in expression within cell 

type, proteins expressed in all cells (non-specific) represented the largest proportion (38.2%), 

with most proteins involved in canonical metabolic pathways (Figure 5.2b and c).  The protein 

expression profiles in neurons showed a downward trend, which is attributable to the 

degenerative processes involved in the death of these cells.  In contrast, the protein levels 

expressed in microglia and astrocytes exhibit the highest upregulation, which is consistent 

with gliosis in PSP.  In Chapter 2, we analysed cell-specific changes across neurons, astrocytes, 

microglia, and oligodendrocytes and observed similar trends as in our proteomic studies.  

Upregulation of astrocytic and microglial gliosis markers was consistent with our histological 

staining and our qPCR expression analyses.  The upregulation of GFAP and VIM indicates 

astrocyte activation, and GFAP and VIM together enable intermediate filament assembly and 

extension in astrocytic processes.  It is common to see reactive gliosis in PSP, which have 

altered expressions of GFAP and VIM near pathological lesioned sites [521] and are most 

prominent in areas with increased NFTs in PSP [748].  In spite of the suggestion that activated 

astrocytes serve as a protective response against penetrating CNS lesions [749], it is also 

recognised that astrogliosis is a major contributor to neuroinflammation and neuronal death 

in neurodegenerative diseases [750], whether through loss of function, gain of function, or a 

combination of both.  Astrocytes play critical roles for in many cellular functions including 

regulating ions and neurotransmitters, regulating synapse function and energy delivery and 

the disruption of these functions during reactive process can cause disruptions to the BBB, 

increased neuroinflammation, neuronal dysfunction, and pathology [751].  It is well known 

now that astrocytes can store and utilise glycogen particularly in areas with higher density of 
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synapses [752].  During periods of high neuronal activity this stored glycogen can be broken 

down into lactate and utilised to sustain activity [752, 753].  Since we observed significant 

alterations in metabolic changes in PSP, the micro-environment could influence the metabolic 

profile of different types therefore it would be beneficial to investigate single-cell metabolic 

profiling to elucidate cell specific responses in PSP.  

The toxic gain of function is shown in cell culture studies whereby healthy neurons incubated 

with astrocytes that express disease causative mutations cause toxicity to neighbouring 

neurons [754].  Furthermore, activated microglia can also convert resting astrocytes into 

reactive, toxic state by secretion of inflammatory cytokines [755].  It has been shown that 

reactive astrogliosis can damage neurons as seen in neurodegenerative diseases through 

inhibition of axonal regeneration, increased ROS production, exacerbation of inflammation, 

and disruption of the BBB.  PSP is also associated with BBB disruption, and in a mouse model 

of disrupting the BBB, Gfap and Aqp4 are upregulated in astrocytes as a result [756].  APQ4 is 

found at the BBB to function as water exchanger transporter in astrocytes [757]. A significant 

increase in AQP4 levels was observed in PSP seen both in the proteomic dataset and in 

Chapter 2.  There are also reports of overexpression of AQP4 in AD, PD, and ALS, and it has 

been shown to potentially be regulated by copper [758-761].  Blocking reactive astrogliosis 

has now been considered a therapeutic strategy with active discovery of molecules which 

could be involved in the mechanism of gliosis.  Transplanting healthy mature astrocytes into 

mouse models of ALS has been shown to slow progression of ALS-like symptoms [762].  Our 

proteomic data indicates astrocyte-based markers might be feasible targets for treatment.  

Constituents of the cytoskeleton were the top hit in the molecular pathways found to be 

disrupted in PSP (Figure 5.3). There are many components that makeup the cytoskeleton, 

including microtubules, neurofilaments and microfilaments, with additional adaptor proteins 

that modulate their interaction with cellular structures.  It is well understood by various in 

vitro based studies that the hyperphosphorylation of tau causes the destabilisation 

microtubules [763].  Our proteomic data revealed a broader picture, with a variety of 

cytoskeletal proteins that control and remodel the cytoskeleton being significantly 

dysregulated in PSP.  Cytoskeleton dysregulation is seen in many neurodegenerative 

conditions which lead to the aggregation of proteins, interference with antegrade and 
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retrograde trafficking of vesicles and organelles to axons and dendrites [764].  The dynamic 

remodelling of the cytoskeleton enables critical processes including neuronal migration, 

cellular adhesion, axonal regulation, dendritic spine formation and synaptogenesis.  Human 

and animal neurodegenerative disease tissue proteomic studies have revealed that many 

cytoskeleton proteins are upregulated during pathogenesis [670, 765].  Proteins that bind and 

regulate actin promotes its polymerisation, stability and disassembly, in tauopathies, actin is 

significantly elevated in tissue and forms eosinophilic rod-like aggregates called Hirano bodies 

that are found in brain tissues from patients with AD [766].  We observed an overexpression 

of actin-associated proteins, such as spectrins (SPTAN1, SPTBN2), which are seen to be 

upregulated in PSP tissue and that they are associated with a variety of neurological diseases, 

including ALS and PD, and are found as a co-aggregate within Lewy body pathology [767].  

Mutations in SPTBN2 lead to an autosomal recessively neurodegenerative disorder called 

Spinocerebellar ataxia type 5, with variants showing both a decrease in axonal outgrowth and 

a limited capacity to expand and stabilise dendritic arborisation [768, 769].  Spinocerebellar 

ataxia type 5 is characterised by similar clinical manifestation to PSP including uncontrollable 

eye movements, dystharia and progressive uncoordinated gait [770]. 

We also observed upregulation of various constituents of the cytoskeleton that associate with 

actin (MSN, EZR, PLEC, ADD3) where overexpression leads to stalling of axonal growth and 

fewer dendritic projections.  Our dataset revealed significant alterations in intermediate 

filaments found in astrocytes, VIM, GFAP, and Synemin (SYNM) as well as neuronal filament 

internexin neuronal intermediate filament protein alpha (INA).  Intermediates filaments are 

responsible for providing support to the cytoskeleton and are essential for the cell-to-cell and 

cell-to-extracellular matrix adhesion see review [771]. Neurofilaments on the other hand help 

expand the axonal calibre of myelin to support polarisation [772] and are integral to the 

function of synapses [773].  Alterations in neuronal-based intermediate filaments have also 

been reported in neurodegenerative conditions, with the knockout of INA in mice showing 

disrupted axonal transport [773].  Inappropriate interactions with the cytoskeleton and its 

binding partners can result in cell death [774]. 

In summary, we used proteomic analysis to examine proteins and pathways that may provide 

new insight to PSP.  We found PSP could be characterised as a disease involving disrupted 

mitochondrial function, alterations in cytoskeletal dynamics, and oxidative stress.  As 



Chapter 5. Proteomic analysis of human, PSP -affected substantia 
nigra 

 
 

159 

reported by the proteomics data, several copper-dependent enzymes and associated proteins 

involved in PSP pathways were significantly altered.  As a result of our findings, copper 

appears to play an important role in the pathogenesis of PSP, as it may influence cardinal 

metabolic functions of the cell.  Further investigation is needed to understand the role of 

these cuproenzymes and other significant altered proteins in PSP pathogenesis
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Chapter 6. Discussion 

The research presented herein involved examination of human post-mortem tissue and a 

mouse model of CNS copper deficiency to uncover a potential role for disrupted copper 

availability and associated SOD1 pathology in PSP.  Initial analyses were hypothesis-driven 

and targeted specific aspects of copper biology.  These analyses were guided by previously 

reported findings that implicate a role for disrupted copper availability in diverse 

neurodegenerative diseases, including PSP.  Subsequent analyses involved proteomic analysis 

of PSP tissue.  The objective here was two-fold: first, to determine whether features related 

to disrupted copper availability would be evident in PSP when using an un-biased analytical 

approach, and second, to gain broader insight to the molecular and cellular pathways that are 

affected in PSP.  Overall, the results generated in this thesis indicate that copper deficiency 

can result from failure of homeostatic regulation, as seen in PSP, considering that copper is 

required by several important cellular pathways.  

6.1 Astrocytic SOD1 pathology in PSP is associated with indications of 
disrupted copper availability 

In post-mortem PSP tissue, immunohistochemical staining for SOD1 was performed on 

paraffin embedded sections from several neuroanatomical regions from the basal ganglion 

and cerebellum (Chapter 2).  All regions examined except the non-pathological control region 

of the visual cortex contained accumulated levels of SOD1, including some positive SOD1 

staining seen in the non-neurological controls (Figure 2.6).  Anti-SOD1 antibodies will detect 

a wide variety of SOD1 variants, including both pathologically accumulated and physiological 

versions of SOD1.  PSP patients, however, showed a more pronounced accumulation of SOD1 

when compared to control cases.  This accumulation of SOD1 detected in PSP cases was 

initially characterised as 'glial' pathology due to the morphological features that indicated its 

presence as non-neuronal (Figure 2.6).  Subsequent co-localisation immunofluorescence 

microscopy indicated the accumulated SOD1 detected in PSP cases occurred within astrocytes 

due to its co-localisation with the astrocytic marker GFAP (Figure 2.10).  Spherical inclusions 

like those found in PD [775] were also observed to have stained positively for SOD1 within 

the PSP-affected brain tissue (Figure 2.7).  SOD1 positive Lewy like hyaline inclusions were 
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also located in astrocytes within the basal ganglion, with prominent elevation seen in the 

substantia nigra pars reticulata (Figure 2.7).  The use of an antibody that only detects an 

epitope that is inaccessible within physiologically folded SOD1 indicated that the 

accumulation of SOD1 detected in astrocytes in PSP involved its accumulation in a misfolded 

state (Figure 2.11).  SOD1 accumulation and misfolding is consistent with this highly abundant 

cytosolic cuproenzyme being unsatiated for its physiological requirement for copper [321, 

328, 330].  Thus, we investigated whether copper availability might be facilitating the 

misfolding of SOD1 that was observed in PSP-affected regions of the human brain by directly 

measuring tissue copper concentrations.  Assessment of copper in TBS-soluble and -insoluble 

fractions generated from tissue samples enriched for the substantia nigra revealed copper 

levels are broadly decreased in PSP-affected nigral tissue (Figure 3.1).  In situ assessment of 

tissue copper levels using LA-ICPMS indicated copper is decreased across all subregions of the 

substantia nigra, albeit with the substantia nigra pars compacta producing the only 

statistically significant result (Figure 3.2).  These changes in tissue copper levels were 

associated with altered expression of 9 out of the 20 genes analysed that are involved in 

cellular copper handling (Figure 3.3).  We found a direct correlation between copper levels 

and STEAP metalloreductases expression (Table 3.3), where their activity stimulated copper 

uptake. Thus, the increase in expression seen in PSP (Figure 3.3) may be in response to 

increase bioavailability of copper. Several classes of oxidoreductases, especially those that 

involve metal ions, are also affected in PSP (Figure 3.3, Figure 3.4, Figure 5.4 and Table A10). 

