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Abstract 

Parkinson’s disease (PD) is characterised by four main motor symptoms: resting tremor, 

rigidity, bradykinesia, and postural instability. However, over 95% of PD patients also report a 

decline or total loss in the ability to smell, which often occurs years before any motor 

symptoms develop. Possible causes for this olfactory dysfunction include a decrease in 

subventricular zone neurogenesis, caused by dopaminergic denervation of this region, or an 

accumulation of metals from the environment. In this thesis, immunohistochemistry was used 

to investigate proliferation levels and dopamine receptor abundance in the subventricular 

zone of normal and PD human brains. There was no change in the number of cells expressing 

proliferating cell nuclear antigen (PCNA) or the D1 or D2 dopamine receptor subtypes in PD, 

suggesting that olfactory dysfunction in PD is not caused by a decrease in subventricular zone 

cell proliferation. However, these studies also demonstrated that in PD brains that were 

treated with chronic deep brain stimulation (DBS) there were higher levels of proliferation in 

both the subventricular zone and third ventricle regions. This upregulation in endogenous 

neural proliferation may be important for ongoing neural plasticity, and may contribute to the 

efficacy of this therapy.  

In PD there is also an alteration in metal concentrations in the brain. In the second half of this 

thesis, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was 

employed to compare localised metal concentrations in normal and PD brains for the first 

time, and a data analysis pipeline was developed to display the resulting data. This technique 

was then used to investigate iron, copper, zinc, and manganese in the subventricular zone and 

olfactory bulb, both of which may be particularly vulnerable to metal accumulation. In the PD 

subventricular zone, zinc was significantly higher compared to the normal population, which 

may relate to the importance of zinc for cell proliferation. For olfactory bulb studies, 

inductively coupled plasma mass spectrometry (ICP-MS) of homogenised tissue was also used 

to investigate total quantities of a range of metals. In this region, sodium and iron were 

significantly higher in PD, and may be implicated in olfactory dysfunction in this disease. 

Overall, the findings from this thesis demonstrate a possible role for metal dyshomeostasis in 

the olfactory dysfunction in PD, and identify new avenues of research for the treatment of PD.  
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CHAPTER 1 

1 Literature review 

1.1 Parkinson’s disease 

Although the first written description of symptoms resembling Parkinson’s disease (PD) are 

from around 1,000 BC [1], this neurodegenerative disorder was first described in detail by 

James Parkinson in 1817 in An essay on the Shaking Palsy. In this seminal paper, based on just 

six patients, Parkinson described many of the motor and nonmotor symptoms that are 

observed in patients today, such as a unilateral resting tremor, stooped posture, and 

constipation [2]. Jean-Martin Charcot was the first to use the term “Parkinson’s disease” (or 

maladie de Parkinson, in his native French), and provided a more complete picture of the disease 

symptoms, correcting the “weakness” described by Parkinson [2] as a “slowness” of 

movement [3].  

However, it was not until the 1950s that dopamine was discovered as the main 

neurotransmitter involved in the motor dysfunction that occurs in PD [4-6]. Following the 

discovery of dopamine’s role in PD, the dopamine precursor L-3,4-dihydroxyphenylalanine 

(L-DOPA) was successfully trialled as a treatment for this disease in the early 1960s [7], and 

dopamine replacement therapy continues to be seen as the most effective treatment for PD [8]. 

Unfortunately, while dopamine replacement therapies provide effective clinical relief of 

tremors when medication is first prescribed, this symptomatic relief becomes less effective 

over time, and side effects such as dyskinesia become more debilitating [9].  

In the early 1990s the first PD patients were treated with deep brain stimulation (DBS), where 

electrodes are surgically implanted into the brain and chronically stimulated [10]. This therapy 

provides symptomatic relief from bradykinesia, tremors, and rigidity, and allows PD patients 

to reduce their medications, thereby reducing the medication-induced motor fluctuations, 

dyskinesias, and psychological issues such as impulse control disorders [11, 12]. However, not 

all PD patients respond well to DBS, and, as with dopamine replacement therapies [13], the 

disease progresses despite an initial alleviation of symptoms [11]. Neurodegeneration 
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continues in PD despite all current treatment strategies, thus leading researchers into new 

areas of investigation in an attempt to find a disease-modifying treatment. 

Thus, research into PD is increasingly important. PD currently affects about one percent of all 

people over the age of 65, making it the most common movement disorder worldwide and the 

second most common neurodegenerative disorder behind Alzheimer’s disease [14]. It is 

expected to affect between 8.7 and 9.3 million people worldwide by 2030 [15], and with the 

disease mechanisms still largely unknown, research into PD is ongoing and vital.  

1.1.1 Symptomatology 

  Motor symptoms 1.1.1.1

There are four main motor symptoms of PD: resting tremor, bradykinesia, rigidness, and 

postural instability [16], although not all symptoms are present in all patients [17]. Resting 

tremor is the most commonly recognised symptom of PD, and occurs in more than 70% of PD 

patients [17]. These tremors occur at a frequency of four to six hertz, are unilateral or 

asymmetrical, and disappear during sleep and with action [16]. 

Bradykinesia is another characteristic feature of PD, and is observed in 77% to 98% of all 

patients, depending on the criteria used to define this symptom [17]. Bradykinesia is a 

slowness of movement, and means that patients have difficulty with planning, initiating, and 

executing tasks, as well as with performing sequential tasks [16]. Bradykinesia is related to 

many of the other motor symptoms that are reported in PD, such as dysphagia (problems 

swallowing), loss of facial expressions, decreased blinking, decreased arm swinging when 

walking, and unclear speech [16]. Like all of the cardinal motor symptoms of PD, bradykinesia 

is not unique to this disease; it is also a common symptom in other parkinsonian diseases, as 

well as in normal ageing and Alzheimer’s disease [17]. 

Rigidity, another of the four main motor symptoms, is also very prominent in PD patients [16], 

with approximately 90% of all PD patients presenting with this symptom [17]. This symptom 

is characterised by increased resistance throughout the range of movement of a joint, and often 

accompanied by pain.  
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Postural instability and deformity is the last of the major motor symptoms in PD, and these 

deformities are especially prominent in the neck, trunk, elbows, and knees [16]. Although 

postural instability is not a common early feature of PD, in the later stages it becomes more 

pronounced [17], and is associated with an increased risk of falls. 

Other common diagnostic motor features of PD include micrographia, freezing while walking, 

and having a clinical response to L-DOPA treatment, with close to 100% of patients 

responding well to this dopamine replacement therapy [17]. However, PD is often hard to 

diagnose accurately, especially when it is necessary to distinguish PD from other Parkinsonian 

syndromes [18] such as essential tremor, progressive supranuclear palsy, multiple system 

atrophy, and corticobasal degeneration [19]. All of these Parkinsonian disorders present at 

least one of the four cardinal motor symptoms [17], so differentiating between the diseases 

clinically can be a challenge. One large study showed that just 76 of 100 patients with a clinical 

diagnosis of PD were neuropathologically confirmed as idiopathic PD, while the remaining 24 

had pathology that was not typical of PD [18]. Thus, a post-mortem neuropathological 

diagnosis of PD is necessary to confirm any clinical diagnosis. 

 Nonmotor symptoms 1.1.1.2

Although typically described as a movement disorder, there are a large number of nonmotor 

symptoms that occur in patients with PD, including depression, fatigue, dementia, sleep 

disturbances, constipation, and olfactory dysfunction [20, 21]. These symptoms are very 

common in PD patients from all cultures and ethnicities, with a recent multicentre study 

reporting that PD patients had an average of nine to 14 nonmotor symptoms [22]. 

Interestingly, many nonmotor symptoms present much earlier than the motor symptoms. 

Olfaction, sleep disturbances, and constipation are some of the earliest features of the disease 

[23].  

Problems with olfaction are often one of the earliest features of PD, with olfactory dysfunction 

present in an estimated 90% of early-stage PD cases [24], and over 95% of all PD patients [25]. 

This dysfunction can precede PD diagnosis by a number of years [26], and is not affected by 

PD medications [27]. Olfactory dysfunction is measured using a standardised forced-choice 
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test such as the University of Pennsylvania Smell Identification Test (UPSIT), and can be 

combined with cognitive testing to exclude comprehension difficulties, as opposed to olfactory 

dysfunction, in PD patients [27]. It is thought that the pathology involved in anosmia and 

hyposmia in PD occurs in the olfactory bulb, which is one of the first brain regions to display 

PD-related pathology [28, 29].  

Idiopathic rapid eye movement sleep behaviour disorder (RBD) is increasingly studied in 

relation to neurodegenerative disorders, particularly in synucleinopathies such as PD. RBD is 

characterised by the acting out of dream movements in the rapid eye movement (REM) phase 

of sleep [30]. An estimated 40% to 65% of cases with idiopathic RBD eventually go on to 

develop a synucleinopathy, with RDB occurring an average of 10 to 15 years before a clinical 

diagnosis of PD [30, 31]. From lesion studies in mammals [32-34] and humans [35-39], it is 

hypothesised that early pathology in the lower brainstem is the cause of this RBD in PD 

patients [30, 40]. 

A lower frequency of bowel movements is also associated with a higher risk of PD, and this 

constipation can precede the diagnosis of PD by 15 years or more [41-43]. A large study using 

subjects from the Honolulu Heart Program found that the frequency of bowel movements is 

inversely correlated with the risk of later developing PD. There was a 2.7-fold excess risk for 

men with less than one bowel movement per day compared to men with one bowel movement 

per day, and this increased to a 4.5-fold excess risk when compared to men with more than 

two daily bowel movements [41]. Interestingly, pathology in the enteric nervous system and 

vagus nerve, both of which appear early in PD [28], has been hypothesised to cause this bowel 

dysfunction [43, 44]. 

These three common nonmotor symptoms of olfactory dysfunction, RBD, and constipation are 

interesting for a number of reasons. Firstly, earlier diagnosis of patients may be possible via 

these nonmotor symptoms; this will become more important as treatments become available to 

slow or halt the neurodegeneration that occurs in PD. In addition, because the motor 

symptoms of PD are usually not present until large amounts of neurodegeneration have 

occurred, the early nonmotor symptoms may provide a clue to as to where the 
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neuropathology first begins and what the possible disease mechanisms are [45, 46]. The 

olfactory dysfunction that occurs in PD is of particular interest in this thesis, and will be 

further discussed in relation to the olfactory vector hypothesis (Section 1.1.5), subventricular 

zone neurogenesis (Section 1.2.1), and metal concentrations in the olfactory bulb (Section 

1.3.5). 

1.1.2 Pathological features 

PD primarily affects the dopaminergic systems in the brain. The key pathological feature of PD 

is the loss of a large number of dopamine-producing cells in the substantia nigra pars 

compacta (Fig. 1.1A). One study, which used unbiased stereological methods in seven PD 

patients and seven normal controls, reported a 24% reduction in nonpigmented cells and a 

60% reduction in pigmented cells in the substantia nigra in PD [47]. In the healthy brain, these 

cells that are lost in the substantia nigra in PD project to the striatum; thus, in PD there is a loss 

of dopamine input into the striatum [48]. This loss of dopaminergic input is thought to 

produce the characteristic motor symptoms of the disease.  

The second major pathological feature of the Parkinson’s brain is the presence of neuronal 

inclusions known as Lewy bodies (Fig. 1.1B), which are made up of aggregated alpha-

synuclein, neurofilaments, and ubiquitin [49].  These inclusions are a hallmark of degenerating 

cells in the PD brain, although they are also found in other synucleinopathies such as dementia  

 
Figure 1.1: Characteristic neuropathology of the Parkinson’s disease brain. A) In PD, most of the cells in the 
substantia nigra are lost, including the neuromelanin-rich cells (arrowheads) that give the healthy substantia nigra 
its characteristic dark colour. B) Lewy bodies (arrowheads) are found throughout the brain in PD, and appear as 
inclusions in the cytoplasm that are 5 to 25 µm in diameter, with a dense core and a lighter-staining ‘halo’ around 
the edge. Adapted from [50]. 
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Figure 1.2: Schematic showing the spread of pathology in Parkinson’s disease. Pathology begins concurrently in 
both the olfactory bulb and the brainstem (in red), before spreading in a predictable order throughout the brain 
(arrows). Adapted from [29] 

with Lewy bodies [51].  Lewy bodies and Lewy neurites (similar to Lewy bodies, but found as 

spindle- or thread-like aggregates in cell processes) can be seen throughout the PD brain, 

including in the substantia nigra, olfactory bulb, and brainstem [29]. 