Moreover, the observed accumulation of the ferroxidases ceruloplasmin and hephaestin 

without any detectable increase in ferroxidase activity (Figure 3.4) further indicated a 

disconnect between the requirement for copper in PSP and its tissue availability. 

There are several pathological abnormalities associated with PSP, including tau aggregation 

in cells of the CNS, neurodegeneration, and reactive gliosis in areas affected by the disease.  

The expression profile across neurons shows that neuronal based genes/proteins are 

generally downregulated (Figures 2.12 and 5.2c) indicating that neuronal functions are lost. 

Conversely as seen in the glial cells, astrocytes and microglia having upregulated gene/protein 

response highlighting the reactive activation in response to damage (Figures 2.12 and 5.2c).  

In the CNS, astrocytes have a prominent role in maintaining copper homeostasis with elevated 

levels of glutathione and metallothionines that can store copper are a much larger capacity 
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than other CNS cells [178, 179].  Copper administration to astrocytes leads to rapid copper 

accumulation in vitro with the release of copper from astrocytes being performed by ATP7A 

[776, 777].  ATP7A is a fast-acting ATPase that is highly expressed in astrocytes [776], which 

we observed significant alterations in levels in the substantia nigra in PSP (Figure 3.3).  

Astrocytes are most likely to be responsible for copper distribution to other CNS cells. In 

response to damage or pathological situations like the formation of protein aggregates like 

SOD1, the phenotypic change of astrocytes from quiescent to reactive can arise [521].  

Consequently, dysfunctional astrocytes would affect both the uptake of neurotransmitters 

and the regulation of ionic transport such as copper delivery to neurons, microglia and 

oligodendrocytes.  We found misfolded SOD1 in astrocytes, suggesting copper deficiency 

maybe occurring in astrocytes, an event that may be a precursor to PSP given that in aged 

healthy controls it was also observed, albeit at much lower levels.  While further X-ray imaging 

of single cells is required to confirm copper deficiency within astrocytes, there are several 

questions as to how and why these astrocytes could become copper-deficient.  

Overexpression of ATP7A can lower levels of intracellular copper because its enhanced 

activity induces its mislocalisation at the plasma membrane to promote copper efflux, 

conferring resistance when extracellular copper levels are high [569, 778].  ATP7A is the rate 

limiting step in copper acquisition in astrocytes and it is regulated by copper and iron levels 

in the cell.  The transcriptional regulation of ATP7A is mediated by copper sensor Sp1 binding 

to GC motif promotor region which is necessary for hypoxia inducible factor 2 alpha to induce 

its transcription [779, 780].  Sp1 is self-regulatory and like CTR1 is elevated under copper 

deficient conditions which is a beneficial mechanism to restore homeostasis and prevent large 

fluctuations efficiently and rapidly [591]. However, there is a copper homeostatic disconnect 

in PSP where there could be a breakdown in these responses which is evident when we did 

not see any change in CTR1 to counteract the lower copper levels in PSP tissue.  A possible 

mechanism that could affect copper levels in astrocytes in PSP tissue is the upregulation of 

APQ4, as AQP4 is known to upregulate in many neurodegenerative conditions including AD, 

PD, and ALS [758-760].  The astrocytic water channel protein AQP4 could potentially be 

involved in the regulation of CNS copper levels as it has been recently shown in vitro studies 

[528].  In the substantia nigra of the PSP brain, we observed significantly elevated levels of 

AQP4, detected by both qPCR (Figure 2.12) and by proteomic analysis (Table A8 in 

Appendices).  Furthermore, we observed cellular morphology of astrocytes change, where 
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swelling of the cytoplasm was evident in a subset of astrocytes that co-express GFAP and 

accumulated SOD1 levels, referred to as Lewy like hyaline inclusions (Figures 2.10n).  

Increases in AQP4 cause changes in the influx of water (hyposmolality) in cells, where it 

induces swelling which is usually a rapid process as they turn back to normal size within 

minutes [781].  The swelling of astrocytes is suggested to be a protective mechanism whereby 

the astrocytes are using the osmotic gradient to potentially flush out toxins from the brain 

through the glymphatic systems to prevent further cytotoxicity [782].  However, it is also 

known that AQP4 permeability is affected by metals by which the inhibition of water 

permeability is shown only when there is copper found intracellularly [761].  AQP4 

permeability as shown in CHO cells is modulated by monovalent copper as it has predicted 

copper binding site at C178 and C253 on the intracellular domain of the protein [528].  AQP4 

upregulation is seen when mice are treated with the copper chelator cuprizone where 

swelling occurred after 5 weeks of a low dose of cuprizone with edema and swelling of the 

astrocytic end-feet around blood vessels within the neocortex in mice [783].  This suggests 

that AQP4 may have a role in copper importation.  However, we do not fully understand why 

copper regulates AQP4 activity, and it is an intriguing insight given that PSP has low copper 

levels with copper potentially influencing its expression or migration.  Additionally, since CNS 

copper is acquired through the dietary intake, and there is a lack of definitive reports on the 

peripheral levels of copper in PSP patients and there are conflicting reports on copper levels 

in both serum and CSF in neurodegenerative conditions [784-787]. 

Astrocytes being one of the most abundant cell types in the CNS however undergo functional 

changes in response to injury and disease.  There has been plenty of evidence of toxicity of 

astrocytes in neurodegenerative conditions [754, 788, 789] with pathogenetic astrocytes seen 

to secrete toxic factors to induce non-cell autonomous cell death [754, 789].  The presence of 

pathological inclusions like SOD1 can both diminish neurotrophic/protective factors and 

increases pathological proteins and ROS [790, 791].  SOD1 proteinopathy within astrocytes 

has been described in both ALS and within human mutant variants of SOD1 expressed in mice 

[337, 339, 792, 793] where loss of motor neurons may be a consequence of glial dysfunction 

[792].  Cell culture studies have also found the effect of SOD1 pathology in astrocytes whereby 

mutant SOD1 expressing astrocytes co-cultured with primary motor neurons derived from 

mouse spinal cords were shown to kill primary motor neurons after 7 days of incubation [754]. 
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In addition, it was found that when the culture medium collected from mutant SOD1 

expressing astrocytes was transferred to primary motor neurons it caused a 60% loss of these 

neurons after 7 days [754].  Mutant SOD1 was also found to be in the media from primary 

cultured astrocytes from SOD1-ALS mutant mice where they can be excreted via exosomes 

and efficiently internalised by stable neuronal cell lines [794].  SOD1 is known to misfold under 

genetic aberration, copper deficiency or under high levels of oxidative stress [321, 497] and 

the blocking of residues that are involved in its conformational change is shown to decrease 

its misfolding, decrease gliosis and increase neuronal survival [795].  The presence of 

misfolded SOD1 is not only detected in ALS, but also in degenerating regions of PD and also 

now seen in PSP [35, 141, 321, 497].  

It has been shown that misfolded SOD1 affects the density, morphology, and location of 

mitochondria, whereby it is enriched within mitochondria within axons before the onset of 

ALS symptoms in mice [796].  We observed a higher level of misfolded SOD1 in PSP and as it 

is known that misfolded SOD1 can repress mitochondrial function [797] this may be a possible 

explanation for the mitochondrial dysfunction results presented in Chapter 5 (Figure 5.4).  In 

a similar tauopathy with clinical and pathological overlap to PSP, frontotemporal lobar 

dementia, SOD1 accumulated within astrocytes in the frontal cortex and co-localised with 

aberrant levels of lipid peroxidation markers [465].  Lipid peroxidation markers are found in 

diseased affected regions in PSP [10, 201] and these markers are known cause damage to 

various proteins and also mitochondrial membranes leading to its impairment [798].  Mutated 

human SOD1 expressed in mice, impairs the mitochondrial respirasome function, as isolated 

mitochondria from these transgenic animals showed decreased activity in complex I, II, III, 

and IV, as well as increased lipid peroxidation. [799].  Mitochondrial dysfunction has been 

reported in several studies in PSP [597] and additionally we also saw alterations in expression 

of various mitochondrial based proteins (Figure 5.4 and Table A10 in Appendices).  Glucose 

utilisation measured by PET in several studies is seen to be much lower within frontal cortex 

and within basal ganglion structures in PSP [115, 800, 801].  Our proteomic assessment of PSP 

emphasised that the substantia nigra relies on a high energy source to function efficiently and 

decreased mitochondrial proteins involved in metabolic process of TCA cycle, glycolysis and 

the electron transport chain would have a profound effect on the entire functioning of many 

processes in cells.  Defects in the electron transport chain have also been reported previously, 
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resulting in decreases of the respiratory complexes I, II, III, IV, and V [19, 597, 598, 802].  

Mitochondria are one of major sources of ROS, contributing up to 80% of neuronal ROS 

production [803].  The generation of ATP from the electron transport chain results in the 

production of ROS, which is buffered by the presence of antioxidants, including SOD1 [803].  

However, the alterations in various antioxidants are seen in PSP, and SOD1 accumulates and 

is misfolded and unavailable to participate in the breakdown of ROS.  We also saw changes to 

other antioxidant defences, including proteins involved in glutathione biosynthesis and 

catalysis of conjugated ligands to glutathione (such as GSTP1 and ESD, Figure 5.8 and Tables 

A8 and A11 in Appendices).  Prior studies indicate that the abundance/activity/location of 

these proteins can be influenced by copper [745, 746].  This could result in continuous 

oxidative damage within cells, particularly within mitochondria, leading to disease 

susceptibility and death [804, 805].  Astrocytic oxidative stress that can occur from 

mitochondrial dysfunction and by the breakdown of dopamine.  We observed both the 

mitochondrial dysfunction in the substantia nigra in PSP and an increase of astrocytic based 

MAOB in our proteomics analysis (Figures 5.6, 5.7 and Tables A8, A10 and A11 in 

Appendices).  We also assessed MAOB as part of our qPCR cuproenzyme suite and we 

observed no changes in mRNA levels (Figure 3.4a, b).  MAOB has a long half-life of up to 40 

days in humans [806, 807], which could explain the disconnect between the transcript and 

translation.  Copper is known to facilitate the function of complex IV and also MAOB, an 

enzyme which breaks down dopamine [808].  The ROS generated by the inhibition of the 

mitochondrial respirasome as well as the breakdown of dopamine with the by-product of 

superoxide, a primary factor that contributes to the damage to neurons in PSP [809, 810].   

 

6.2 Decreased CNS copper alone appears insufficient to cause PSP 

The balance between too much and too little copper in the intracellular environment is 

delicate, so precise regulation is crucial to cellular homeostasis.  Abnormal levels of copper 

through the genetic mutation, environment and aging can lead to many diseases including 

neurodegenerative disease.  In PSP, we saw depletion in copper levels within the substantia 

nigra (Figures 3.1 and 3.2).  Therefore, using a genetic animal model of CNS copper deficiency, 

we investigated whether copper deficiency alone within the CNS could induce pathological or 

phenotypic changes that are seen in PSP.  Using a partial knockout of Slc31a1 gene (encoding 
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the copper transporter CTR1) within mice, had a substantial decrease in CNS copper (45%) by 

adulthood (Figure 4.3b).  This in turn was shown to cause a small but significant decreased in 

neurons within substantia nigra pars compacta (Figure 4.5a).  No other pathologies of gliosis 

or Sod1 accumulation were evident, despite a decrease in brain copper levels (Figures 4.4 and 

4.5b, c, d, e, f).  These results indicate that mice are less susceptible to changes in copper 

within a certain threshold, or that a compensatory mechanism may be at play when copper 

levels are scarce.  The absence of changes to Slc31a1 mRNA in human PSP-affected brain 

tissue highlights that Slc31a1-/+ mice do not have construct validity for PSP and that exploring 

the role of other copper handling mechanisms such as ATP7A may be more beneficial in 

modelling PSP.  Copper alone in this animal model was not sufficient to induce pathological 

changes like increased gliosis and SOD1 accumulation in astrocytes that is seen in PSP.  It has 

been documented that human SOD1 misfolds when copper levels are low [321].  Thus, the 

propensity for endogenous mouse Sod1 to aggregate may be an additional or alternate 

consideration of significance.  Prior cell culture and in vivo studies have demonstrated that 

human SOD1 has a higher propensity to form aggregates than endogenous mouse Sod11 

[811, 812].  Although mouse Sod1 has 84% amino acid homology with human SOD1, the 16% 

non-homology, includes a change in amino acid of serine at position 111 in the mouse Sod1 

sequence that is highly conserved amongst mammals [813].  In humans however, this position 

encodes a cysteine residue which is a critical residue for its aggregation [758].  Combined with 

copper and zinc insertion, cysteine at position 111 forms an intermolecular disulfide bond and 

stabilises the enzyme [758].  If left exposed, when copper is not co-ordinating into its 3 

histidine residues (H45, H48, H120) [814] the cysteine 111 residue is susceptible to self-

aggregate and to be targeted for aberrant oxidation [815].  This could explain why 

endogenous mouse Sod1 did not aggregate in the Slc31a1+/- mouse tissue.  Other proteins 

related to neurodegenerative disease pathology also exhibit this phenomenon, such as mouse 

⍺-synuclein which does not aggregate despite being exposed to conditions that would usually 

promote it aggregation of the human protein [816, 817]. 

Other critical observations that are also see in PSP are that in addition to copper deficiency, 

PSP is associated with an increase gliosis and in iron levels [21, 439, 440], which may account 

for the exacerbation in pathology and neurodegeneration seen in PSP.  Copper depletion 

showed no effect on inducing gliosis in the Slc31a1+/- mice (Figures 4.4 and 4.5). It is 
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understood that free copper can induce gliosis as seen in the copper overload condition of 

Wilson’s disease [477].  Copper deficiency in a model of traumatic brain injury in mice caused 

a small number of neurons to die without affecting astrogliosis, unlike zinc deficiency, which 

caused a lower level of astrogliosis 2 days after brain injury [818].  In addition, these copper 

deficient mice had higher levels of oxidative stress with lipid peroxidation marker 

malondialdehyde and decreased Sod1 levels which could account for the small loss of neurons 

indicated by increase in TUNNEL staining 2 days post lesion [818].  Thus, similarly in our study, 

the small loss of neurons could be afforded by both a decrease in Sod1 levels and/or other 

cuproenzymes like complex IV.  The lack of a reactive gliosis response could also be an 

additional factor that can contribute to the detriment of neurons. Slc31a1+/-mouse brains do 

not accumulate Sod1 as shown by immunohistochemical staining or show misfolded Sod1 

pathology, which may also influence gliosis induction.  This could highlight the importance 

and the contribution of the gliosis response and its potential loss or gain for function in that 

leads to neuronal cell loss seen in neurodegenerative conditions.   

It is known that iron plays a role in neurodegenerative diseases like PSP as it is most certainly 

observed in elevation as detected by MRI and also at post-mortem [21, 373, 439, 586].  Iron 

can induce the aggregation of tau, where it can bind strongly to histidine residues that are 

found within the microtubule domain [819].  Furthermore, ferritin is also shown to colocalise 

with tau pathology in the PSP brain [563].  No increase in iron was detected in the substantia 

nigra of the Scl31a1-/+ mice at 9-10 months of age (Figure 4.3c). In cells, excessive iron 

accumulation that is not complexed to iron binding proteins can cause oxidative stress due to 

its overt involvement in Fenton redox chemistry, which can cause damage to antioxidants like 

glutathione, induce gliosis and exacerbates oxidative stress [820-822].  Studies in cell culture 

have shown that acute overload treatment of iron to rat cortical astrocytes that were initially 

activated by microglial cytokines (IL-6 and TNF), provide protection against iron-mediated 

oxidative stress. [820, 823].  In the iron overload condition, the transition from resting to 

reactive astrocytes preserved mitochondrial activity and increased glutathione levels [820].  

Therefore, the increase in iron may be protective mechanism to prevent damage inflicted by 

glia.  
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It is known that excess and unregulated iron can cause toxicity to cells.  Due to the lack of 

excess iron in the substantia nigra of Slc31a1-/+ mice, neuronal cell death may not have been 

enhanced.  Iron mediated cell death that differs from apoptosis, necrosis, etc. is now 

recognised as a unique form of regulated cell death, known as ferroptosis [824]. Ferroptosis 

is caused by alterations within the intracellular environment which lead to oxidative 

alterations (lipid peroxidation) that is also controlled by changes in glutathione, glutathione 

peroxidase 4, and iron [824, 825].  Ferroptosis mainly affects the mitochondria and therefore 

could be a main driver in neuronal cell death in many neurodegenerative diseases including 

PSP [825].  There are several key morphological changes in PSP tissue, including increases in 

iron and lipid peroxidation, as well as alterations in mitochondria and antioxidant defences, 

so further investigation into ferroptosis regulatory pathway is needed.  However, there is 

question as to whether copper is essential for ferroptosis as both copper deficiency and iron 

accumulation may have synergistic role together in neurodegenerative disease.  It is not well 

understood as to which precedes the other or if they are a trigger or a consequence of 

pathological processes.  

 

6.3  Additional factors in PSP 

Proteomic analysis of the substantia nigra from cases diagnosed with PSP was performed in 

order to investigate dysfunctional molecular and cellular pathways using an unbiased 

approach.  Parsing of differential expressed proteins into annotated GO pathways using gene 

enrichment analysis showed abnormalities in many additional pathways including 

cytoskeletal dynamics and phospholipid binding.  Two very critical biological processes that 

aid the structural and functional development of the substantia nigra are cytoskeletal 

organisation and phospholipid binding.  Phospholipids are essential component for many 

lipids bilayers and are important for signalling and for the structural integrity of intracellular 

and cell surface proteins [826].  As phospholipids are found at the plasma membranes and in 

vesicles, they make up 75% of the total cellular lipid content [827].  In experimental models 

of phospholipid deficiency, embryonic lethality is observed [828].  Alterations in all three 

major classes of phospholipids (phosphatidylinositol, phosphatidylethanolamine, and 

phosphatidylcholine) have been shown in AD cases where levels are decreased, or their 

metabolism altered [829, 830].  A large metabolic study using 156 PSP samples only recently 
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showed that PSP exhibited similar perturbed levels of lipids to AD highlighting that the 

lipidome is also dysregulated in PSP [725].  Myelin, which is comprised of cholesterol, 

phospholipids, and glycolipids, is compromised in PSP where severe loss of white matter is 

seen in cerebellum, and there was significant decrease in apolipoproteins A1 and A2 that 

facilitate the entry of cholesterol needed for membrane envelopment, synaptic transmission, 

and myelin sheath formation.  This is seen in cerebrovascular disorders like atherosclerosis 

where the decreased in APOA1 and APOA4 causes cholesterol to accumulate within the blood 

[831, 832]. 

Neuronal and glial cytoskeletal pathology is evident in PSP, where the microtubule binding 

protein tau is seen to be dissociated from the microtubules and found as insoluble aggregates 

within neurons and glia [48, 53, 87].  Cytoskeletal remodelling has also been found to be a 

factor that is disrupted in PSP as shown in another proteomic analysis of close proximity 

proteins to tau aggregates from a small subset of PSP [686].  In this study 117 proteins that 

were differentially expressed were identified and >80% had been previously associated with 

tau, with 10 of these proteins associated with cellular assembly and actin binding [686].  It 

was observed in our proteosome dataset that cell specific changes to cytoskeleton where it 

is known that axons, synapses, and dendrites distinguish the neuronal from the non-neuronal 

cytoskeleton, and changes associated with the cytoskeleton (neurofilaments) in neurons were 

downregulated in PSP as shown in our gene expression (Figure 2.12) and within proteomic 

data (Table A8 in Appendices).  Conversely to neuronal cytoskeletal profile in PSP, the 

intermediate neurofilaments found within astrocytes and most associated with altered 

morphology in gliosis were upregulated (Table A8 and A9 in Appendices).  Only recently tau 

is known to possibly interact with the astrocytic intermediate filament GFAP [686].  

Cytoskeleton remodelling helps to maintain the cell's integrity and in neurons it is required to 

be flexible particularly during axonal regeneration during development [833].  However 

during apoptosis the cell is undergoing contraction [834] and the cytoskeleton must undergo 

reorganisation and the dismantling and disorganisation during this phase [835].   

In PSP, the complex nature of not only multiple pathologies but also cellular pathways makes 

it a multifaceted disorder. In light of this complexity, there is no one single pathway that could 

lead to a breakthrough in treatment.  A multi-based therapeutic approach might therefore be 
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necessary that targets a variety of pathways and homeostatic processes involved in the 

disease. 

6.4 Study limitations and future directions 

Analysis of human post-mortem tissue offers excellent opportunity to investigate 

abnormalities that may represent significant events in the development of 

neurodegenerative diseases such as PSP.  It is important to note however, that the availability 

of tissues from biorepositories is often limited by several factors.  Not least of which is the 

number of PSP cases and controls available for study.  PSP is a relatively rare 

neurodegenerative disease, with an incidence of 180 cases per year in Australia, and not all 

of these cases necessarily donate tissue for research purposes.  Additionally, whilst control 

cases might be expected to be more numerous, this is generally not the case, as the 

motivations for tissue donation that apply to people with a neurodegenerative disease do not 

necessarily apply to those who do not.  As a consequence, some considerations that would 

be met in an ideal study (such as larger numbers of cases that are perfectly matched for sex, 

age and post-mortem interval) are not necessarily feasible.  In the present study this affected 

several key aspects.  First was that not all analyses could be performed on all tissue samples 

acquired, and this restricted capacity to make meaningful correlations across all parameters 

measured.  Second, SOD1 proteinopathy was assessed in paraffin embedded tissue by using 

immunohistochemistry coupled with quantitative stereology.  In addition to providing case 

versus control outcomes, quantitative stereology of human tissue also enables identification 

of cell specific changes.  However, stereology requires systematic unbiased sampling 

throughout the entire neuroanatomical region of interest to get an accurate number of cell 

populations.  We had access to only one paraffin section per case and not all of these were 

located at the same brain coordinate.  Thus, without sampling throughout the whole 

neuroanatomical region, completeness of the stereology is restricted.  