Interestingly, the pathology that is observed in PD does not begin in all brain regions at the 

same time; there is a well-defined order of pathology that occurs in this disease [52]. The 

characteristic PD neuropathology of Lewy bodies and neurites begins in the olfactory bulb and 

anterior olfactory nucleus, as well as in the glossopharyngeal and vagus nerves in the 

brainstem [29, 52]. From these two regions, the pathology spreads throughout the brain in an 

organised, predictable manner (Fig. 1.2) [52]. Lewy bodies and neurites are then observed in 

the locus coeruleus, lower raphe nuclei, and gigantocellular reticular nucleus, before spreading 

to the magnocellular nuclei of the basal forebrain, amygdala and substantia nigra (pars 

compacta) [29, 52]. From here, the cerebral cortex develops pathology, first with the 

anteromedial temporal mesocortex displaying alpha-synuclein pathology, followed by the 

sensory association and prefrontal areas of the neocortex [52]. The final stage of the pathology 

occurs in the first order sensory association areas and the premotor fields, followed by the 

primary sensory and motor fields [52].  

1.1.3 Olfactory vector hypothesis 

Because the motor symptoms of PD are usually not present until large amounts of 

neurodegeneration have occurred, the early nonmotor symptoms may provide a clue to as to 

where the neuropathology first begins [45, 46]. There are three key nonmotor symptoms that 
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often appear before any motor symptoms are present: olfactory dysfunction, sleep disorders, 

and a reduction in bowel movements [26, 30, 31, 41-43]. Indeed, studies of the neuropathology 

of PD found that PD-related lesions are first found in the olfactory bulb and anterior olfactory 

nucleus, as well as in the enteric nervous system, vagus nerve, medulla oblongata, and pontine 

tegmentum, before being seen in other regions in the midbrain and forebrain [28, 

29]. Pathology in these areas has previously been linked to olfactory dysfunction, RBD, and 

constipation in lesion studies [32-34, 43, 44, 53]. 

This has led to the development of the olfactory vector hypothesis, which states that an 

unknown airborne pathological factor enters the central nervous system through the olfactory 

pathway [46]. This airborne pathogenic agent enters the nasal cavity, where it is taken up into 

the olfactory bulb (Fig. 1.3A), and it is also swallowed with nasal secretions, thus causing 

concomitant pathology in the enteric nervous system, and up into the vagus nerve [46, 54]. 

From these two entry points, the pathogenic factor, or the pathology that is caused by the 

pathogenic factor, spreads through the rest of the brain [46, 54]. The pathogenic factor may be 

viral [54], a herbicide such as chlorthiamid, or a metal, such as iron, zinc, or manganese [46]. 

However, the pathogenic factor that could be responsible for the pathology in PD is currently 

unknown. This thesis will investigate the accumulation of metals such as iron, zinc, copper, 

and manganese in the olfactory bulb in PD. 

 Olfactory bulb anatomy 1.1.3.1

The olfactory bulb is a brain region that sits above the cribiform plate and is innervated by the  

 
Figure 1.3: Schematic of the olfactory bulb’s location in the skull and the olfactory bulb layers. A) The olfactory 
bulb is located below the frontal lobe, and connects to the nasal cavity via cells in the olfactory epithelium. B) The 
olfactory bulb has a laminar structure, although in aged humans this organisation is often not well maintained. The 
outer layer is the olfactory nerve layer, followed by the glomerular layer. The granule cell layer is the inner layer, 
followed by the internal plexiform, which is bordered by the mitral cell layer. The external plexiform layer sits 
between the mitral cell and glomerular layers. Adapted from [55, 56].  
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olfactory epithelium, located within the nasal cavity (Fig. 1.3A) [57]. The olfactory bulb has a 

laminar structure (Fig. 1.3B), with each layer playing a specific role in olfactory processing. 

The outer layer is the olfactory nerve layer, which is made up of axons of olfactory sensory 

neurons from the olfactory epithelium [58-60]. These bundles of axons then split and enter the 

glomerular layer, where they form glomeruli. Each glomerulus is formed by axonal projections 

from a single type of olfactory sensory neuron [61, 62], and is the area where these cells form 

synapses with mitral, tufted, and periglomerular cells [63]. Tufted cells are found in the next 

innermost layer, the external plexiform, and are thought to project to the primary olfactory 

cortex [60]. The next layer is the mitral cell layer, composed of mitral cells that make 

connections with granule cells [64] in the innermost granule cell layer. Between the mitral and 

granule cell layers is the internal plexiform, which consists mainly of neuropil and has very 

few cell bodies [58]. From the olfactory bulb, signals travel along axonal fibres in the olfactory 

tract to higher cortical centres [63]. 

1.1.4 Disease mechanisms 

A large number of pathological processes have been investigated in relation to PD, and 

mitochondrial dysfunction, oxidative stress, and lysosomal and proteasomal dysfunction 

currently have the most evidence for a role in PD pathology [65-68]. All three processes 

contribute to the protein aggregation, cell dysfunction, and cell death that occurs in PD. 

Interestingly, these three disease mechanisms have all been shown to interact. Complex I 

deficiency can lead to lower levels of proteasomal activity, while neurons under proteasomal 

stress are more sensitive to the complex I inhibitors rotenone and 1-methyl-4-phenylpyridium 

(MPP+) [69], and to impaired mitochondrial turnover [70]. In addition, both mitochondrial and 

proteasomal dysfunction result in increased oxidative damage [69-71], and increased levels of 

oxidative stress then lead to mitochondrial dysfunction, forming a destructive cycle [72]. 

 Mitochondrial dysfunction 1.1.4.1

Mitochondrial dysfunction in PD is a well-established concept in the literature. There is 

decreased activity of complex I in the substantia nigra pars compacta in sporadic PD patients 

[73, 74], as well as in the frontal cortex [75]. Overall in the brain, there is an estimated 35% 
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reduction in complex I activity in PD compared to the normal population [65], and 

mitochondrial complex I deficiency also occurs in peripheral tissues in patients with PD, such 

as in platelets [76-78].  

Evidence for the role of mitochondrial dysfunction in the pathology of PD is mounting. For 

example, a conditional knockout mouse model that lacks mitochondrial transcription factor A 

in dopaminergic neurons develops a PD-like phenotype, with motor deficits that are 

responsive to L-DOPA treatment, a decrease in striatal dopamine, and the formation of 

intraneuronal inclusions [79]. In addition, many toxins used to create animal models of PD, 

such as rotenone [80, 81] and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [66], are 

inhibitors of mitochondrial complex I and are thought to cause pathology in this way. 

Furthermore, two in vitro studies suggest that mitochondrial DNA (mtDNA) can be 

responsible for the complex I deficiency seen in PD, with mtDNA-free cells that received 

mtDNA from PD patients developing a complex I deficiency [82, 83], and a concurrent 

increase in reactive oxygen species production and increased susceptibility to toxins [82]. 

Environmental toxins and mutations in nuclear DNA also cause mitochondrial complex I 

dysfunction [84], suggesting that many different known risk factors for PD can lead to the 

same pathway of complex I deficiency, and disease progression. 

 Oxidative stress 1.1.4.2

Oxidative stress is another pathological feature that contributes to cell damage and death in 

PD, and occurs when the production of reactive oxygen species surpasses the cell’s antioxidant 

capacities [66]. Like mitochondrial dysfunction, it can be triggered by a variety of 

environmental toxins, such as rotenone, iron overload, and dopamine [66], as well as by 

genetic mutations [65]. Markers of oxidative stress, such as oxidatively modified proteins [85], 

lipids [86], and DNA [87], are increased in the substantia nigra in PD. It is thought that the 

high levels of dopamine and iron in the substantia nigra makes this region particularly 

vulnerable to oxidative stress, as both dopamine and iron can give rise to reactive oxygen 

species if they are not correctly handled by cells [48, 88]. This oxidative stress can then lead to 
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cell damage and cell death via a number of pathways [48], and can also play a role in alpha-

synuclein aggregation [71]. 

 Proteasomal and lysosomal dysfunction 1.1.4.3

PD, along with other neurodegenerative diseases such as Alzheimer’s disease and 

Huntington’s disease, has typical pathology of aggregated protein (alpha-synuclein, in the case 

of PD) that correlates with toxicity in the brain [89]. Removing alpha-synuclein from the cell 

mainly occurs in two ways: waste alpha-synuclein can be tagged with ubiquitin and targeted 

for degradation by the proteasome [67, 89], or alpha-synuclein can be degraded by autophagy, 

where waste proteins are taken up into autophagosomes that then fuse with lysosomes. In 

these autophagolysosomes, contents are degraded and either disposed of or recycled [67]. A 

breakdown at any stage of the lysosomal or proteasomal pathway could thus result in the 

aggregated alpha-synuclein pathology that is present in PD [68]. 

In the substantia nigra of PD patients, markers of both lysosomal [68] and 

ubiquitin/proteasomal function are decreased, especially in cells that contain alpha-synuclein 

inclusions [90]. A conditional forebrain- and substantia-nigra-specific knockout of an essential 

subunit of the proteasome (Rpt2, a subunit of the 19S regulatory particles, which plays an 

important role in 26S proteasome function) results in ubiquitin and alpha-synuclein 

neuropathology, similar to human Lewy bodies [91]. In addition, in mice the deletion or 

depletion of a gene that is essential for autophagy (Atg7) in dopaminergic cells results in the 

degeneration of dopaminergic neurons in the substantia nigra, an increase in alpha-synuclein, 

and an accumulation of ubiquitinated protein aggregates, similar to what occurs in the human 

PD brain [92-94]. Thus, both impaired proteasomal and lysosomal function appear to have a 

key role in PD pathology.  

1.1.5 Risk factors 

Although the neuropathology and symptoms of PD are relatively well understood, the cause 

(or causes) of PD remains unclear. There are a number of risk factors for PD, including both 

genetic and environmental factors, but no one factor can currently explain every case of the 
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disease. For this reason, both genetic and environmental risk factors are thought to play a role 

in all forms of PD (Fig. 1.4) [95].  

 Genetic risk factors 1.1.5.1

Less than 10% of all PD cases have a clear genetic cause [96], and twin studies have shown low 

rates of concordance in monozygotic twins [97, 98]. However, there are an ever-increasing 

number of loci that are known to contribute to the risk of PD [99]. There are some high-risk 

mutations that have a low frequency in the population, such as some variants of SNCA, the 

gene that codes for alpha-synuclein. Conversely, there are other mutations that confer a very 

slight risk of PD, but that are much more common in the general population, like some 

variants of MAPT, the gene that codes for microtubule-associated protein tau [99].  

Mutations in SNCA were the first to be discovered as causative for PD [100], and many other 

disease-causing mutations in this gene have since been discovered, including duplications and 

triplications of SCNA [95, 101-103]. However, there are also a number of more common 

variants of this gene that increase the risk of PD, but are not causative [104]. LRRK2 (the gene 

that encodes leucine-rich repeat kinase 2) is similar to SNCA, in that some variants cause 

autosomal-dominant PD, while other mutations are more common in the general population 

but confer just a small risk of PD [99]. And while variants of PINK1, Parkin, and DJ-1 (the genes 

for PTEN-induced kinase 1, the E3 ubiquitin ligase Parkin, and the protein deglycase DJ-1, 

respectively) are autosomal recessive [105], mutations in these genes are also relatively 

common in PD patients [106]. Other, less common mutations that show genome-wide 

associations with PD risk include variants of GBA (the gene for glucocerebrosidase, a 

lysosomal enzyme), BST1 (the gene for bone marrow stromal cell antigen 1), and PARK16 (a 

locus that spans five genes) [107].  