The number of samples in our non-neurological control group is quite small due to tissue 

availability in biobank repositories with the ideal of having larger or equal number of samples.  

The data normalisation process in our proteomics dataset involved a 50% per group cut off is 

quite a conversative approach and particularly when there is a low number of non-
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neurological control samples mean that this lower abundance proteins were most likely 

excluded from our analysis.  In other experiments, such as LA-ICPMS, a small number of cases 

(N=3 per group) were available, and due to the lack of tissue availability, significant 

differences in iron and zinc values could not be determined. Therefore, this would require 

higher level resourcing of the tissue banks necessary for increased recruitment of tissue 

donors.  

An additional limitation associated with this study is that although some results indicated the 

significance of cell-specific changes in PSP (e.g., the apparent accumulation of SOD1 in 

astrocytes), the methodologies we applied to detect levels of copper in the PSP-affected brain 

tissue could not provide cell-specific information.  The use of homogenisation in a TBS-based 

buffer provided some opportunity to investigate potential changes in the biochemical 

partitioning of copper in PSP (Figure 3.1), and our LA-ICPMS methodology enabled 

examination of copper within specific subregions of the substantia nigra (Figure 3.2), but 

neither provided cell-specific information.  LA-ICPMS technology has advanced to the point 

where detection of endogenous elements is feasible at the level of cellular resolution [836].  

The additional use of antibodies tagged with lanthanides or gold-nanoparticles, can facilitate 

identification of cell-specificity  [837, 838].  In addition, the use of μPIXE could also be an 

important complementary analytical tool to both address whether the SOD1 aggregates that 

are found within PSP tissue are appropriately metalated and quantify the amount of copper 

and zinc that is bound to SOD1 [839].  

Proteomics analysis was used to determine both the abundances of proteins and the enriched 

pathways that these differentially expressed proteins are involved in. Since there are 

differences between the results of standard biochemical analyses (i.e. western blotting versus 

proteomics), there are several explanations for these disparities which indicate technical 

limitations and strengths in each of these proteomic approaches. Firstly, there is no universal 

sample preparation to extract the proteins/peptides from the post-mortem tissues and it is 

developed in-house depending on user and equipment and these are also not standardised 

across various assays.  The extraction method that was used in biochemical assays (western 

blot) as well as in the proteomic study is considered a 'hard extraction' given the method 

deviated significantly from physiologically conditions (e.g., it involved boiling, a pH of 8.5 and 



Chapter 6. Discussion 

 
 

172 

homogenisation).  Such extraction methods can give rise to proteins or peptides being lost 

and/or having minimal biological activity [840]. Potentially because of this, it was revealed 

that some of the copper handling proteins/chaperones like ATP7A and ATP7B and the 

cuproenzyme hephaestin were beyond detection limits in our proteomic study.  The 

discrepancy in results and the lack of change in ceruloplasmin and hephaestin could be 

attributed to different protein preparations and different physiological conditions between 

western blotting and protein purification, which may be related to the sample processing 

stage [558]. 

There are caveats using human post-mortem tissue which can affect the outcome of our 

proteomic analysis which include sample heterogeneity (gender differences, patient’s history, 

drug treatments), quality (longer periods in frozen storage, repeated freeze-thaw) and by 

PMI. With a longer interval between the collection of the brain specimen, this might explain 

the lack of neurotransmitter receptors like GABAA1 and some synaptic vesicle proteins 

detected within the samples. While it is hard to control for the PMI of samples given the lack 

of tissue availability that is seen in most biobanks, it would be prudent not to control for this 

if this experiment was to be repeated in the future.  

The future directions of research based on our current findings would be to assess other basal 

ganglion regions in PSP cases that showed pathological changes including the globus pallidus 

and subthalamic nucleus.  Globus pallidus and subthalamic nucleus are both regions (other 

than the substantia nigra) that contain severe levels of tau pathology including 

oligodendrocyte pathology [50].  Therefore, it would be beneficial to determine if the copper 

deficiency also extends to other regions to get a rounded understanding of pathological 

changes that associate with SOD1 and copper deficiency in PSP.  Given that we observed SOD1 

accumulation and Lewy like hyaline inclusions in aged control tissue, it would be valuable to 

assess the changes in other younger age groups to determine when copper deficiency and 

SOD1 pathology might begin.  There is no study that looked at this currently and associate 

copper changes that might occurred in aging tissue.  Furthermore, to get a better 

understanding of both the metal status and the cell specific metabolic changes that are 

observed in PSP, additional experiments to address include 1) single cell proteomics/RNAseq 

and 2) single cell LACIPMS imaging.  Newer technologies now make proteomic measures 
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within single cell types that can give insights into cellular processes and states and can capture 

post-translation modifications at the transcriptome level.  Due to the limited resolution of LA-

ICPMS, we were only able to detect cell specific changes within various CNS cell types. To 

detect metal concentrations within CNS cells, cell specific markers along with secondary 

antibodies labelled with gold/AU or lanthanide particles that tag different cell types thus can 

quantify metal levels may be a better option as mentioned previously.  In an extension to the 

copper deficiency that is seen in PSP, it would also be favourable to use XFM or μPIXE imaging 

as reported by Genoud et al. (2020) to quantify the metal state of SOD1 within SOD1 

pathology in PSP brain as a confirmation of the metal status of SOD1 [395].  To complete our 

set of cuproenzyme analysis in both PSP and in copper deficient Slc31a1-/+ mice, a focus on 

protein expression of cuproenzymes (DβH, myeloperoxidase, lysyl oxidase) and specific 

activities of ceruloplasmin, hephaestin, dopamine beta hydroxylase, myeloperoxidase, lysyl 

oxidase might give us a better understanding of the extent of copper deficiency on a range of 

cuproenzymes.  

6.5 Concluding remarks 

The overall findings of this work show that brain tissue from cases of PSP displays evidence 

for disrupted availability of copper.  This indicates that as per other neurodegenerative 

diseases, altered copper availability may play a significant role in PSP.  It remains to be 

determined whether altered copper availability may be involved as a primary trigger or part 

of a secondary event.  Our assessment of Slc31a1-/+ mice was intended to provide some 

insight on this topic, but results from these mice were inconclusive. 

Initial assessments conducted for this study involved histological assessment of SOD1 in 

human, PSP-affected brain tissue.  Our data demonstrated an accumulation of SOD1 in PSP, 

and that this accumulation occurred within astrocytes.  Whether this represents a potential 

mechanism of non-cell autonomous neuronal death in PSP of perhaps just an indicator of 

disrupted copper availability in the brain remains unclear.  Analogous outstanding issues 

remain for other neurodegenerative diseases such as AD where the pathogenic significance 

of amyloid plaques remains intensely debated. 
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One result that appeared clear from our analyses and supported independently reported 

findings is that copper levels are decreased in the PSP-affected brain.  The mechanism as to 

what causes this loss of copper from the PSP-affected substantia nigra, and to where it is re-

distributed is still not known. 
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Table A1. Study demographic data for human tissue samples 

Study ID Age Gender 
Diagnos

is 

Disease 
duration 

(yrs) 

PMI 
(hrs) 

Cause of death 

H
is

to
lo

gy
 

So
lu

ti
o

n
 

IC
P

M
S 

LA
IC

P
M

S 

W
e

st
e

rn
 

b
lo

t/
ac

ti
vi

ty
 

PSP-RS 01 77 Female PSP-RS 1 9 Cardiorespiratory failure X    
PSP-RS 02 70 Female PSP-RS 3 37 Cachexia, swallow dyspraxia  X  X 
PSP-RS 03 76 Female PSP-RS 6 3 Cardiorespiratory failure X X  X 
PSP-RS 04 81 Male PSP-RS 9 8 Pneumonia X X  X 
PSP-RS 05 78 Female PSP-RS 5 18 Cardiorespiratory failure X    
PSP-RS 06 78 Male PSP-RS 14 31 Cardiovascular failure X X  X 
PSP-RS 07 80 Male PSP-RS 6 18 Cardiorespiratory failure  X  X 
PSP-RS 08 70 Female PSP-RS 5 32 Cardiorespiratory failure  X  X 
PSP-RS 09 79 Male PSP-RS 9 26 Respiratory failure X X  X 
PSP-RS 10 86 Female PSP-RS 1 69 Cardiorespiratory failure X    
PSP-RS 11 74 Female PSP-RS 5 27 Aspiration pneumonia  X  X 
PSP-RS 12 68 Female PSP-RS 2 13 Cardiorespiratory failure X X  X 
PSP-RS 13 71 Male PSP-RS 7 58 cardiorespiratory failure X    
PSP-RS 14 80 Female PSP-RS 3 14 Acute kidney injury  X  X 
PSP-RS 15 76 Male PSP-RS 2 30 cardiorespiratory failure X X  X 
PSP-RS 16 72 Female PSP-RS 4 33 Cardiorespiratory failure  X  X 
PSP-RS 17 67 Male PSP-RS 5 19 Cardiorespiratory failure  X  X 
PSP-RS 18 70 Male PSP-RS 11 22 Cardiorespiratory failure  X  X 
PSP-RS 19 80 Male PSP-RS 7 25 Multi organ failure  X  X 
PSP-RS 20 63 Male PSP-RS 6 38 Corticobasal degeneration   X  
PSP-RS 21 69 Female PSP-RS 15 38.5 Coroners case - Unascertained   X  
PSP-RS 22 68 Male PSP-RS 6 61 Aspiration pneumonia   X  
PSP-RS 23 76 Male PSP-RS 5 50.5 Aspiration pneumonia   X  
PSP-P 01 69 Male PSP-P 10 23 Cardiorespiratory failure X    
PSP-P 02 88 Male PSP-P 18 38 Cardiorespiratory failure X    
PSP-P 03 75 Female PSP-P 9 13 Cardiorespiratory failure X    

NNC 01 68 Male control n/a 11 
End stage renal failureheart 

disease X    
NNC 02 85 Female control n/a 23 Pneumonia X    
NNC 03 79 Male control n/a 8 Probable pulmonary embolism X    
NNC 04 89 Male control n/a 24 Sepsis X    
NNC 05 90 Female control n/a 58 Cardiovascular failure X    
NNC 06 88 Female control n/a 31 Congestive cardiac failure X    
NNC 07 84 Male control n/a 22 Cardiovascular failure X X  X 
NNC 08 84 Male control n/a 36 Severe pulmonary hypertension X X  X 
NNC 09 80 Female control n/a 29 Cardiac failure X X  X 
NNC 10 64 Male Control n/a 68 Ischaemic Heart Disease  X X X 
NNC 11 66 Female Control n/a 43 Metastatic leiomyosarcoma  X X X 
NNC 12 69 Male Control n/a 36 Coronary artery disease  X X X 
NNC 13 76 Male Control n/a 50 AMI  X X X 
Control cases were pathologically confirmed free of neurological disease.  #Period from diagnosis to death.  PSP: Progressive supranuclear 
palsy; PMI: Post-mortem interval; n/a: not applicable 
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Table A2. List of antibodies used for immunohistochemistry and western blotting 
Protein target Antibody Assay Host Reactivity Immunogen 

Ionised calcium binding 
adaptor molecule 1 

(IBA1) 

Abcam 
(ab225261) 

IHC Rabbit 
Human, mouse, 

rat 
Unspecified 

Glial Fibrillary Acidic 
protein (GFAP) 

Abcam 

(Ab53554) 
IHC Goat 

Human, mouse, 
rat 

GFAP aa 400 to the C-terminus 
(C terminal) 

SOD1 (accumulated) 
Sigma 

HPA001401 
IHC Rabbit 

Human, mouse, 
rat 

 
Superoxide dismutase 1 

recombindant protein epitope 
signature tag (PrEST) 

 

SOD1-EDI (exposed 
dimer interface) 

Stressmarq (SPC-
206) 

IHC Rabbit 
Human, mouse, 

rat, pig 
C-terminal region of SOD1, 

exposed dimer interface (EDI) 

Ceruloplasmin 
Dako/Agilent 

(Q0121) 

Western 
blot 

Rabbit Human  

Hephaestin 

 
Abcam (ab95137) 

Western 
blotting 

Rabbit Human 

residues 400 - 500 of Human 
hephaestin  

 

Beta-actin 

Cell signalling 

(4970) 

 

Western 
blotting 

Rabbit 
Human, mouse, 
rat, pig, monkey, 

bovine 

N-terminus of human β-actin 
protein 

GAPDH 

 

Cell signalling 
(2118) 

 

 

Western 
blotting 

Rabbit 
Human, mouse, 
rat, pig, monkey, 

bovine 

residues surrounding Lys260 of 
human GAPDH protein 

Human SOD1 

 

Abcam 

(ab79390) 

 

Western 
blotting 

Rabbit Human Unspecified 
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Table A3. List of Taqman human and mouse probes used in gene expression experiments 

 Gene Species Taq # Protein 

Astrocyte marker Aldh1l Human Hs01003842_m1 aldehyde dehydrogenase 1 family member L1 

Astrocyte marker Aqp4 Human Hs00242342_m1 aquaporin 4 
 

Copper handling Atox Human Hs00187841_m1 Antioxidant 1 Copper Chaperone 
 

Copper handling Atp7a Human Hs00163707_m1 ATPase Copper Transporting Alpha 
 

Copper handling Atp7b Human Hs01075310_m1 ATPase Copper Transporting Beta 
 

Copper handling Ccs Human Hs00192851_m1 Copper chaperone for SOD 
 

Neuronal marker Chat Human Hs00758143_m1 Choline O-acetyltransferase 

Copper handling Commd1 Human Hs00415059_m1 Copper Metabolism Domain Containing 1 
 

Copper handling Cox11 Human Hs00362087_m1 Cytochrome C Oxidase Copper Chaperone COX11 
 

Copper handling Cox17 Human Hs01053235_g1 Cytochrome C Oxidase Copper Chaperone COX17 
 

Cuproenzyme Cp Human Hs00236810_m1 Ceruloplasmin (ferroxidase) 

Microglial marker Cplx1 Human Hs00362510_m1 Complexin 1 
 

Microglial marker Cplx2 Human Hs00932617_m1 Complexin 2 
 

Microglial marker Cx3cr1 Human Hs01922583_s1 C-X3-C motif chemokine receptor 1 

Cuproenzyme Dbh Human Hs01089840_m1 Dopamine beta-hydroxylase 

Neuronal marker Ddc Human Hs01105048_m1 Dopa decarboxylase 

Neuronal marker Gabra1 Human Hs00971228_m1 Gamma-aminobutyric acid type A receptor alpha1 subunit 

Housekeeper Gapdh Human Hs02758991_g1 Glyceraldehyde-3-Phosphate dehydrogenase 
 

Astrocyte marker Gfap Human Hs00909233_m1 Glial fibrillary acidic protein 

Cuproenzyme Heph Human Hs00953259_m1 Hephaestin 
 

Cuproenzyme Maob Human Hs01106246_m1 Glial Fibrillary Acidic Protein 
 

Neuronal marker Map2 Human Hs00258900_m1 Microtubule associated protein 2 

Neuronal marker Mapt Human Hs00902194_m1 Microtubule Associated Protein Tau 
 

Oligo marker Mbp Human Hs00921945_m1 Myelin basic protein 

Oligo marker Mog Human Hs01555268_m1 Myelin oligodendrocyte glycoprotein 

Copper handling Mt1a Human Hs00831826_s1 Metallothionein 1A 
 

Copper handling Mt1b Human Hs04401199_s1 Metallothionein 1G 
 

Copper handling Mt2a Human Hs02379661_g1 Metallothionein 2A 

Copper handling Mt3 Human Hs00359394_g1 Metallothionein 3 
 

Copper handling Mtf1 Human Hs00232306_m1 Metal Regulatory Transcription Factor 1 
 

Copper handling Mtf2 Human Hs00980938_m1 Metal Regulatory Transcription Factor 2 
 

Neuronal marker Nefh Human Hs00606024_m1 Neurofilament heavy polypeptide 

Neuronal marker Rbfox Human Hs01370654_m1 RNA binding protein, fox-1 homolog 3 

Copper handling Sco1 Human Hs01552201_m1 Myelin-Oligodendrocyte Glycoprotein 

Copper handling Slc31a1 Human Hs00977266_g1 Solute carrier family 31 member 1 

Cuproenzyme Sod1 Human Hs00533490_m1 Superoxide dismutase 1, soluble 

Copper handling Steap1 Human Hs00185180_m1 Six transmembrane epithelial antigen of the prostate 1 
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Copper handling Steap2 Human Hs00401292_m1 Six transmembrane epithelial antigen of the prostate 2 

Copper handling Steap3 Human Hs00217292_m1 Six transmembrane epithelial antigen of the Prostate 3 

Copper handling Steap4 Human Hs01026584_m1 Six transmembrane epithelial antigen of the prostate 4 

Neuronal marker Snap25 Human Hs00938957_m1 Synaptosome associated protein 25 

Neuronal marker Th Human Hs00165941_m1 Tyrosine hydroxylase 

Microglial marker Tmem119 Human Hs01938722_u1 Transmembrane protein 119 

Neuronal marker Tubb3 Human Hs00801390_s1 Tubulin beta 3 class III 

Copper handling Xiap Human Hs00745222_s1 X-linked inhibitor of apoptosis 

Astrocyte marker Aldh1l1 Mouse Mm03048957_m1 Aldehyde Dehydrogenase 1 Family Member L1 

Copper handling Atox1 Mouse Mm00839626_m1 Antioxidant 1 Copper Chaperone 

Copper handling Atp7a Mouse Mm00437663_m1 ATPase Copper Transporting Alpha 

Copper handling Atp7b Mouse Mm00599675_m1 ATPase Copper Transporting Beta 

Copper handling Ccs Mouse Mm00444148_m1 Copper chaperone for SOD 

Copper handling Commd1 Mouse Mm01239669_m1 Copper Metabolism Domain Containing 1 

Copper handling Cox11 Mouse Mm01615963_g1 Cytochrome C Oxidase Copper Chaperone COX11 

Copper handling Cox17 Mouse Mm01346225_m1 Cytochrome C Oxidase Copper Chaperone COX17 

Housekeeper Gapdh Mouse Mm99999915_g1 Glyceraldehyde-3-Phosphate Dehydrogenase 

Astrocyte marker Gfap Mouse Mm01253033_m1 Glial Fibrillary Acidic Protein 

Neuronal marker Mapt Mouse Mm00521988_m1 Microtubule Associated Protein Tau 

Oligo marker Mog Mouse Mm01279062_m1 Myelin-Oligodendrocyte Glycoprotein 

Copper handling Mt1 Mouse Mm00496660_g1 metallothionein 1 

Copper handling Mt2 Mouse Mm00809556_s1 metallothionein 2 

Copper handling Mt3 Mouse Mm00496661_g1 metallothionein 3 

Copper handling Mtf1 Mouse Mm00485274_m1 Metal Regulatory Transcription Factor 1 

Copper handling Mtf2 Mouse Mm00489151_m1 Metal Response Element Binding Transcription Factor 2 

Copper handling Nefh Mouse Mm01191455_m1 Neurofilament Heavy Chain 

Copper handling Sco1 Mouse Mm01329074_m1 Synthesis Of Cytochrome C Oxidase 1 

Copper handling Slc31a1 (Ctr1) Mouse Mm00558247_m1 Copper transport related protein 1 (copper import) 

Copper handling Steap1 Mouse Mm00459097_m1 STEAP Family Member 1 

Copper handling Steap2 Mouse Mm01320129_m1 STEAP Family Member 2 

Copper handling Steap3 Mouse Mm01287243_m1 STEAP Family Member 3 

Copper handling Steap4 Mouse Mm00475405_m1 STEAP Family Member 4 

Neuronal marker Syp Mouse Mm00436850_m1 Synaptophysin 

Copper handling Xiap Mouse Mm00776505_m1 X-Linked Inhibitor Of Apoptosis 
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Table A4. Buffer and reagent preparation   
 

Homogenisation buffer 

(Chapter 3, Section 
3.2.2)  

 

Homogenisation buffer consisted of 50mM Tris, 150mM NaCl, (pH 7.4) 

Containing cOmplete, EDTA-free protease inhibitor (Roche, Sigma-Aldrich), phosphatase 
inhibitors II (500 µL, Sigma-Aldrich) and 

DNAse I (500 µL prepared in 20mM HEPES/glycerol).  

 

 

Perfusing buffer 

(Section 4.3.1) 

 

Perfusate buffer was 0.1M PBS (pH 7.4) containing anti-coagulant heparin (20U/mL, 
Sigma-Aldrich), cOmplete, EDTA-free protease (Roche, Sigma-Aldrich) and phosphatase 
inhibitor (Sigma-Aldrich) cocktail II dissolved in 0.1M PBS (pH 7.4). 