Interestingly, many of the causative and low-risk variants are in genes that are hypothesised to 

play a role in pathways associated with PD pathology: mitochondrial dysfunction, oxidative 

stress, and proteasomal and lysosomal dysfunction (Section 1.1.3). The proteins PINK1, Parkin, 

and DJ-1 are all involved in mitochondrial function, and protect against oxidative stress [108]. 

Furthermore, LRRK2 is thought to associate with Parkin and can localise on the outer 
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mitochondrial membrane, while alpha-synuclein can associate with the inner mitochondrial 

membrane [109]. In addition, overexpression of mutant SNCA increases oxidative stress and 

mitochondrial dysfunction [110], and cells that carry mutant LRRK2 also display markers of 

oxidative stress [111]. Other PD-linked mutations in genes such as GBA cause lysosomal 

impairment [112], while the proteins encoded by SNCA, Parkin, LRRK2, and PARK16 are also 

implicated in the process of autophagy and lysosomal function [113, 114]. Thus, the proposed 

disease mechanisms of mitochondrial dysfunction, oxidative stress, and proteasomal and 

lysosomal dysfunction can all occur as a result of genetic risk factors in PD. 

 Environmental risk factors 1.1.5.2

Environmental factors are also thought to play a role in the development of PD, with many of 

these risk factors also exerting their effect via mitochondrial impairment, generation of 

oxidative stress, or proteasomal dysfunction. The strongest evidence for the role of exogenous, 

environmental factors is the observation that MPTP, an accidental contaminant in an illegal 

meperidine analogue sold in the United States in the early 1980s, causes a chronic PD-like 

condition [115, 116]. Once in the brain, MPTP is converted into MPP+ by monoamine oxidase B 

(MAO-B) [117]. MPP+ is a mitochondrial complex I inhibitor and causes oxidative damage to 

cells, leading to cell death [117]. Interestingly, post-mortem investigation of MPTP-affected 

brains showed marked gliosis in the substantia nigra, suggesting that cell death continues to 

occur long after the initial MPTP insult [118]. This finding supports the idea that exposure to 

an environmental toxin or toxins may lead to the progressive neurodegeneration seen in PD 

[119], as has been suggested in the olfactory vector hypothesis (Section 1.1.6).  

Exposure to pesticides such as paraquat and rotenone, which are also mitochondrial complex I 

inhibitors, also increase the risk of developing PD [120-125]. Experimentally, pesticides such as 

paraquat result in the aggregation of alpha-synuclein, further linking their use to the 

development of PD [126]. Metals are another environmental risk factor, and will be 

investigated in the post-mortem PD brain in this thesis. Iron, zinc, copper, and manganese 

have all been linked to PD in some way. 
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1.1.5.2.1 Iron 

There is consistently altered iron homeostasis in the PD brain (Section 1.3.1), which has led to 

much research investigating possible epidemiological links to iron exposure and PD, and 

mechanisms by which increased iron could cause PD pathology. While occupational iron 

exposure is not correlated with a higher risk of developing PD, a combination of iron-lead and 

iron-copper exposure has been associated with PD [127].  

Conversely, chronic anaemia is associated with a higher risk of developing PD, especially with 

anaemia that started between 20 and 29 years before a diagnosis of PD [128]. Furthermore, a 

meta-analysis found an increased risk for developing PD with lower iron blood levels, when 

combined with data on three genetic variants that influence iron levels [129]. An inverse 

correlation was also seen between iron intake and PD risk in a Japanese cohort [130]. 

Interestingly, serum iron levels in PD patients are negatively correlated with iron levels in the 

substantia nigra, as measured by echogenicity in transcranial sonography [131]. Combined, 

these data suggest that metal homeostasis in PD is altered early in the disease process.  

Increased iron in the brain can result in oxidative stress via the Fenton reaction [132], and 

increased intracellular iron leads to mitochondrial dysfunction [133]. Additionally, iron can 

accumulate in lysosomes, thus increasing their fragility and increasing lipid peroxidation in 

their membranes [134], and iron also induces the aggregation of alpha-synuclein in vitro [135, 

136]. Because all of these factors are implicated in the pathological process of PD (Section 

1.1.3), it is hypothesised that iron itself may have a role in the development of PD [137-139]. 

1.1.5.2.2 Zinc 

Although zinc exposure is not correlated with PD risk [140], zinc has properties that suggest it 

may be involved in PD pathology. For example, zinc can trigger alpha-synuclein to aggregate 

and fibrillate, even when oxidised by methionine [141]. And although zinc is not a transition 

metal, and so does not contribute to oxidative stress in this way, free zinc can cause oxidative 

stress and cell death by other pathways. For example, zinc is important in the functioning of 

Cu,Zn-superoxide dismutase, which is present in Lewy bodies in PD and has been 
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hypothesised to play a role in alpha-synuclein aggregation via oxidative stress [136, 142]. 

Furthermore, zinc can be released from neurons under oxidative stress [143], and this free zinc 

induces mitochondrial injury and leads to further oxidative stress [143-145]. Zinc has also been 

implicated in PD because a PD-related mutation in PARK9 leads to zinc dysregulation and 

mitochondrial dysfunction [146]. Furthermore, zinc is taken up into lysosomes, and from there 

can permeabilise the lysosomal membrane, triggering autophagy and subsequent neuronal 

loss [147, 148].  

1.1.5.2.3 Copper 

Copper homeostasis is altered in the PD brain (Section 1.3.1), and one study has reported that 

more than 20 years of occupational exposure to copper is associated with the development of 

PD, as is exposure to a combination of copper-lead or copper-iron [140]. In addition, areas with 

copper-related industries have higher rates of PD mortality [149]. Thus, environmental copper 

is also a potential risk factor for PD. 

Like iron, copper can also accept and donate electrons, leading to reactive oxygen species 

formation and oxidative stress [150]. And like zinc, copper is also important in the functioning 

of Cu,Zn-superoxide dismutase, which may play a role in oxidative stress and alpha-synuclein 

aggregation [136, 142]. Copper itself can also induce self-oligomerisation of alpha-synuclein, at 

least in vitro [151], and this oligomeric form of alpha-synuclein is neurotoxic [152]. 

1.1.5.2.4 Manganese 

There is less evidence that manganese plays a role in the pathology of PD. Manganese 

exposure has also been linked to a higher risk of PD in a number of studies from the same 

group [127, 140, 153, 154], but this finding is controversial [121, 155-157]. However, manganese 

toxicity induces parkinsonism, with symptoms that resemble PD but which have a poor 

response to dopamine replacement therapies [158]. Manganese can also cause alpha-synuclein 

to aggregate in fibril formations [159, 160]. Furthermore, manganese can be taken up into the 

mitochondria, and can inhibit the efflux of calcium from the mitochondria. This leads to 
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mitochondrial dysfunction and cell death [161], similar to the mitochondrial dysfunction that 

is hypothesised to occur in PD [65, 73-75, 84].  

 
Figure 1.4: Schematic of interactions between environmental toxins and genetic mutations in the pathogenesis of 
Parkinson’s disease. Both environmental toxins and genetic mutations can cause mitochondrial dysfunction, free 
radical generation, and proteasome dysfunction, eventually leading to cell death. Adapted from [162]. 

 

1.1.6 Treatment options 

There are a wide range of therapies available for PD, including DBS, MAO-B inhibitors, 

amantadine, catechol-O-methyltransferase inhibitors [163], and dopamine replacement 

therapy using L-DOPA and dopamine agonists. Of these, dopamine replacement therapy and 

DBS will be discussed in detail in this section. 

 Dopamine replacement therapies 1.1.6.1

Currently, both the dopamine precursor L-DOPA and dopamine agonists, such as ropinirole, 

pranipexole, and bromocriptine, are used as effective treatments for PD; L-DOPA is the most 

efficacious of these treatments [163]. However, L-DOPA is often used in combination with 

dopamine agonists to improve parkinsonism [163].  



16 

 

Although L-DOPA is initially very effective in PD patients [164, 165], a tolerance develops so 

that larger doses are needed over time [166], and control of some symptoms may fade [165]. 

Side effects also develop over time and with higher dosages, and these can be both motor, such 

as dyskinesias and motor fluctuations, and nonmotor, such as cognitive decline, 

hallucinations, and impulse control disorders [165, 167]. L-DOPA-induced dyskinesias are 

involuntary, irregular movements that affect over 90% of PD patients who have been treated 

with this dopamine precursor for 10 years or more [167]. These dyskinesias can be very 

disabling, and are directly related to L-DOPA intake [165]. Thus, while L-DOPA and 

dopamine agonists are initially effective treatments for PD, this effectiveness wears off over 

time and causes disabling side effects. Newer treatments, such as DBS in the subthalamic 

nucleus, may provide a better option for some patients (Section 2.1.5.2). 

 Deep brain stimulation 1.1.6.2

A newer treatment for PD is DBS, which involves the surgical implantation of electrodes into 

specific regions of the brain, most commonly into the subthalamic nucleus or the globus 

pallidus pars interna [168, 169]. These electrodes are connected to an impulse generator, which 

delivers regular electrical stimuli to the surrounding brain tissue [169]. DBS provides relief of 

motor symptoms, particularly tremor, to a subset of PD patients, and has much fewer side 

effects than dopamine replacement therapy [170]. Those who show a good response to L-

DOPA, have no significant psychiatric or cognitive problems, and do not suffer from drug-

induced hallucinations and dysphonia are most likely to show significant improvements with 

DBS [171]. Although most DBS-treated patients continue with pharmacological treatments 

such as L-DOPA, the average dose is decreased by more than one-third for those patients with 

subthalamic nucleus stimulation [172]. In addition, both motor function and quality of life 

improves with DBS, partly because the reduction in medication results in less dyskinesias and 

other drug-induced side effects [173]. However, it is important to note that there is a marked 

variation in responses between patients, with some patients not responding well to DBS [174]; 

careful selection of candidates for DBS therapy is thus required [175]. 
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DBS has been used for the treatment of PD since the late 1970s [171], but the mechanisms of 

action are still largely unknown [10, 169, 176]. Although it was first believed that DBS 

mimicked a lesion in the stimulated brain region, it now appears that the therapeutic effects of 

DBS are mainly a result of the effect of stimulation on the activity of a number of neural 

networks [177]. DBS inhibits cells and excites fibres that are in close proximity to the 

stimulating electrode [178], and this can influence downstream pathways [169]. In addition, 

the chronic electrostimulation promotes the local release of neurotransmitters [179, 180]. DBS 

is thought to affect neural networks in these ways, and globally it appears that DBS reduces 

cortical phase-amplitude coupling, which is abnormally exaggerated in untreated PD [176], 

and which is important in integrating information from different neuronal networks [181].  

Most reports suggest that the disease process of PD continues as normal despite DBS [175, 182, 

183]; however, DBS may have a slight disease-modifying or neuroprotective effect [11]. This 

possible neuroprotective effect has been hypothesised to occur either because of a decrease in 

excess, toxic glutamatergic output from the subthalamic nucleus, or because of an increase in 

local neurogenesis [10, 169, 184]. The possible effect of DBS on neurogenesis will be further 

discussed in Section 1.2.3.2. 

1.2 Neurogenesis 

Although neural stem cells were first observed in the human brain in the 1940s [185] and 

neurogenesis was described in the rat brain in 1965 [186], the general consensus until the mid-

1990s was that neurons were not generated in the postnatal brain [187]. However, it is now 

widely accepted that neurogenesis, or the formation of newly generated neurons from stem 

cells, occurs in the healthy adult human brain. There are two main regions of neurogenesis in 

the human: the subventricular zone, which lies along the lateral walls of the lateral ventricles, 

and the subgranular zone, which is located within the hippocampus [188]. The subventricular 

zone is the major source of newly generated neurons in the human brain [189], and as such is 

the main focus of the neurogenesis studies in this thesis. Other regions of the brain are also 

neurogenic, such as the region along the third ventricle [190-192], which is also investigated in 

this thesis. Neurogenesis involves three main processes: 1) the proliferation of stem cells to 
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produce new cells, 2) the migration of these new cells to the region where they are needed, and 

3) the differentiation of these cells into functional, integrated neurons [193-196].  