 

LCMS/MS Buffer A1 

Section 5.2.3) 

 

2% acetonitrile, 0.01% trifluoroacetic acid 

 

LCMS/MS Buffer A2 

(Section 5.2.3) 

 

0.1% formic acid, 2% DMSO 

 

LCMS/MS Buffer B 

(Section 5.2.3) 

0.1% formic acid, 77.9% acetonitrile, 2% DMSO 
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Table A5. Metal concentration in the substantia nigra within PSP detected by bulk 
ICPMS 
 Copper μg g-1 Iron μg g-1 Zinc μg g-1 

 Soluble Insoluble Soluble Insoluble Soluble Insoluble 

PSP 3.56 ± 0.29** 

(N = 15) 

 

1.40 ± 
0.08** 

(N = 15) 

 

87.75 ± 9.44 

(N = 15) 

 

135.6 ± 17.71 

(N = 15)* 

 

4.73 ± 0.26 

(N = 15) 

 

7.21 ± 0.45 

(N = 15)* 

 

Control 5.65 ± 0.56 

(N = 7) 

 

1.93 ± 0.09 

(N = 7) 

 

56.82 ± 10.62 

(N = 7) 

 

75.81 ± 14.23 

(N = 7) 

3.84 ± 0.31 

(N = 7) 

 

5.66 ± 0.48 

(N = 7) 

 

Values represented as mean ± SEM, N. Two tailed t-test comparing metal concentration in control versus PSP in each 

within each fraction.  Significance is noted when ** P<0.01 and * P<0.05.   

 

Table A6. Metal concentration within PSP brain regions detected by LA-ICPMS 

 Copper μg g-1 Iron μg g-1 Zinc μg g-1 

 SNc SNr CPn SNc SNr CPn SNc SNr CPn 

PSP 30.97 ± 

1.90 

(N = 3) 

 

31.3 ± 

1.41 

(N = 3) 

 

20.47 ± 

3.01 

(N = 3) 

 

617.067 ± 

143.88 

N = 3) 

 

585.67 ± 

80.52 

N = 3) 

 

542.23 ± 

89.97 

N = 3) 

47.13 ± 

3.23 

(N = 3) 

 

52.6 ± 

2.80 

(N = 3) 

 

39.77± 

1.18 

(N = 3)* 

 

Control 95.47 ± 

11.43 

(N = 3) 

 

88.67 ± 

29.50 

(N = 3) 

 

63.00 ± 

34.57 

(N = 3) 

 

656.07 ± 

230.79 

(N = 3) 

 

727.43 ± 

298.59 

(N = 3) 

 

336.87 ± 

137.03 

(N = 3) 

 

65.00 ± 

7.6 

(N = 2) 

 

70.05 ± 

6.05 

(N = 2) 

 

49.55 ± 

1.35 

(N = 2) 

 

SNc; substantia nigra pars compacta, SNr; substantia nigra pars reticulata; and cerebral peduncle (CPn). Values 
represented as mean ± SEM, N.  Multiple t-tests (two sided) comparing the metal concentrations between PSP and 

control within each region.  Significance is noted when ** P<0.01 and * P<0.05.   

 

Table A7. Metal concentration within substantia nigra of Slc31a1-/+ mice detected by 
ICPMS 

 Copper μg g-1 Iron μg g-1 Zinc μg g-1 

Slc31a1-/+ 1.18 ± 0.05*** 

(N = 5) 

 

11.14 ± 0.90 

(N = 5) 

6.17 ± 0.30 

(N = 4) 

 

Wildtype 2.15 ± 0.11 

(N = 4) 

9.98 ± 0.84 

(N = 4) 

6.17 ± 0.38 

(N = 4) 

Values represented as mean ± SEM, N. Two tailed t-test comparing metal concentration in substantia nigra within 

wildtype versus Slc31a1-/+ mice.  Significance is noted when *** P<0.001. 
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Figure A1. The mRNA levels of SLC11A2 in PSP relative to control  

Measurement of divalent metal transporter 1 (DMT1; SLC11A2) levels using qPCR from 
tissue homogenates within the substantia nigra from PSP cases. Data expressed as mean 
± SEM expression relative to control. T-test (two tailed) was used to test significance.  
 



Appendices 

 
 

233 

 

Table A8. The differentially expressed protein in the substantia nigra of PSP 

Upregulated Downregulated 

Protein 
Fold 

change -Log P Protein 
Fold 

change -Log P 

Monoamine oxidase B (MAOB) 0.79 8.17 
Heat shock protein family A (Hsp70) 
member 12A (HSPA12A) 

-0.44 4.59 

1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase delta-1 (PLCD1) 

0.95 7.29 
Pyruvate dehydrogenase complex 
component X (PDHX) 

-0.5 4.53 

Moesin (MSN) 0.76 7.13 
Sodium/potassium-transporting ATPase 
subunit alpha-3 (ATP1A3) 

-0.44 4.52 

Esterase D (ESD) 0.47 5.63 
Mammalian ependymin-related protein 1 
(EPDR1/UCC1) 

-1.16 4.48 

6-phosphogluconolactonase (PGLS) 0.44 5.5 Oxoglutarate dehydrogenase L (OGDHL) -0.55 4.44 

Four and a half LIM domains protein 1 (FHL1) 0.64 5.45 Cytochrome c oxidase subunit 6B1 (COX6B1) -0.43 4.35 

Phosphoglycerate mutase 2 (PGAM2) 1.4 4.97 Cytochrome c oxidase subunit 5A (COX5A) -0.41 4.21 

Transgelin-2 (TAGLN2) 1.22 4.69 Microtubule associated protein 6 (MAP6) -0.49 4.17 

Peptidase inhibitor 16 (PI16) 1.59 4.69 Ornithine aminotransferase (OAT) -0.7 4.09 

Annexin (ANXA1) 2.11 4.61 
Target of myb1 like 2 membrane trafficking 
protein (TOM1L2) 

-0.39 4.09 

Mitogen-activated protein kinase;Mitogen-
activated protein kinase 1 (MAPK1) 

0.47 4.59 ATP synthase subunit beta (ATP5F1B) -0.38 4.08 

Sorcin (SRI) 0.62 4.58 Spectrin beta (SPTBN2) -0.55 4 

Ezrin (EZR) 0.92 4.53 
Sodium-Potassium ATPase Subunit Beta 1 
(ATP1B1) 

-0.41 3.91 

CD44 antigen (CD44) 1.2 4.43 Alpha 2-HS Glycoprotein (AHSG) -1.81 3.88 

Lymphocyte Cytosolic Protein 1 (LCP1) 0.96 4.33 
Erythrocyte membrane protein band 4.1 like 
3 (EPB41L3) 

-0.37 3.85 

Glial fibrillary acidic protein (GFAP) 1.11 4.25 
Eukaryotic translation elongation factor 1 
gamma (EEF1G) 

-0.57 3.78 

Leucine aminopeptidase 3 (LAP3) 0.6 4.14 ATP synthase subunit delta (ATP5F1D) -0.37 3.75 

Diazepam Binding Inhibitor (Acyl-CoA-binding 
protein) (DBI) 

0.75 3.96 
Solute carrier family 25 member 10 
(SLC25A10) 

-0.7 3.71 

Histamine N-methyltransferase (HNMT) 0.78 3.92 
DnaJ heat shock protein family (Hsp40) 
member C6 (DNAJC6) 

-0.47 3.69 

Capping actin Protein, Gelsolin Like (CAPG) 1.03 3.89 NFS1 cysteine desulfurase (NFS1) -0.54 3.65 

Neural cell adhesion molecule 1 (NCAM1) 0.22 3.85 Apolipoprotein A2 (APOA2) -2.2 3.64 

Phosphatidylethanolamine-binding protein 1 
(PEBP1) 

0.31 3.81 Cytochrome c oxidase subunit 6C (COX6C) -0.46 3.64 

RAB2 (RAB21) 0.58 3.73 Microtubule associated protein 1A (MAP1A) -0.35 3.62 

Aldehyde dehydrogenase 7 family member A1 
(ALDH7A1) 

0.51 3.72 
Pyruvate dehydrogenase E1 subunit beta 
(PDHB) 

-0.33 3.53 

Neuroblast differentiation-associated protein 
AHNAK (AHNAK) 

0.91 3.69 
Pyruvate dehydrogenase E1 subunit alpha 1 
(PDHA1) 

-0.39 3.49 

Synemin (SYNM) 2.33 3.62 G elongation factor mitochondrial 1 (GFM1) -1.13 3.46 

Adducin 3 (ADD3) 0.63 3.61 
Leucine rich pentatricopeptide repeat 
containing (LRPPRC) 

-0.65 3.43 
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PDZ and LIM domain 5 (PDLIM5) 0.82 3.61 
Eukaryotic translation elongation factor 1 
alpha 2(EEF1A2) 

-0.66 3.42 

Aldehyde dehydrogenase 9 family member A1 
(ALDH9A1) 

0.39 3.53 
 SRA Stem-Loop Interacting RNA Binding 
Protein (SLIRP) 

-1.38 3.38 

Heat shock protein beta-6 (HSPB6) 1.84 3.51 
NADH:ubiquinone oxidoreductase core 
subunit V1 (NDUFV1) 

-0.49 3.33 

Leukotriene A4 hydrolase (LTA4H) 0.34 3.43 
Dihydrolipoamide S-succinyltransferase 
(DLST) 

-0.29 3.33 

Selenium binding protein 1 (SELENBP1) 0.66 3.43 Tyrosyl-tRNA synthetase 1 (YARS1) -0.3 3.32 

Gamma-butyrobetaine hydroxylase 1 (BBOX1) 0.73 3.43 Synuclein gamma (SNCG) -0.69 3.29 

Ras-related protein (RAB4A) 1.38 3.43 Oxoglutarate dehydrogenase (OGDH) -0.35 3.22 

Aquaporin-4 (AQP4) 1.11 3.38 Acyl-CoA thioesterase 7(ACOT7) -0.41 3.21 

Heat shock protein beta-1 (HSPB1) 1.03 3.33 VAMP associated protein B and C (VAPB) -0.29 3.17 

Argininosuccinate synthase 1 (ASS1) 0.67 3.24 Apolipoprotein A1 (APOA1) -1.56 3.09 

Calcyphosin (CAPS) 2.12 3.15 Annexin A6 (ANXA6) -0.27 3.06 

Modulator of VRAC current 1 (MLC1) 2.35 3.13 Ts translation elongation factor (TSFM) -0.46 3.02 

Microtubule associate protein Tau (MAPT) 0.35 3.1 
Heat shock protein family A (Hsp70) 
member 9 (HSPA9) 

-0.35 3.02 

Calpain 2 (CAPN2) 0.48 3.08 1,4-alpha-glucan branching enzyme 1 (GBE1) -1.08 3 

Tropomyosin 3 (TPM3) 0.49 3.08 Neurocan core protein (NCAN) -1.57 2.99 

Galectin 3 (LGALS3) 1.01 3.08 Kinesin family member 21A (KIF21A) 
 

-0.54 2.98 

Filamin C (FLNC) 2.3 3.07 Aconitase 2 (ACO2) -0.29 2.97 

Abhydrolase domain containing 14B 
(ABHD14B) 

0.62 3.03 
Internexin neuronal intermediate filament 
protein alpha (INA) 

-0.62 2.93 

Guanosine monophosphate reductase (GMPR) 0.77 3.02 
NADH:ubiquinone oxidoreductase subunit 
A6 (NDUFA6) 

-0.51 2.83 

Catenin delta 2 (CTNND2) 0.55 3.01 Amphiphysin (AMPH) -0.38 2.83 

Nicotinamide phosphoribosyltransferase 
(NAMPT) 

0.98 3.01 Sialic acid acetylesterase (SIAE) -0.94 2.82 

Secreted protein acidic and cysteine rich 
(SPARC) 

0.91 3 
Ubiquinol-cytochrome c reductase core 
protein 1 (UQCRC1) 

-0.41 2.8 

Filamin A (FLNA) 0.76 2.97 Synuclein beta (SNCB) -0.56 2.79 

Adenylate kinase 1 (AK1) 0.51 2.95 Cytochrome c oxidase subunit 5B (COX5B) -0.41 2.79 

Glycogenin 1 (GYG1) 0.46 2.94 
Eukaryotic translation initiation factor 5 
(EIF5) 

-0.36 2.75 

Phosphoserine aminotransferase 1 (PSAT1) 0.57 2.92 Contactin 2 (CNTN2) -0.47 2.73 

Annexin A2 (ANXA2) 1.07 2.91 
Succinate-CoA ligase ADP-forming subunit 
beta (SUCLA2) 

-0.33 2.73 

Aldo-keto reductase family 7 member A2 
(AKR7A2) 

0.51 2.89 
NADH:ubiquinone oxidoreductase core 
subunit S8 (NDUFS8) 

-0.48 2.71 

Glutathione S-transferase pi 1 (GSTP1) 0.48 2.88 
NADH:ubiquinone oxidoreductase subunit 
A13 (NDUFA13) 

-0.48 2.7 

Hepatic and glial cell adhesion molecule 
(HEPACAM) 

0.99 2.87 Complexin 1 (CPLX1) -0.86 2.69 

 

p calcium binding protein A11 (S100A11) 
0.99 2.84 Glutaminase (GLS) -0.53 2.68 

Fumarylacetoacetate hydrolase (FAH) 1.07 2.84 Reticulon 4 (RTN4) -0.33 2.66 

Fatty acid binding protein 5 (FABP5) 0.6 2.82 Transferrin (TF) -0.74 2.64 
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Copine 3 (CPNE3) 1.06 2.81 
Heat shock protein 90 alpha family class A 
member 1 (HSP90AA1) 

-0.19 2.64 

FERM domain containing kindlin 2 (FERMT2) 0.53 2.78 
Ubiquinol-cytochrome c reductase core 
protein 2 (UQCRC2) 

-0.39 2.62 

Myosin heavy chain 9 (MYH9) 0.35 2.74 prolyl isomerase 3 (FKBP3) -0.46 2.61 

Plectin (PLEC) 0.68 2.74 
Heat shock protein 90 alpha family class B 
member 1 (HSP90AB1) 

-0.32 2.61 

LIM zinc finger domain containing 1 (LIMS1) 0.86 2.74 Complexin 2 (CPLX2) -0.77 2.61 

PBX homeobox interacting protein 1 (PBXIP1) 0.58 2.73 
Fumarylacetoacetate hydrolase domain 
containing 1 (FAHD1) 

-0.21 2.59 

Aldehyde dehydrogenase 1 family member L1 
(ALDH1L1) 

0.58 2.7 
NADH:ubiquinone oxidoreductase core 
subunit S1 (NDUFS1) 

-0.4 2.57 

Peroxiredoxin 1 (PRDX1) 0.46 2.66 
Solute carrier family 12 member 5 
(SLC12A5) 

-0.9 2.54 

Glycogen phosphorylase L (PYGL) 0.89 2.63 
Solute carrier family 25 member 10  
(SLC25A10) 

-1.85 2.52 

Phospholipase C delta 3 (PLCD3) 0.59 2.62 
Translocase of inner mitochondrial 
membrane 8A (TIMM8A) 

-0.71 2.49 

IQ motif containing GTPase activating protein 
1 (IQGAP1) 

0.7 2.62 Synaptojanin 1 (SYNJ1) -0.23 2.48 

Protein S100-A6 (S100A6) 1.21 2.61 
Heat shock protein family A (Hsp70) 
member 4 (HSPA4) 

-0.39 2.45 

Epoxide hydrolase 4 (EPHX4) 0.79 2.6 Glutamyl-prolyl-tRNA synthetase 1 (EPRS) -0.39 2.43 

Vimentin (VIM) 1.18 2.59 
ELAV like RNA binding protein 4 

(ELAVL4) 
-1.32 2.42 

Potassium channel tetramerization domain 
containing 12 (KCTD12) 

1.24 2.57 Solute carrier family 1 member 2 (SLC2A1) -0.69 2.35 

Ciliary rootlet coiled-coil, rootletin (CROCC) 0.42 2.55 
Nicotinate phosphoribosyltransferase 
(NARPT) 

-0.66 2.34 

Serpin family b member 1 (SERPINB1) 1.17 2.55 ATP synthase F1 subunit alpha (ATP5F1A) -0.3 2.3 

Catenin beta 1 (CTNNB1) 0.25 2.53 
NADH:ubiquinone oxidoreductase complex 
assembly factor 4  (NDUFAF4) 

-0.69 2.29 

Dimethylarginine dimethylaminohydrolase 1 
(DDAH1) 

0.3 2.48 
Ubiquinol-cytochrome c reductase complex 
III subunit VII (UQCRQ) 

-0.39 2.29 

cysteine and glycine rich protein 1 (CSRP1) 0.44 2.48 Mono-ADP ribosylhydrolase 1 (MACROD1) -1.98 2.27 

GH3 domain containing (GHDC) 0.74 2.47 
NADH:ubiquinone oxidoreductase subunit 
A5 (NDUFS4) 

-0.45 2.27 

RAS related (RRAS) 0.76 2.47 
NADH:ubiquinone oxidoreductase subunit 
A9 (NDUFA9) 

-0.49 2.25 

Annexin A4 (ANXA4) 0.6 2.41 Parvalbumin (PVALB) -1.64 2.23 

Phospholysine phosphohistidine inorganic 
pyrophosphate phosphatase (LHPP) 

0.48 2.38 
Phenylalanyl-tRNA synthetase subunit alpha 
(FARSA) 

-0.95 2.21 

Ro60, Y RNA binding protein (TROVE2) 0.37 2.36 LIM domain kinase 1 (LIMK1) -0.48 2.18 

Phytanoyl-CoA dioxygenase domain 
containing 1 (PHYHD1) 

1.13 2.36 
Phenylalanyl-tRNA synthetase subunit beta 
(FARSB) 

-0.86 2.17 

Kelch repeat and BTB domain containing 11 
(KBTBD11) 

0.44 2.34 

   
Glia maturation factor beta (GMFB) 0.79 2.34 

   
Sequestosome-1 

(SQSTM1) 
1.38 2.34 

   
Serpin family A member 3 (SERPINA3) 1.63 2.34 

   

https://www.genecards.org/cgi-bin/carddisp.pl?gene=CPLX2&keywords=Complexin,2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAHD1&keywords=Fumarylacetoacetate,hydrolase,domain,containing,1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HSPA4&keywords=Heat,shock,protein,family,A,Hsp70,member,4,like
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Protein kinase C alpha (PRKCA) 0.3 2.33 
   

Serpin family B member 6 (SERPINB6) 0.47 2.33 
   

Profilin 1 (PFN1) 0.3 2.31 
   

Aldo-keto reductase family 1 member C3 
(AKR1C3) 

0.82 2.29 

   
Solute carrier family 4 member 3 (SLC4A3) 0.96 2.29 

   
NAC alpha domain containing (NACAD) 0.68 2.27 

   
Syntrophin alpha 1 (SNTA1) 0.47 2.26 

   
Glutathione S-transferase mu 2 (GSTM2) 0.56 2.26 

   
BAG cochaperone 3 (BAG3) 0.8 2.26 

   
Small ubiquitin like modifier 2 (SUMO2) 0.91 2.26 

   
S100 calcium binding protein A9 (S100A9) 1.96 2.24 

   
Ectonucleoside triphosphate 
diphosphohydrolase 2 (ENTPD2) 

1.42 2.22 

   
Ferritin light chain (FTL) 0.85 2.19 

   
Transglutaminase 2 (TGM2) 1.25 2.16 

   
Spectrin alpha chain (SPTAN1) 2.18 2.12 
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Table A9. GO Molecular pathways enrichment in the substantia nigra of PSP cases using differentially expressed proteins  

Pathways Fold 
Enrichment 

Protein 
count 

total 
pathway 
proteins 

% Proteins enrichment 
false 

discovery rate 

GO:0005200 structural 
constituent of cytoskeleton 

2.4 11 114 9.6% VIM  GFAP  INA  PLEC  SYNM  CROCC  ADD3  SPTBN2  EPB41L3  MSN  SPTAN1 1.2E-09 

GO:0005543 phospholipid 
binding  2.1 16 488 3.3% 

 CAPG  AMPH  CPNE3  APOA1  ANXA1  APOA2  ANXA2  ANXA6  FERMT2  PFN1  
IQGAP1  PLCD1  ANXA4  SPTBN2  TOM1L2  PEBP1 4.6E-05  

GO:0016491 oxidoreductase 
activity  

1.8 25 820 3.0% 

 AKR7A2  MAOB  OGDH  NDUFS8  BBOX1  PDHA1  ALDH1L1  PDHB  AKR1C3  
OGDHL  GSTP1  PDHX  PRDX1  GMPR  ALDH7A1  PHYHD1  GSTM2  SELENBP1  

NDUFV1  NDUFA9  COX6B1  NDUFA5  UQCRC1  COX5B  COX5A 4.6E-05  

GO:0008289 lipid binding  
1.8 22 841 2.6% 

 CAPG  AMPH  CPNE3  APOA1  ANXA1  APOA2  FABP5  ANXA2  ANXA6  FERMT2  
PFN1  IQGAP1  PLCD1  ANXA4  PEBP1  DBI  SPTBN2  TOM1L2  GSTP1  GSTM2  

ATP1A3  S100A9 1.6E-04  

GO:0005215 transporter activity  
1.7 26 1346 1.9% 

 SLC2A1  AQP4  ATP1A3  SLC1A2  ATP5F1B  SLC4A3  SLC12A5  ATP5F1A  ANXA2  
SLC25A10  ANXA6  ATP5F1D  APOA1  APOA2  NDUFS8  ATP1B1  NDUFV1  