1.2.1 Subventricular zone 

The subventricular zone is located on the lateral walls of the lateral ventricle (Fig. 1.5A), and 

arises from a large pool of multipotent cells in the ventricular region in the developing brain 

[197, 198]. The subventricular zone in humans is separated from the lateral ventricle by a layer 

of tightly packed ependymal cells, and has a layer of myelin that divides the subventricular 

zone from the neighbouring caudate nucleus (Fig. 1.6A) [199]. The postnatal subventricular 

zone contains germinal cells that are classified according to their morphology and stage of 

development, and are known as type A, type B, and type C cells [200]. Type B cells are 

infrequently dividing astrocytes that occasionally give rise to rapidly dividing type C cells, or 

transit-amplifying cells (Fig. 1.6B). These type C cells divide much more frequently, and 

sporadically give rise to type A cells, which are also known as migrating neuroblasts [200]. 

Type A cells then migrate along the rostral migratory stream to the olfactory bulb, where they 

differentiate into neurons (Fig. 1.6C) [197, 201].  

Functional olfaction relies on a regular turnover of cells from the subventricular zone, at least 

in the rodent [202]. The hyposmia and anosmia seen in PD in humans may thus be the result of 

a lower rate of proliferation in the subventricular zone. Indeed, one small study reported a 

decrease in proliferation in the subventricular zone in PD (n = 5) compared to normal (n = 5)  

 

Figure 1.5: Locations of the subventricular zone and third ventricle region in the human brain. A) The 
subventricular zone, in blue, is located on the edge of the lateral ventricles and borders the caudate nucleus (beige). 
B) The third ventricle region is caudal to the subventricular zone, and is shown in red. 
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Figure 1.6: Schematic of neurogenesis in the human subventricular zone. A) Anatomy of the human 
subventricular zone. Subventricular zone cells lie between the ependymal layer, which borders the lateral ventricle, 
and the myelin layer, which borders the caudate nucleus. B) Proliferation in the subventricular zone. Type B cells 
proliferate slowly, occasionally giving rise to type C cells, which proliferate more rapidly and sometimes give rise 
to type A cells. C) These type A cells migrate along the rostral migratory stream to the olfactory bulb, where they 
differentiate and integrate into existing circuits. Adapted from [203, 204].  

patients [205]. However, a larger study found no difference in proliferation in this region 

between normal (n = 10), PD (n = 10), and Lewy body disease (n = 5) patients [206]. This idea of 

decreased subventricular zone proliferation leading to decreased olfactory function is thus 

controversial, and will be further investigated in this thesis. 

1.2.2 Third ventricle 

The third ventricle region is similar to the subventricular zone on the lateral ventricle, in that it 

lies along a ventricle and is bordered by a layer of ciliated ependymal cells [207]. The third 

ventricle region is also bordered by the hypothalamus (Fig. 1.6 B), and contains proliferative 

cells [191, 192, 207, 208] that are thought to migrate to the hypothalamus [190] and the 

substantia nigra [191, 192]. These proliferative cells are located in the ependymal layer, and 

newborn cells migrate out of this layer and into the surrounding tissue [190, 192, 207]. 

1.2.3 Regulation of neurogenesis 

The regulation of adult neurogenesis in the human brain has generated much interest, 

particularly because of the potential therapeutic and clinical implications [209, 210]. Factors 

that might regulate the proliferation, migration, or differentiation of cells are the subject of 

much current research [such as 211, 212-215]. Dopamine [205, 216-221], deep brain stimulation 

[222-225], and metals such as zinc [226-228] and manganese [229] have all been implicated in 

the regulation of neurogenesis, and are investigated in this thesis in relation to PD.  
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 Dopamine 1.2.3.1

Dopamine is a neurotransmitter with a number of important roles in brain functioning, such as 

in working memory, movement, and the reward system [230], and acts on the brain via five G-

protein-coupled receptors [231, 232]. These five receptors can be classified into two groups by 

their functional and pharmacological properties: the D1-like and D2-like receptor families [233]. 

D1 and D5 are D1-like receptors, and are coupled to stimulatory G proteins, while D2, D3, and 

D4 are D2-like receptors, and are coupled to inhibitory G proteins [221, 234]. All five receptors 

are found in various regions of the brain, but D1 and D2 receptors are present at 10 to 100 times 

greater levels than those of the other three receptor subtypes [235].  

Dopamine receptors, like most G-protein-coupled receptors, undergo intracellular trafficking 

from their site of synthesis, in the cytoplasm, to both synaptic and extrasynaptic locations on 

the plasma membrane [236, 237]. Once activated, receptors are removed from the cell 

membrane and can then be recycled [236, 237]. In this way, a change in extracellular dopamine 

can change dopamine receptor abundance on the cell surface. For example, in a chronic high-

dopamine mouse model, D1 receptors are significantly decreased on the cell surface [237]. 

Conversely, when dopamine is decreased in these animals by an injection of 6-

hydroxydopamine (6-OHDA), D1 receptors on the plasma membrane are increased [237]. 

In PD, dopaminergic innervation is greatly decreased [238], and this decrease may lead to a 

change in abundance of its receptors [239]. Although D4 and D5 receptor levels have not been 

investigated in PD [239], the change in dopaminergic signaling does lead to changes in 

abundance in the other dopamine receptors. D1 receptors levels are either slightly decreased or 

unchanged in the PD brain, while D2 levels are increased in both humans with PD and animal 

models of PD [239]. On the other hand, D3 levels are decreased in the PD brain [240] as well as 

in the caudate nucleus of animal models of PD [241, 242]. Thus, changes in dopamine receptor 

abundance relate to dopaminergic innervation levels, and can be measured in the brain 

following a long post-mortem delay. This is useful because dopamine itself has a half-life of 

less than two hours [243]. 
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Dopamine is important in the developing brain, and appears early in the embryonic brain, 

even before the development of behaviours that dopamine regulates [167, 244-246]. D3 

receptors are present on proliferating cells in the embryonic rat brain, while D1 and D2 

receptors are present on migrating and differentiating cells [245]. Furthermore, D1-like 

agonists in the embryonic mouse brain reduce proliferation, while D2-like agonists increase 

proliferation [246, 247], providing a more direct link between dopamine and neurogenesis in 

early rodent development. However, species differences may exist, as D2 receptors are almost 

non-existent in the embryonic monkey ventricular and subventricular zones, while D1-like 

receptors (D1 and D5) are present at high levels [244].  

Although D4 and D5 receptor subtypes have not been investigated in the adult subventricular 

zone in rats and mice, D1, D2, and D3 receptors are all present in this region. D1 and D2 

receptors have been detected in the rat subventricular zone using immuno-electron 

microscopy techniques, and these receptors were located on both type C (rapidly proliferating) 

and type A (migrating) cells [205]. However, again showing species differences, D1 and D2 

receptor mRNA has not been detected in the adult mouse subventricular zone, although D3 

receptor mRNA is present in this region [245]. Interestingly, in one study D3 receptors were 

localised to type A cells in the postnatal mouse subventricular zone using 

immunohistochemistry [248], while in another study, D3 receptor mRNA was localised to type 

B (slowly proliferating) and type C cells, but not to type A cells [249]. Adding to the 

controversy, a further study using fluorescence activated cell sorting (FACS) found that D3 

receptors were present on type C cells, but not on type A or type B cells [221].  

Controversy also exists regarding the role of dopamine in neurogenic proliferation. The 

application of 6-OHDA to reduce dopaminergic innervation in rats has been reported to both 

decrease [205] and increase [250-252] subventricular zone proliferation, while in mice 

dopaminergic denervation using 6-OHDA [218] and MPTP [205] results in a decrease in 

proliferation. In rats it seems that D3 receptors are important for proliferation in the 

subventricular zone, with D3 agonists increasing proliferation in a number of in vivo studies 

[219, 220, 248]. However, in the mouse, D3 receptor agonists have been shown to have no effect 
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on subventricular zone proliferation in one study [253] and to increase proliferation in another 

study [249].  

In vitro studies have also reported mixed results, with D2-like agonists increasing proliferation 

in two studies using rat subventricular zone neurosphere cultures [205, 248], and D2 

antagonists causing an increase in proliferation in neurospheres in another study [254]. These 

studies measured proliferation in different ways, however, so experimental differences may 

play a part in the different results. Further adding to the uncertainty about dopamine’s role in 

neurogenesis and proliferation, D2 and D3 agonists added to human and mouse prenatal 

neurosphere cultures did not affect proliferation levels [255].  

Finally, in PD in humans there is a significant loss of dopaminergic innervation to the 

subventricular zone [206]. One study reported a decrease in subventricular zone proliferation 

in PD patients [205]. However, another study reported no difference in subventricular 

proliferation between normal, PD, and Lewy body disease (“pre-PD”) subjects, although they 

did detect mRNA from all five dopamine receptor subtypes in this region [206]. Thus, there is 

a large amount of controversy regarding dopamine’s role in neurogenesis in a range of species, 

including humans (summarised in Table 1.1). However, the bulk of the evidence points to D2-

like receptor activation having a role in increasing neurogenic proliferation, while D1-like 

receptor activation inhibits proliferation [216], at least in rodents. 

 Deep brain stimulation 1.2.3.2

A number of studies using rodents and cell culture have provided evidence that electrical 

stimulation can increase cell proliferation, migration and survival. An early study in rats 

showed that short-term high-frequency electrical stimulation in the anterior nucleus of the 

thalamus results in a two- to three-fold increase in newly generated cells in the dentate gyrus 

of the hippocampus [225]. More recent studies have reported that this electrical-stimulation-

induced hippocampal neurogenesis is correlated with memory improvements in rats, and can 

rescue an experimentally induced reduction in neurogenesis [224, 256, 257]. In addition, long- 

term high-frequency stimulation of the ventrolateral thalamus also increases genes involved in 

neurogenic proliferation in the subventricular zone [222]. 
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Table 1.1: Summary of studies investigating dopamine in relation to neurogenesis 

Localisation studies (subventricular zone) 
Receptor subtype Species Present? Cell type 
D1 Rat (embryo) Yes Migrating and differentiating 

Rat  Yes Types A & C 
Mouse No  
Monkey (embryo) Yes  
Human  Yes  

D2 Rat (embryo) Yes Migrating and differentiating 
Rat  Yes Types A & C 
Mouse No  
Monkey (embryo) Very little  
Human Yes  

D3 Rat Yes Proliferating 
Mouse Yes Type A 
Mouse  Yes Types B & C 
Mouse  Yes Type C 
Human  Yes  

D4 Rodent  Yes  
Human  Yes  

D5 Monkey (embryo) Yes  
Human  Yes  

Functional studies 
Experimental condition Species Effect on proliferation 
In vivo 
Parkinson’s disease Humans Decrease  

Humans No change 
D1-like agonist Mouse (embryo) Decrease 
D2-like agonist Mouse (embryo) Increase  
D3 agonist Rat (three studies) Increase 

Mouse Increase 
Mouse No change 

6-OHDA Rat Decrease 
Rat (three studies) Increase 
Mouse Decrease 

MPTP Mouse Decrease 
In vitro 
D2-like agonist Rat (two studies) Increase 
D2-like antagonist Rat Increase 
D2, D3 agonists Human (prenatal) No change 

Mouse (prenatal) No change 
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Interestingly, one study in rats reported that chronic high-frequency electrical stimulation of 

the subthalamic nucleus increased neurogenesis by increasing cell survival, rather than 

increasing levels of proliferation in the subventricular zone and dentate gyrus [258]. However, 

another paper found that the increased hippocampal neurogenesis of mice following acute 

high-frequency electrical stimulation of the entorhinal cortex was a result of increased 

proliferation, and not as a result of decreased apoptosis in the newly formed cells [223]. Thus, 

there may be differences in proliferation and survival of neurogenic cells, depending on the 

target and duration of high-frequency electrical stimulation.  

In vitro work has shown that electrical stimulation can also induce directed neuronal migration 

toward the stimulating electrode in a mixed (neurons and astrocytes) culture [259]. In 

addition, when ventral midbrain neural precursor cells were cultured from foetal rat brains, 

electrical stimulation was found to induce directional migration of the cells toward the cathode 

[260]. Electrical stimulation also increased lumbar progenitor cell proliferation (in vitro) in a rat 

model of chronic spinal cord injury [261].  

In this thesis the effect of DBS on neural proliferation in humans will be investigated. 

 Metals 1.2.3.3

Metal concentrations have also been implicated in the control of neurogenesis. For example, 

both zinc [262] and iron [263] are essential for many processes in mitosis, including DNA 

synthesis, and are thus necessary for cell proliferation in the neurogenic regions of the brain. 

An increase in zinc concentration can stimulate neurogenesis (particularly proliferation) in the 

brain, at least in the rodent [226-228]. Manganese can also increase subventricular zone 

neurogenesis in rats in vivo [229]. Conversely, copper has been shown to increase in astrocytic 

cells in the subventricular zone of mice as they age, which has been linked to a decrease in cell 

proliferation in this region [264]. Iron is present in cells in the subventricular zone in very 

young rats, but disappears from all but the ependymal cells by postnatal day 50 [265]; 

however, iron concentrations have not been linked to any effect on neurogenesis. 
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1.3 Iron, zinc, copper, and manganese in Parkinson’s disease 

Iron and zinc are both present at relatively high concentrations in the human brain, with iron 

present at around 40˗65 µg/g wet weight [266, 267] and zinc present at 10˗13 µg/g in the whole 

brain [266-268]. Copper and manganese are less abundant, with copper concentrations of 4˗5 

µg/g in the whole human brain [266, 268], and manganese present at less than 0.5 µg/g [268]. 

The levels of these important biometals in the brain are tightly regulated. For example, even 

with dietary deficiencies that result in zinc being depleted in other regions in the body, this 

metal is maintained at near-normal levels in the brain [269-271]. However, in PD the levels of 

these metals are altered in some of the most affected regions (Section 1.3.1). In this thesis, 

localised metal concentrations will be investigated in both normal and PD patients in the 

olfactory bulb and subventricular zone, both of which are possible entry routes for metals into 

the brain. 

1.3.1 Metals in the Parkinson’s disease brain 

In PD, iron is increased in the substantia nigra in post-mortem studies [272-278], both in the 

surviving neurons [279, 280] and in the regions that have lost neuromelanin [281]. 

Interestingly, this increase in nigral iron can also be seen in live patients using MRI [282-284], 

even in the early stages of the disease [285], suggesting it may have a role in the pathology of 

the disease. In addition, zinc has been reported to be increased in PD in the substantia nigra, 

putamen, and caudate nucleus [275], and in the raphe nuclei [276] although other studies have 

found no change in this metal in PD [279, 281, 286].  

Copper is decreased in the PD substantia nigra [273-275, 286-288], as well as in the surviving 

neurons in both the substantia nigra and locus coereleus [279]. Some controversy exists 

regarding this decrease in copper, however, as other studies have found no change in this 

biometal in PD brain regions [281, 289], and one study reported an increase in copper in the 

raphe nuclei in PD [276]. Finally, no change has been noted in manganese concentrations in PD 

in any brain region except for a small decrease in the medial putamen [275, 290].  
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1.3.2 Entry of metals into the brain 

Although there are changes in metal concentrations in the PD brain, especially in the 

substantia nigra, there has been little research to determine the source of the excess metals, or 

how they might enter the brain, or exit in the case of copper. Metal homeostasis in the brain is 

complex, with a wide range of transporters that often are specific for a number of different 

metal species [291, 292]. One such example is the divalent metal transporter 1 (DMT1, also 

known as DCT1 or NRAMP2) [293]. Iron, manganese, zinc, and copper can all be taken up by 

this transporter [293-295], which is upregulated in iron deficiency [293] with a resulting 

increase in the uptake of both iron and manganese [128, 296, 297]. Interestingly, both the 

olfactory bulb and ventricular regions have high expression of DMT1; this metal transporter is 

localised in the olfactory epithelium [296, 297], on epithelial cells of the choroid plexus [293], 

and on both ependymal and blood cells in the ventricular regions [298]. Thus, both the 

olfactory bulb and the subventricular layer may be prone to increased levels of metals via this 

transporter.  

The subventricular zone is also rich in blood vessels [200] that are more permeable than in 

other brain regions [299], meaning that metals in the blood can be transported across the 

blood-brain barrier into this region of the brain. The blood-brain barrier is dysfunctional in PD; 

specifically, decreased function of P-glycoprotein has been reported in PD brains, which 

results in lower efflux of toxins out of the brain and into the blood or CSF [300]. There are also 

pathological changes in blood vessels in the brain in PD, with thickening of the basement 

membrane and increased deposits in capillary walls of microvessels [301]. Cerebral blood flow 

has also been reported as altered in PD [302, 303]. These changes in blood circulation and the 

blood-brain barrier may thus result in increased or decreased concentrations of metals in the 

subventricular regions. Furthermore, there are also metals in the cerebrospinal fluid [304], 

which connects directly to the subventricular zone [200], and metals and other waste materials 

in the brain are transported toward blood vessels and ventricles for secretion [292, 305]. The 

subventricular zone may thus be a region that is especially vulnerable to the accumulation of 

metals.  
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The olfactory bulb is also vulnerable to metal uptake, as it connects directly with the 

environment via the olfactory epithelium, and does not possess a blood brain barrier [306]. A 

range of metals have been shown experimentally to be taken up into the olfactory bulb. Zinc, 

iron, and manganese are all found at high levels in the olfactory bulb following intranasal 

exposure [307-310], and some of these and other metals have then been observed in other 

regions of the brain, such as the striatum and hippocampus [309-312]. Thus, both the olfactory 

bulb and the subventricular zone may be particularly vulnerable to metal accumulation from 

the environment if homeostasis is disrupted.  

1.3.3 Metals in the normal subventricular zone and olfactory bulb 

Little is known about metal concentrations in the human subventricular zone and olfactory 

bulb. Although both copper and iron are present in the mouse subventricular zone [264, 265, 

313], and zinc has been detected in the lizard subventricular zone [314], no studies have 

investigated metal concentrations in the human subventricular zone. 

There has been more research into metals in the human olfactory bulb, although the 

distribution of metals is unknown within this region. Iron and zinc are both present in this 

region, at 27 µg/g and 15 µg/g respectively (wet weight) over the combined olfactory bulb, 

tract, and trigone [315], although copper and manganese were not investigated. In the mouse 

olfactory bulb and tract, iron, zinc, and copper are all present at localised concentrations of 

between 15˗30 µg/g (iron), 5˗20 µg/g (zinc), and 1˗8 µg/g (copper) [316]. These metal 

distributions follow anatomical regions in the mouse olfactory bulb and tract over serial 

sections, with highest concentrations of zinc in the olfactory nerve layer, copper in the outer 

plexiform and glomerular layers, and iron in the glomerular and granule cell layers [316]. 

However, no studies have looked at the distribution of these metals in the human olfactory 

bulb. 

1.3.4 Metals and olfaction 

A number of metals have been associated with deficiencies in olfactory functioning in humans, 

as well as in other animals. Iron exposure has been hypothesised to induce olfactory 
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dysfunction based on studies of welders [317, 318], while olfactory acuity is lower in patients 

with neurodegenerative disorders with brain iron accumulation (NBIA) [319]. Conversely, 

iron-deficient rats also have altered olfactory behaviour, although they have lower levels of 

iron in the olfactory bulb [318], which suggests that both high and low levels of iron have a 

negative effect on olfaction.  

Zinc has also been linked to alterations in olfactory functioning. In humans, intranasal zinc can 

lead to hyposmia or anosmia in both children [320] and adults [321, 322], although this is 

usually temporary. Decreased olfaction has also been induced experimentally using intranasal 

zinc in rodents, turtles, fishes, and birds [53]. In mice, intranasal zinc induces degeneration in 

the olfactory epithelium first, followed by the olfactory bulb [323]. Zinc deficiency has also 

been linked to reduced olfaction in both humans [324, 325] and rodents [326, 327], suggesting 

that, like iron, both high and low levels of zinc reduce olfactory function.  

Intranasal copper treatment can cause deficits in olfactory function as well, at least in fish [328-

330]. In addition, both copper and zinc play a functional role in olfaction, with both metals 

found to be effective antagonists of GABA- and NMDA-mediated currents in rat olfactory bulb 

neurons in culture [331], further highlighting the importance of copper and zinc in olfactory 

functioning. 

Workers exposed to manganese have also been reported to have lower olfactory functioning 

than the normal population [332]. Furthermore, levels of excreted manganese in the urine of 

manganese-exposed workers are negatively correlated with olfactory functioning, suggesting 

that the more manganese that is accumulated in the body, the worse the olfactory function 

[333].  

1.3.5 Metals in animal models of Parkinson’s disease 

Unlike the transgenic animal models of Alzheimer’s and Hungtinton’s diseases, the most 

commonly used animal models of PD are neurotoxin based [334], although transgenic models 

are gaining in popularity [335]. Of the neurotoxin-based models, 6-OHDA is usually used in 

rats, while MPTP is mainly used in mice and nonhuman primates [335]. Both neurotoxins 
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produce a degeneration of dopamine-producing neurons in the substantia nigra, while MPTP 

also produces alpha-synuclein aggregation in mice [336] as well as PD-like motor symptoms 

[337] and degeneration of the substantia nigra [338] in humans. Both models are thought to 

involve mitochondrial dysfunction, and oxidative stress plays a large role in their pathological 

process [334, 336]. The MPTP and 6-OHDA models have been used to investigate metal 

concentrations, particularly of iron, and the effect of iron chelation in PD. 

In the rat 6-OHDA model of PD, iron is increased in the substantia nigra [339, 340] and 

striatum [341]. In addition, treatment with iron chelators before the administration of 6-OHDA 

results in much less degeneration of the substantia nigra [342], and prevents the PD-like motor 

symptoms seen in 6-OHDA-treated animals [342, 343]. Treatment with either an iron chelator, 

or using transgenic mice with the human iron-binding protein transferrin, was also successful 

in reducing pathology in MPTP-treated mice [344]. Interestingly, injecting iron directly into the 

substantia nigra of rats leads to motor symptoms such as reduced spontaneous locomotion 

and increased freezing episodes, as well as to greatly decreased dopamine concentrations in 

the striatum, further supporting a role of iron in the pathology of PD [345].  

1.3.6 Measuring metals in the brain 

When measuring metals in the brain, there are two general categories of techniques: those that 

give fine anatomical information from intact tissue, and those that require homogenised tissue, 

and therefore give much cruder anatomical information. Of those that require homogenised 

tissue, there are two main techniques: inductively coupled plasma mass spectrometry (ICP-

MS) and atomic absorption spectroscopy. With both methods, tissue is homogenised before 

liquid samples are passed through a machine that first breaks down any materials, and then 

measures the concentration of metal species present [346, 347]. Although more expensive, ICP-

MS is generally regarded as a better method because of its lower limits of detection (ng/g to 

ng/kg), high throughput, rapid speed, and ability to measure multiple metal species and 

isotopes in the same experiment [348]. 

However, there are a range of other methods for measuring metals in the brain that use intact 

tissue, and thus give much better anatomical information. Some of the most common methods 
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will be introduced here. When choosing a technique, it is essential to consider the sensitivity 

required, as well as the size of the region of interest, and the desired level of resolution.  

Although histological staining methods are available for investigating iron, copper, and zinc at 

very high levels of resolution, these methods are not always sensitive or specific, and cannot 

be quantified [349, 350]. Some newer methods have equally high levels of resolution, but are 

much more specific and sensitive; X-ray fluorescence methods such as X-ray fluorescence 

microscopy (XFM) and micro-particle-induced X-ray emission (µPIXE) have limits of detection 

in the 1 µg/g range at resolutions reaching below 100 nm [351]. However, these methods are 

relatively slow [351], and as such are best for imaging very small regions of interest. For larger 

regions, laser ablation ICP-MS (LA-ICP-MS) allows for quantitative analysis of metals at 

resolutions of less than 50 µm, with limits of detection of less than 1 µg/g, and is much faster 

to gather data than many other techniques [350]. However, LA-ICP-MS also has disadvantages 

in that there is no commercial software available to analyse data [352, 353], it is a destructive 

technique, and detection limits increase with decreasing resolution [351]. 