CPLX1  S100A6  FABP5  COX6B1  NDUFA5  NDUFA9  UQCRC1  COX5B  COX5A 3.0E-04  

GO:0003779 actin binding  
1.8 22 476 4.6% 

 CAPG  EZR  PFN1  LCP1  IQGAP1  TPM3  MSN  ADD3  PDLIM5  MAP1A  SPTBN2  
ANXA6  SPTAN1  MYH9  FLNA  CROCC  FERMT2  EPB41L3  SNTA1  FLNC  PLEC  

GMFB 6.2E-04  

GO:0005509 calcium ion binding  
1.8 20 775 2.6% 

 SPARC  ANXA1  S100A11  S100A9  ANXA2  ANXA4  ANXA6  S100A6  SNCB  SRI  
IQGAP1  TGM2  CAPG  CAPS  NCAN  LCP1  CAPN2  PLCD1  SPTAN1 SLC1A2 7.8E-04  

GO:0015399 primary active 
transmembrane transporter 
activity  2.2 11 215 5.1% 

 ATP1A3  NDUFS8  ATP5F1B  ATP1B1  NDUFV1  COX6B1  NDUFA5  NDUFA9  
UQCRC1  COX5B  COX5A 8.9E-04  

GO:0005198 structural molecule 
activity  1.8 17 908 1.9% 

 VIM  GFAP  INA  CSRP1  SPTBN2  PLEC  SYNM  HSPB6  CROCC  EPB41L3  SNTA1  
ADD3  AHNAK  MAP1A  SPARC  MSN  SPTAN1 9.1E-03  

GO:0050839 cell adhesion 
molecule binding  

1.6 30 594 5.1% 

 CAPG  EZR  HSP90AB1  MYH9  EIF5  PFN1  RTN4  PRDX1  VAPB  AHNAK  ANXA1  
IQGAP1  BAG3  TAGLN2  PDLIM5  S100A11  CTNNB1  SPTBN2  PLEC  ANXA2  
FLNA  SPTAN1  EEF1G  FERMT2  MSN  CTNND2  CNTN2  GFAP  LCP1  PRKCA 9.2E-03  
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Table A10. Cellular pathways enrichment in the substantia nigra of PSP cases using differentially expressed proteins 

Pathways Fold 
Enrichment 

Gene 
count 

Total 
Pathway 

Genes 

% Proteins enrichment 
false 

discovery 
rate 

GO:0098798 mitochondrial 
protein-containing complex  

2.2 20 339 5.9%  HSPA9  ATP5F1D  NDUFS8  ATP5F1B  NDUFA5  ATP5F1A  UQCRQ  NDUFV1   
PDHB  COX5A  NDUFA13  NDUFA9  UQCRC2  UQCRC1  TIMM8A  COX5B  
 COX6C  PDHX  COX6B1  PDHA1 

5.9E-04 

GO:0098800 inner mitochondrial 
membrane protein complex  

2.2 16 188 8.5%  HSPA9  ATP5F1D  NDUFS8  ATP5F1B  NDUFA5  ATP5F1A  UQCRQ  NDUFV1  
COX5A  NDUFA13  NDUFA9  UQCRC2  UQCRC1  COX5B  COX6C  COX6B1 

1.4E-03 

GO:0098803 respiratory chain 
complex  

2.4 12 110 10.9%  NDUFS8  COX6B1  NDUFA5  UQCRQ  NDUFV1  COX5A  NDUFA13  NDUFA9  
UQCRC2  UQCRC1  COX5B  COX6C 

3.5E-03 

GO:0005759 mitochondrial 
matrix  

1.9 21 520 4.0%  TSFM  PDHB  OAT  ATP5F1B  HSPA9  LRPPRC  NDUFA9  OGDHL  NFS1  OGDH  
PDHX  GLS  DLST  PDHA1  ATP5F1D  ACO2  NDUFS8  SUCLA2  ATP5F1A  
ALDH7A1  GFM1 

4.1E-03 

GO:1990204 oxidoreductase 
complex  

2.1 15 154 9.7%  OGDH  PDHX  NDUFS8  NDUFA5  UQCRQ  NDUFV1  PDHB  NDUFA13  
OGDHL  DLST  PDHA1  NDUFA9  UQCRC2  UQCRC1  GMPR 

7.3E-03 

GO:0005739 mitochondrion  1.4 51 1830 2.8%  UQCRC1  MAOB  HSP90AB1  ACO2  ATP5F1B  HSPA9  DLST  SLIRP  TIMM8A  
PDHA1  SUCLA2  UQCRC2  ATP5F1A  PRKCA  ATP5F1D  OGDH  PDHX  
NDUFS8  TSFM  NDUFAF4  COX6B1  NDUFA5  BBOX1  NDUFA9  UQCRQ  
NDUFV1  PDHB  GFM1  COX5A  NDUFA13  OGDHL  TGM2  NFS1  OAT  
HSP90AA1  GSTP1  CPNE3  GLS  LGALS3  COX5B  LRPPRC  ALDH7A1  COX6C  
SLC25A10  ACOT7  MAPK1  ASS1  SQSTM1  CAPN2  PLEC  ANXA6 

1.0E-02 

GO:0005746 mitochondrial 
respirasome  

2.2 12 114 10.5%  NDUFS8  NDUFA5  UQCRQ  NDUFV1  COX5A  NDUFA13  NDUFA9  UQCRC2  
UQCRC1  COX5B  COX6C  COX6B1 

1.1E-02 

GO:0070469 respirasome  2.2 12 121 9.9%  NDUFS8  COX6B1  NDUFA5  UQCRQ  NDUFV1  COX5A  NDUFA13  NDUFA9  
UQCRC2  UQCRC1  COX5B  COX6C 

1.1E-02 

GO:0030016 myofibril  2.0 15 250 6.0%  AHNAK  CSRP1  PDLIM5  SYNM  SRI  FERMT2  HSPB1  SLC2A1  FLNC  BAG3  
SQSTM1  CTNNB1  PLEC  FLNA  TPM3 

1.4E-02 

GO:0043292 contractile fiber  2.0 15 260 5.8%  AHNAK  CSRP1  PDLIM5  SYNM  SRI  FERMT2  HSPB1  SLC2A1  FLNC  BAG3  
SQSTM1  CTNNB1  PLEC  FLNA  TPM3 

1.4E-02 
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Table A11. GO KEGG pathways enrichment in the substantia nigra of PSP cases using differentially expressed proteins 

Pathways Fold 
Enrichment 

Protein 
count 

Total 
Pathway 
proteins 

% Proteins enrichment 
false 

discovery 
rate 

Path:hsa01100 Metabolic 
pathways 

1.9 53 1538 3.4%  NAMPT  ALDH1L1  PLCD3  COX5B  COX6B1  COX6C  DLST  AK1  ESD  FAH  PGLS  
 GBE1  UQCRQ  GLS  GMPR  GSTM2  GSTP1  GYG1  PSAT1  HNMT  LTA4H  MAOB  ASS1  NDUFA5  
NDUFA9  NDUFV1  NDUFS8  OAT  OGDH  ATP5F1A  ACO2  ALDH7A1   
ATP5F1B  LAP3  NDUFA13  ATP5F1D  PDHA1  PDHB  PGAM2  PLCD1  OGDHL  PYGL  UQCRC1  UQCRC2  
PDHX  BBOX1  AKR1C3  SUCLA2  SYNJ1  SELENBP1  NFS1  COX5A  ENTPD2 

1.2E-09 

Path:hsa05012 Parkinson 
disease 

2.4 16 266 6.0%  COX5B  COX6B1  COX6C  UQCRQ  MAOB  NDUFA5  NDUFA9  NDUFV1  NDUFS8  
ATP5F1A  ATP5F1B  NDUFA13  ATP5F1D  UQCRC1  UQCRC2  COX5A 

4.6E-05 

Path:hsa05415 Diabetic 
cardiomyopathy 

2.3 19 203 9.4%  COX5B  COX6B1  COX6C  UQCRQ  NDUFA5  NDUFA9  NDUFV1  NDUFS8  ATP5F1A  
ATP5F1B  NDUFA13  ATP5F1D  PDHA1  PDHB  PRKCA  SLC2A1  UQCRC1  UQCRC2  
COX5A 

4.6E-05 

Path:hsa05016 Huntington 
disease 

2.3 17 306 5.6%  COX5B  COX6B1  COX6C  UQCRQ  NDUFA5  NDUFA9  NDUFV1  NDUFS8  ATP5F1A  
ATP5F1B  NDUFA13  ATP5F1D  SLC1A2  TGM2  UQCRC1  UQCRC2  COX5A 

1.6E-04 

Path:hsa00190 Oxidative 
phosphorylation 

2.2 16 134 11.9%  COX5B  COX6B1  COX6C  UQCRQ  NDUFA5  NDUFA9  NDUFV1  NDUFS8  ATP5F1A  
ATP5F1B  NDUFA13  ATP5F1D  LHPTP  UQCRC1  UQCRC2  COX5A 

3.0E-04 

Path:hsa05020 Prion disease 2.1 17 273 6.2%  COX5B  COX6B1  COX6C  UQCRQ  NCAM1  NDUFA5  NDUFA9  NDUFV1  NDUFS8  
ATP5F1A  ATP5F1B  NDUFA13  ATP5F1D  MAPK1  UQCRC1  UQCRC2  COX5A 

6.2E-04 

Path:hsa04932 Non-alcoholic 
fatty liver disease 

2.4 12 155 7.7%  COX5B  COX6B1  COX6C  UQCRQ  NDUFA5  NDUFA9  NDUFV1  NDUFS8  NDUFA13  
UQCRC1  UQCRC2  COX5A 

7.8E-04 

Path:hsa05014 Amyotrophic 
lateral sclerosis 

2.0 18 364 4.9%  COX5B  COX6B1  COX6C  UQCRQ  NDUFA5  NDUFA9  NDUFV1  NDUFS8  ATP5F1A  
ATP5F1B  NDUFA13  ATP5F1D  PFN1  SLC1A2  UQCRC1  UQCRC2  VAPB  COX5A 

8.9E-04 

Path:hsa04260 Cardiac muscle 
contraction 

2.4 9 87 10.3%  COX5B  COX6B1  COX6C  UQCRQ  ATP1A3  ATP1B1  TPM3  UQCRC1  UQCRC2 9.1E-03 

Path:hsa05208 Chemical 
carcinogenesis-reactive oxygen 
species 

1.8 19 223 8.5%  COX5B  COX6B1  COX6C  EPHX4  UQCRQ  GSTM2  NDUFA5  NDUFA9  NDUFV1  
NDUFS8  ATP5F1A  ATP5F1B  NDUFA13  ATP5F1D  MAPK1  UQCRC1  UQCRC2  AKR1C3  
COX5A 

9.2E-03 
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