1.4 Summary and thesis aims 

Olfaction is impaired in PD, and neurogenesis may also be compromised in this disease. Given 

that dopamine, deep brain stimulation, and metals have all been implicated in the regulation 

of neurogenesis in rodent models, it is necessary to investigate these factors in the human 

subventricular zone in PD. Metal homeostasis is also disrupted in the human PD brain, and 

can cause much of the characteristic pathology of this disease, including olfactory dysfunction. 

By investigating localised metal distributions in the subventricular zone, caudate nucleus, and 

olfactory bulb and tract, it will be possible to determine whether metal dyshomeostasis also 

occurs in these regions in PD. 

 The aims of this thesis are as follows: 

1) To identify any changes in dopamine receptor abundance and/or subventricular zone 

proliferation in the PD brain, and to examine the effects of deep brain stimulation on 

this proliferation. 
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2) To develop a method to investigate and display localised distributions and 

concentrations of iron, zinc, copper, and manganese in the human brain. 

3) To investigate the distributions and concentrations of iron, zinc, copper, and 

manganese in the human subventricular zone and caudate nucleus, and to identify any 

changes that may occur in PD. 

4) To investigate the distributions and concentrations of iron, zinc, copper, and 

manganese in the human olfactory bulb and tract, and to identify any changes that may 

occur in PD. 

  



32 

 

  



33 

 

CHAPTER 2 

2 General methods 

2.1  Tissue preparation 

2.1.1 Human brain tissue 

In this thesis, most human brain tissue came from the Neurological Foundation of New 

Zealand Human Brain Bank, housed in the Centre for Brain Research at the University of 

Auckland. All brains in this brain bank were acquired with the full consent of families and this 

process was approved by the University of Auckland Human Subjects Ethics Committee 

(2008/279). In addition, some brain tissue used in Chapter 3 came from the University of 

Florida Deep Brain Stimulation Brain Tissue Network, and were acquired under the 

University of Florida Human Participants Ethics Committee (UF-IRB Project 3 130-2008; for 

details of which cases were from each source, see Table 3.2). Tissue in Chapter 3 experiments 

also came from the Arizona Parkinson's Disease Brain Bank, Sun Valley, Arizona. All tissue 

was chosen for inclusion based on pathology reports from neuropathological examinations 

carried out by experienced neuropathologists. 

2.1.2 Processing of formalin-fixed frozen brain tissue 

For some immunohistochemistry and histology studies, formalin-fixed frozen brain tissue was 

used. Reagents used for this processing can be found in Table 2.1. Following brain removal at 

autopsy, either one or both hemispheres (sometimes one hemisphere was fresh frozen, see 

Section 2.1.3) were perfused first with phosphate-buffered saline (PBS) containing 1% sodium 

nitrite, and then with 15% formalin in 0.1 M phosphate buffer. After perfusion, the brain was 

left in 15% formalin in 0.1 M phosphate buffer overnight, and was then dissected into 

functional regions (as defined in [354]) and left overnight in the same fixative. Next, the tissue 

blocks were cryoprotected, first in a 20% sucrose solution for one week, and then in a 30% 

sucrose solution for three to four weeks. The blocks were then snap frozen using CO2 powder, 

double wrapped in aluminium foil, placed in airtight bags, and stored at ˗80 ˚C until needed. 
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When tissue was required for free-floating immunohistochemistry, coronal sections were cut 

at 50 µm on a sliding microtome (Microm, HM450) with a freezing stage (Microm, K400). 

Sections were then stored in PBS containing 0.1% azide at 4 ˚C until needed for free-floating 

immunohistochemistry. 

Table 2.1: Buffers and solutions used for human brain tissue preparation 

Solution Ingredient Quantity 

0.4 M Phosphate 
buffer stock, 1 L 

Disodium hydrogen phosphate dihydrate 57.7 g 
Sodium dihydrogen phosphate dihydrate 11.8 g 
Deionised water (dH2O) Make to 1 L 

10x Phosphate 
buffered saline 
(PBS) stock, 1 L 

Monopotassium phosphate 2 g 
Disodium phosphate dihydrate 14.4 g 
Sodium chloride 80 g 
Potassium chloride 2 g 
dH2O Make to 1 L 

PBS with 1% 
sodium nitrite, 1 L 
 

10x PBS stock 100 ml 
Sodium nitrite 10 g 
dH2O Make to 1 L 

15% Formalin in     
0.1 M phosphate 
buffer, 1 L 

0.4 M Phosphate buffer 250 ml 
Formalin solution (contains 37% formaldehyde) 150 ml 
dH2O 600 ml 

20% Sucrose 
cryoprotectant, 1 L 

0.4 M Phosphate buffer 250 ml 
Sodium azide 1 g 
White sugar 200 g 
dH2O Make to 1 L 

30% Sucrose 
cryoprotectant, 1 L 

0.4 M Phosphate buffer 250 ml 
Sodium azide 1 g 
White sugar 300 g 
dH2O Make to 1 L 

PBS-azide, 1 L  
10x PBS stock 100 ml 
Sodium azide 1 g 
MilliQ water Make to 1 L 
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2.1.3 Processing of fresh frozen brain tissue 

For quantification of metals in the human brain, tissue must not be formalin-fixed; previous 

studies have shown that there is a large flux in metal concentrations in this process [355-357]. 

Thus, for any tissue that was to be used for metals studies (Chapters 4˗6), no fixation was used. 

Once the brain was removed at autopsy, one hemisphere was cut into functional regions and 

snap frozen using CO2 powder. Each brain block was then double wrapped in aluminium foil 

and stored in an airtight bag at ˗80 ˚C until needed. For olfactory bulbs and tracts, these were 

dissected from the brain and frozen as one block, while the subventricular zone was located on 

one or two caudate nucleus blocks. If thin sections of tissue were required, 30 µm sections 

were cut using a Leica CM3050 (Leica Biosystems, Germany) cryostat and mounted onto clean 

slides before being air dried in a closed container. 

2.1.4 Processing of paraffin-embedded brain tissue 

For some immunohistochemistry and histological studies, paraffin-embedded tissue was used. 

Brain tissue from the Neurological Foundation of New Zealand Human Brain Bank was fixed 

in 15% formalin in 0.1 M phosphate buffer overnight, before being sent to the School of 

Medicine Histology Laboratory at the University of Auckland for dehydration in graded 

ethanols, clearing in xylene, and infiltration with paraffin. The infiltrated tissue was then 

embedded in paraffin and cooled before being cut at 7 µm on a rotary microtome (Leica 

Biosystems, RM2235) and mounted onto Superfrost-Plus slides (Menzel-Gläser, Braunschweig, 

Germany) using a water bath set at 37 ˚C (Leica Biosystems, HI1210). 

For tissue from the Arizona Parkinson’s Disease Brain Bank, paraffin-embedded tissue blocks 

were also used, but these were sectioned at 8 µm and mounted on gelatine-coated slides. 
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2.2  Histological studies 

2.2.1 Histological stains 

 Luxol fast blue, haematoxylin, and eosin 2.2.1.1

Paraffin-embedded sections were labelled with 0.1% luxol fast blue, Gill’s haematoxylin, and 

1% eosin so that the layers of the subventricular zone could be easily identified. Solutions used 

for these stains can be found in Table 2.2. 

Table 2.2: Solutions used for luxol fast blue, haematoxylin, and eosin 

Solution Ingredient Quantity 

Luxol fast blue, 1 L 
Luxol fast blue 1 g 
Glacial acetic alcohol 5 ml 
Ethanol (100%) Make to 1 L 

Reducer solution, 100 ml 
Hydroquinone 1 g 
Sodium sulphite 5 g 
dH2O Make to 100 ml 

Gils haematoxylin, 1 L 

Ethylene glycol 250 ml 
Haematoxylin 2 g 
Sodium iodate 0.2 g 
Aluminium sulphate 20 g 
dH2O Make to 1 L 

Acid alcohol, 1.1 L 
Ethanol (100%) 850 ml 
Hydrochloric acid (32%) 6.5 ml 
dH2O 243.5 ml 

Lithium carbonate, 500 ml 
Lithium carbonate 5 g 
dH2O Make to 500 ml 

Eosin Y (stock solution), 1 L 
Eosin Y 10 g 
Ethanol (95%) 800 ml 
dH2O Make to 1 L 

Eosin Y (working solution), 1 L 
Eosin Y stock solution 250 ml  
Ethanol (100%) 745 ml 
Glacial acetic acid 5 ml 
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Sections were deparaffinised by heating for 1 hour at 60 ˚C, then immersed in two changes of 

xylene before being rehydrated in a graded ethanol series. They were then left in luxol fast 

blue for 48 hours and rinsed in running water. The luxol fast blue was differentiated using the 

reducer solution, rinsed in running water, and stained with haematoxylin for 3 minutes. 

Sections were then dipped into acid alcohol to decolourise the haematoxylin, rinsed in running 

water, and immersed in 1% lithium carbonate for 30 seconds. After rinsing in running water, 

slides were dipped three to four times in 95% ethanol, then briefly counterstained with eosin 

Y. Following differentiation of the eosin Y in 95% ethanol, sections were dehydrated in 

ethanol, cleared in xylene, and coverslipped using DPX mounting medium (Merck, Germany).  

 3,3'-Diaminobenzidine-enhanced Perls and Turnbull histological stains 2.2.1.2

The 3,3'-diaminobenzidine (DAB)-enhanced Perls stain is a sensitive histological stain that 

labels mostly ferric iron, while the DAB-enhanced Turnbull stain is specific for ferrous iron. 

Stains were performed both on free-floating formalin-fixed tissue and on fresh tissue that was 

fixed post-sectioning, on slides, in 15% formalin for 20 minutes. Similar results were achieved 

using both types of tissue processing protocols. The traditional Perls and Turnbull stains give a 

blue product, but the stains can be greatly enhanced using DAB, producing a brown reaction 

product, and allowing for the use of cresyl violet as a counterstain (Table 2.3).  

Table 2.3: Solutions used for cresyl violet  

Cresyl violet solution A, 
600 ml 

Cresyl violet 5 g 
dH2O Make to 600 ml 

Cresyl violet solution B, 
60 ml 

Sodium acetate 6.8 g 
dH2O Make to 60 ml 

Cresyl violet solution C, 
340 ml 

Glacial acetic acid 20 ml 
dH2O 320 ml 

Cresyl violet (working 
solution), 1 L 

Cresyl violet solution A 600 ml 
Cresyl violet solution B 60 ml 
Cresyl violet solution C 340 ml 

 

 



38 

 

All reagents for these histological stains are found in Table 2.4. For these stains, selected 

sections (either on glass slides or as free-floating sections) were rinsed in deionised water 

(dH2O) before being immersed in a blocking solution for 20 minutes to block endogenous 

peroxidases. Sections were then briefly rinsed in three changes of dH2O and immersed in Perls 

or Turnbull solution for 30 minutes before being rinsed under running water for 5 minutes.  

Table 2.4: Solutions used for the DAB-enhanced Perls and Turnbull stains 

Solution Ingredient Quantity 

0.4 M Phosphate buffer 
stock, 1 L 

Disodium phosphate dihydrate 57.7 g 
Sodium dihydrogen phosphate dihydrate 11.8 g 
MilliQ water Make to 1 L 

15% Formalin in 0.1 M 
phosphate buffer, 1 L 

0.4 M Phosphate buffer 250 ml 
Formalin solution (contains 37% 
formaldehyde) 

150 ml 

dH2O 600 ml 

Blocking solution,  
10 ml 

Methanol 5 ml 
Hydrogen peroxide (30%) 333 µl 
MilliQ water 4.67 ml 

Perls solution A,  
100 ml 

Potassium ferrocyanide 10 g 
dH2O Make to 100 ml 

Perls solution B,  
100 ml 

dH2O 80 ml 
Hydrochloric acid (32 %) 20 ml 

Perls (working 
solution), 10 ml 

Perls solution A 5 ml 
Perls solution B 5 ml 

Turnbull solution A,  
100 ml 

Potassium ferricyanide 20 g 
dH2O Make to 100 ml 

Turnbull solution B,  
100 ml 

dH2O 99 ml 
Hydrochloric acid (32 %) 1 ml 

Turnbull (working 
solution), 10 ml 

Turnbull solution A 5 ml 
Turnbull solution B 5 ml 

10x DAB solution,  
100 ml 

DAB powder 0.5 g 
MilliQ water Make to 100 ml 

DAB (working 
solution), 10 ml 

MilliQ water 6.4 ml 
0.4 M Phosphate buffer 2.5 ml 
Hydrogen peroxide (1%) 100 µl 
10x DAB solution 1 ml 
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Following three further 5-minute rinses in changes of dH2O, the sections were incubated in 

freshly prepared DAB solution for 15 minutes. Sections then underwent three 10-minute rinses 

in dH2O and, if stains had been performed on free-floating tissue, were mounted onto glass 

slides with gelatine. Slides were then dehydrated in a series of graded ethanols before they 

were cleared in xylene, rehydrated, and counterstained with cresyl violet (Table 2.3). Sections 

were then dehydrated, cleared in xylene, and coverslipped with DPX mounting media.  

As a control, a tissue section was processed as normal but with no potassium ferrocyanide in 

the Perls solution step, or no potassium ferricyanide on the Turnbull solution step. No staining 

was seen under these conditions. 

 NeoTimms histological stain 2.2.1.3

The neoTimms stain is a sensitive, specific histological stain for free and loosely bound zinc in 

tissue [358]. In this protocol, zinc in the tissue forms zinc-sulphide nanocrystals, which then 

bind silver ions that are subsequently reduced to silver atoms. The silver enhancement of these 

nanocrystals gives a black or dark brown colour that can then be seen using light microscopy. 

For the neoTimms stain, 30 µm sections of fresh frozen tissue were used. Equipment used in 

these experiments was washed in Farmers solution overnight to minimise nonspecific staining, 

before being rinsed and air dried. All reagents for this histological stain are found in Table 2.5. 

For this study, sections mounted on slides were immersed in neoTimms solution and left at 4 

˚C for 72 hours, rocking. Sections were then rinsed thoroughly in 0.1 M phosphate buffer, and 

briefly rinsed in MilliQ water before development of the stain. Sections were placed into the 

autometallography developer at 27 ˚C for 1 hour, then immersed in the stop buffer for 10 

minutes before being rinsed thoroughly under running water. Sections were dehydrated in 

graded ethanols, cleared in xylene, and rehydrated in graded ethanols before a counterstain of 

cresyl violet (Table 2.3) was applied to identify cell nuclei. Sections were then dehydrated 

again, cleared in xylene, and coverslipped using DPX mounting media. 

As a control, a tissue section was processed as normal but with no sodium sulphide in the 

neoTimms solution step. No staining was seen under this condition. 
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Table 2.5: Solutions used for the neoTimms stain 

Solution Ingredient Quantity 
0.1 M Phosphate buffer, 
1 L 

0.4 M Phosphate buffer stock 250 ml 
MilliQ water 750 ml 

Farmers solution A,  
10 ml 

Potassium ferricyanide 1 g 
MilliQ water Make to 10 ml 

Farmers solution B,  
10 ml 

Sodium thiosulphate 1 g 
MilliQ water Make to 10 ml 

Farmers solution 
(working), 20 ml 

Farmers solution A 10 ml 
Farmers solution B 10 ml 

NeoTimms solution, 10 
ml 

0.4 M Phosphate buffer 2.5 ml 
Glutaraldehyde (25%) 1.2 ml 
MilliQ water 6.3 ml 
Sodium sulphide 0.01 g 

Autometallography 
solution A, 300 ml 

Gum arabic 100 g 
MilliQ water 200 ml 

Autometallography 
solution B, 100 ml 

Citric acid monohydrate 25.5 g 
Sodium citrate dihydrate 23.5 g 
MilliQ water Make to 100 ml 

Autometallography 
solution C, 15 ml 

Hydroquinone 0.85 g 
MilliQ water Make to 15 ml 

Autometallography 
solution D, 15 ml 

Silver lactate 0.12 g 
MilliQ water Make to 15 ml 

Autometallography 
developer (working 
solution), 100 ml 

Autometallography developer solution A 60 ml 
Autometallography developer solution B 10 ml 
Autometallography developer solution C 15 ml 
Autometallography developer solution D 15 ml 

Stop buffer, 100 ml 
Sodium thiosulphate 5 g 
MilliQ water Make to 100 ml 

 

2.2.2 Immunohistochemistry 

All solutions and buffers used for immunohistochemistry can be found in Table 2.6. For all 

immunohistochemistry experiments, controls involved performing the protocol with no 

primary antibody. No specific staining was seen under these conditions for any experiment. 
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Table 2.6: Buffers, solutions and antibodies used for the immunohistochemistry 

Solution Ingredient Quantity 

PBS-triton, 1 L 
10x PBS stock 100 ml 
Triton X-100 2 ml 
MilliQ water 898 ml 

Citrate buffer solution A, 445 
ml 

Citric acid monohydrate 9.35 g 
MilliQ water Make to 445 ml 

Citrate buffer solution B, 555 
ml 

Tri-sodium citrate dihydrate 16.32 g 
MilliQ water Make to 555 ml 

Citrate buffer (working 
solution; pH 4.6), 1 L 

Citrate buffer solution A 445 ml 
Citrate buffer solution B 555 ml 

Immunobuffer, 100 ml 

Sera from the host species in which 
the primary antibody was raised 

1 ml 

PBS-triton 99 ml 
Thiomersal 0.04 g 

Gelatine solution, 100 ml 
Gelatine 0.5 g 
Chromic potassium sulphate 0.05 g 
dH2O Make to 100 ml 

0.1 M Tris buffer (pH 10.2), 
10 ml 

Tris(hydroxymethyl)methalamine 2.242 g 
dH2O Make to 200 ml 

 

 Immunohistochemistry for light microscopy 2.2.2.1

Free-floating, formalin-fixed tissue that had been sectioned at 50 µm was used for these 

immunohistochemical experiments. To remove azide and enhance the permeability of the 

stored brain tissue, selected sections were placed into six-well plates containing PBS-triton 

overnight at 4 ˚C before being used in experiments. 

For D1, D2, and PCNA immunohistochemistry, where cell counts were made (Chapter 3), five 

serial sections of caudate nucleus were used from each case, spaced at 300 µm intervals. For all 

other immunohistochemical experiments, just one 50 µm section was used. All sections were 

taken from a central region on the rostrocaudal axis, as described in [359]. 

In addition, for PCNA and D3 receptor immunohistochemistry, an antigen retrieval step was 

used before starting the immunohistochemistry process. Sections were incubated overnight at 
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4 ˚C in citrate buffer (pH 4.6), then microwaved on high for approximately 40 seconds (until 

the liquid in all six wells of tissue was boiling) in 10 ml per well of fresh citrate buffer. After 30 

minutes of cooling, sections were rinsed briefly with PBS-triton and then processed as normal. 

For D5 immunohistochemistry, a different antigen retrieval step was used before 

immunohistochemistry was performed. Sections were incubated for two hours at room 

temperature in 0.1 M Tris buffer, then rinsed with PBS-triton and processed as normal. 

Sections were blocked for endogenous peroxidases by incubating for 20 minutes at room 

temperature in blocking solution (Table 2.4). Sections were then rinsed thoroughly (three 10-

minute rinses) before being incubated at 4 ˚C for 72 hours in primary antibody (Table 2.7) 

diluted in the appropriate immunobuffer serum. Following the primary antibody incubation, 

sections were rinsed thoroughly and incubated in biotinylated secondary antibody (Table 2.7), 

again diluted in appropriate immunobuffer, overnight at room temperature. After being 

rinsed thoroughly, sections were incubated for 4 hours at room temperature in ExtrAvidin 

Peroxidase (Sigma, E2886) diluted at 1:1,000 in the appropriate immunobuffer. ExtrAvidin has 

a high affinity to biotin, so it binds to the secondary antibody and can then be developed using 

DAB to visualise the antigen of choice in the tissue. After being thoroughly rinsed in PBS-

triton, the DAB solution (Table 2.4) was applied for 10 minutes to allow a brown colour to 

develop. Following thorough rinsing with PBS-triton, sections were mounted onto slides using 

gelatine and allowed to dry overnight at room temperature. The following day, sections were 

dehydrated in a graded series of alcohols, cleared in three changes of xylene, and coverslipped 

using DPX mounting media. 

 Immunohistochemistry for fluorescence microscopy 2.2.2.2

For immunofluorescence, either 8 µm paraffin sections or 30 µm fresh frozen sections were 

used. These sections were already mounted onto glass slides, and the fresh frozen sections 

were fixed onto the slides for 10 minutes in 15% formalin (Table 2.1). Sections were incubated 

at 4 ˚C for 72 hours in primary antibody (Table 2.7) diluted in the appropriate immunobuffer 

serum. Following the primary antibody incubation, sections were rinsed thoroughly and then 

incubated overnight at room temperature in a secondary antibody conjugated to a fluorophore   
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Table 2.7: Primary and secondary antibodies used for immunohistochemistry  

Primary antibodies 
Species Antigen Origin Dilution 

Rabbit 
Proliferating cell nuclear antigen 
(PCNA) 

Santa Cruz Biotechnology 
Inc., CA, USA 

1:500 

Mouse 
Proliferating cell nuclear antigen 
(PCNA) 

Santa Cruz Biotechnology 
Inc., CA, USA 

1:500 

Guinea pig Dopamine D1 receptor 

Dr. Masahiko Watanabe, 
Hokkaido Imperial 
University School of 
Medicine 

1:500 

Rabbit Dopamine D2 receptor 

Dr. Masahiko Watanabe, 
Hokkaido Imperial 
University School of 
Medicine 

1:500 

Rabbit Dopamine D3 receptor LifeSpan Biosciences, Inc., 
WA, USA 

1:1,000 

Rabbit Dopamine D4 receptor Abcam, UK 1:500 
Rabbit Dopamine D5 receptor Abcam, UK 1:1,000 

Mouse 
Sex determining region Y-box 2 
(Sox2) R&D Systems, MN, USA 1:500 

Rabbit 
Mini chromosome maintenance 
protein 2 (MCM2) 

Cell Signaling Technology, 
MA, USA 

1:500 

Rabbit 
Glial fibrillary acidic protein delta 
(GFAP-δ) 

Dr. Elly Hol, Netherlands 
Institute for Neuroscience 1:1,500 

Rabbit 
Alpha-synuclein, phosphorylated 
at serine 129 

Abcam, UK 1:3,000 

Mouse Protein gene product 9.5 (PGP9.5) Abcam, UK 1:1,000 
Mouse Collagen IV Abcam, UK 1:2,000 
 

Secondary antibodies 
Antibody Origin Dilution 
Biotinylated goat anti-rabbit Sigma-Aldrich, MO, USA 1:1,000 

Biotinylated goat anti-guinea pig 
Jackson ImmunoResearch 
Laboratories Inc., PA, USA 1:500 

Alexa Fluor 488 donkey anti-mouse IgG 
ThermoFisher Scientific, 
MA, USA 

1:500 

Alexa Fluor 488 donkey anti-rabbit IgG 
ThermoFisher Scientific, 
MA, USA 1:500 

Alexa Fluor 488 goat anti-mouse IgG 
ThermoFisher Scientific, 
MA, USA 

1:400 

Alexa Fluor 594 goat anti-rabbit IgG 
ThermoFisher Scientific, 
MA, USA 1:400 
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(Table 2.7), again diluted in appropriate immunobuffer. After being rinsed thoroughly with 

PBS, sections were processed in two different ways. Some sections were coverslipped with 

Vectashield Antifade mounting media with DAPI, a cell nucleus marker (Vector Labs, CA, 

USA). Other sections were incubated for 20 minutes in Hoechst (Molecular Probes, OR, USA), 

a cell nucleus marker, diluted at 1:20,000 in PBS. These sections were then rinsed thoroughly 

and mounted onto slides using PBS, before coverslipping using ProLong Gold Antifade 

mountant (ThermoFisher, MA, USA). Coverslips were sealed with nail polish and slides were 

stored at 4 °C until they were imaged. 

2.2.3 Image acquisition, counting, and statistical analysis 

 Light microscopy 2.2.3.1

All light microscopy images were taken with a Nikon Digital Sight cooled colour camera 

attached to a Leica DMR upright microscope, and were acquired using Nikon NIS Elements 

software.  

For images that were to be used for cell counts (of immunohistochemistry using PCNA, D1, 

and D2 antibodies), slides were angled so that a straight 400 µm length of subventricular zone 

could be imaged using the 20x objective lens. Three images were taken of each tissue section, 

one at each level of the dorsal, middle, and ventral subventricular zone area (for a detailed 

description of each area, see [359]). All images were then analysed by an observer, who was 

blinded to both the disease status and the area from which the image was taken, using ImageJ 

1.46r, and converted to 8-bit images before counting. For analysis of PCNA-positive cells, two 

background measurements were taken at random from each image, in the caudate nucleus 

region. Next, all PCNA-positive cells in the 400 µm length of subventricular zone, excluding 

ependymal cells, were counted using the Auto-Measure Point Tool, and the resulting 

spreadsheets were exported to Excel for further analysis. For a cell to be counted in the 

analysis, it needed to be at least 25 points darker (0 = black and 255 = white) than the average 

of the two background measurements that were taken from the same section. The resulting 

PCNA-positive cell counts from the dorsal, medial, and ventral region of each section was then 

used for statistical analysis. 
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For D1- and D2-positive cell counts, a similar technique was used, with the only difference 

being that the density of the staining of each cell was not compared to a background 

measurement, because of the more diffuse nature of staining using antibodies for these 

receptors. Sister sections, immunolabelled with PCNA, were used as a guide for delineating 

the subventricular zone in these sections. 

Group sizes for the D1- and D2-positive cell counts were too small to reliably perform a test for 

normality, so nonparametric tests were employed using GraphPad Prism v6.05. The 

nonparametric Mann˗Whitney U test and Spearman’s rank correlation coefficient were used in 

these experiments. The PCNA-positive cell counts were analysed using a permutation test, 

also in GraphPad Prism, to compare cell numbers in normal and DBS brains across all regions. 

A p value of less than 0.05 was taken as statistically significant for all statistical tests. Values 

are given as the mean ± standard error of the mean.  

 Fluorescence microscopy 2.2.3.2

For the fluorescent work looking at changes in proliferative markers in brains from patients 

with deep brain stimulation (DBS; Chapter 3), a Leica DM 2500 fluorescence microscope 

(Leica, Germany) was used. Cell counts of Sox2- and GFAP-δ-positive cells were made from 

the caudal region of the lining of the third ventricle, while MCM2-postive cells were counted 

from the area immediately surrounding the electrode lead tip. Counts were taken from two 

sections, each 8 µm thick, from each case. Statistics were performed using GraphPad Prism 

v6.05. A two-sample permutation test was used to analyse these data, with the test value taken 

as the difference in means from each group. A p value of less than 0.05 was taken as 

statistically significant for all statistical tests, and values are given as the mean ± standard error 

of the mean. 

Micrographs used to investigate the anatomy of the olfactory bulbs and subventricular zones 

in LA-ICP-MS studies (Chapters 5 & 6) were taken on a MetaSystems VSlide slide scanner 

(MetaSystems, Germany). Whole bulb and tract sections were imaged from directly adjacent 

sections to those used for LA-ICP-MS scanning. To achieve this, microscope slides were first 
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scanned using a 2.5x objective to detect tissue and create a position map. The whole bulb and 

tract was then scanned using a 20x primary objective. 

2.3 Quantitative polymerase chain reaction 

For quantitative polymerase chain reaction (qPCR) experiments, four 20 mm sections from 

each DBS and normal brain were cut on a microtome (Leica RM 2235, Germany). Sections were 

taken either from the subthalamic nucleus at the level of the hypothalamus, which included 

the lining of the third ventricle, or from the termination of the electrode lead tip. These 

sections were placed into RNAase-free tubes containing xylene, then processed for mRNA 

extraction with a Qiagen FFPE RNA extraction kit (Qiagen, 74404, Germany). A NanoDrop 

2000 (ThermoScientific, MA, USA) was used to measure the concentration of total mRNA 

extracted. Samples with a ratio of absorbance at 260 and 280 nm that was greater than 1.85 

were used for polymerase chain reaction (PCR) studies. Following reverse transcription PCR 

(RT-PCR), qPCR was performed using Taqman qPCR primers (Applied Biosystems, CA, USA) 

and Taqman gene expression assay kits (Hs01053049_s1 and Hs01091564_m1) for the human 

genes MCM2, Sox2, and housekeeping gene 18S. A real-time qPCR cycler (7900HT, Applied 

Biosystems, CA, USA) was used to assay samples in 96-well optical plates covered with caps. 

Gene expression was normalised against that of the housekeeping gene 18S, and the 

comparative threshold cycle (ddCt) method was used to work out relative differences in gene 

levels. The relative expression was calculated by 2–ΔΔCT, where CT = fluorescence threshold 

value, ΔCT = CT of the target gene – CT of the reference gene (18S), ΔΔCT = ΔCT of the treated 

sample – ΔCT of the reference sample. A pool of five normal tissue samples served as the 

reference sample. 

2.4  Laser ablation inductively coupled plasma mass spectrometry 

Fresh, non-formalin-fixed tissue sections were used for all laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS) experiments. To avoid contamination of metals 

during all experiments, all glass and plastic materials to be used were first acid washed in 30% 

HNO3 overnight, rinsed carefully in MilliQ water, and air dried. 
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2.4.1 Preparation of matrix-matched standards 

Matrix-matched standards were used for absolute quantification of metals using LA-ICP-MS. 

The tissue used in the matrix-matched standards came from the visual cortex of an 80-year-old 

female (post-mortem delay of 30 hours) with a clinical diagnosis of Alzheimer’s disease, but 

with pathology that was more consistent with a diagnosis of frontotemporal dementia.  

For the matrix-matched standards, a 0.5 µg/g, 5 µg/g, 10 µg/g, and 20 µg/g standard was 

created for each metal. For iron and zinc, which are more abundant in the brain, a 50 µg/g 

standard was also created; for copper and manganese, a 40 µg/g standard was made. For each 

metal concentration and standard, 500 mg of brain tissue was used (for optimum 

homogenisation, however, this was performed in two tubes with 250 mg of tissue each). To 

spike each 250 mg tissue homogenate, two stock solutions were made containing each metal 

salt: a 1 mg/ml and a 0.1 mg/ml solution. These were then added to the tissue homogenates as 

shown in Table 2.8, so that the final added concentration of liquid was 15 µl per 250 mg tissue 

homogenate. The metal salts used to make the stock solutions were of very high purity (> 

99.999%), and were as follows: iron(II) sulfate hydrate, manganese(II) chloride hydrate, 

copper(II) nitrate hydrate, and zinc nitrate (all from Sigma Aldrich, MO, USA). 

To make the matrix-matched standards, approximately 12 g of visual cortex tissue was diced 

finely using a polytetrafluoroethylene (PTFE)-coated blade (GEM, USA) on a parafilm-coated 

surface, to avoid possible contamination from the blade and surface. Next, 250 mg (± 3 mg) of 

homogeneous diced tissue was transferred into each 1.5 mL tube (Axygen, CA, USA). The 

tissue was then spiked with different concentrations of stock metal solutions (Table 2.8). Tubes 

were briefly centrifuged before adding three or four 2 mm zirconium oxide homogenisation 

beads (Next Advance, NY, USA) per tube. Tissue was then homogenised using a Bullet 

Blender homogeniser (Next Advance, NY, USA) for 3 x 5 minutes at speed 8, centrifuging 

briefly between each cycle to ensure full homogenisation. To extract the homogenised tissue, 

each tube was snap frozen, then briefly warmed in the hand before tapping the tube gently to 

dislodge the pellet into a 1 cm2 histology mould (Tissue-Tek CryoMold, Sakura Finetek, CA, 

USA). The zirconium oxide beads from the mould were removed from the homogenised tissue 
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as it defrosted. The tissue homogenate was then snap frozen in the moulds, before being 

carefully taken out of the mould and stored in clean Ziploc bags at ˗80˚C until needed. 

Table 2.8: Spike volumes of metal stock solutions added to each 250 mg tissue homogenate during matrix-
matched standard creation 

 MilliQ water 1 mg/ml stock solution 0.1 mg/ml stock solution 
Blank 15 µl - - 

0.5 µg/g 13.75 µl - 1.25 µl 
5 µg/g 2.5 µl - 12.5 µl 
10 µg/g 12.5 µl 2.5 µl - 
20 µg/g 10 µl 5 µl - 
40 µg/g 5 µl 10 µl - 
50 µg/g 2.5 µl 12.5 µl - 

 

2.4.2 Cryostat sectioning 

For caudate nucleus and subventricular zone experiments (Chapter 5), caudate nucleus blocks 

from normal (n = 4) and PD (n = 5) brains were used for all LA-ICP-MS experiments. All 

sections were taken from a similar level to include the central (rostral-caudal axis) region of 

the subventricular zone. A 30 µm section was taken from each case for LA-ICP-MS 

experiments, and four adjacent 30 µm sections were also collected for histology.  

For olfactory bulb and tract experiments (Chapter 6), olfactory bulb blocks were used, and 

serial sections were taken. Two 30 µm sections were taken for LA-ICP-MS at approximately 

150 µm intervals, and the more intact, flat section of the two was chosen to be scanned for each 

level. Serial sections were taken from the lateral aspect of the bulb through to approximately 

the middle of the bulb; previous studies have shown that olfactory bulb anatomy is 

symmetrical [360, 361]. 

Sections and matrix-matched standards were cut using a Leica CM3050 cryostat (Leica 

Biosystems, Germany), with the blade cleaned thoroughly between each sample to decrease 

contamination. Sections were collected on separate 75 mm x 25 mm glass slides that had been 

acid washed overnight in 30% HNO3 and rinsed well in MilliQ water. Sections of each matrix-

matched standard were also cut and collected together on a separate acid-washed slide. The 
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slides were then left to dry in an airtight container for approximately one week before 

scanning.  

2.4.3 Laser ablation inductively coupled plasma mass spectrometry settings 

Sections were then transported to Waikato University for scanning on either the NewWave 

213-A/F laser ablation system (ESI, OR, USA) or the RESOlution 193 excimer laser ablation 

system (Australian Scientific Instruments, ACT, Australia), coupled to a SCIEX ELAN DRC II 

inductively coupled plasma mass spectrometer (ICP-MS) (PerkinElmer, MA, USA). Scanning 

of the sections was carried out with assistance from a technician. Brain tissue was ablated 

using either a 213 nm laser (on the NewWave system) or an excimer 193 nm laser (on the 

RESOlution system) and transported in argon, with small amounts of helium and nitrogen, to 

the inductively coupled plasma of the ICP-MS. Here the ablated material was ionised and the 

ions were separated according to their mass-to-charge ratios, before detection with the ion 

detector in the mass spectrometer. The ICP-MS was calibrated each day to maximum 

sensitivity using uranium and thorium ion intensities while ablating a National Institute of 

Standards and Technology standard reference material (NIST SRM) 612. The settings used for 

the LA-ICP-MS scans are detailed in Tables 2.9 and 2.10. 

Table 2.9: Operational conditions used for LA-ICP-MS experiments 

Sample introduction   System parameters  
Radio-frequency power 1350 W  Laser ablation system RESOlution 
Nebulizer gas flow (Ar) 0.6 L min-1  Ablation mode Line scans 
Auxiliary gas flow (Ar) 1.2 L min-1  Wavelength 193 nm 
Plasma gas flow (Ar) 15 L min-1  Repetition frequency 5 Hz 
Makeup gas flow (He) 0.5 L min-1  Laser pulse duration 5 ns 
Makeup gas flow (N) 0.006 L min-1  Laser power  1.7 mJ 
     

Subventricular zone scans   Olfactory bulb scans  
Laser beam diameter 40 µm  Laser beam diameter 50 µm 
Scan speed 40 µm s-1  Scan speed 50 µm s-1 
Distance between lines 10 µm  Distance between lines 20 µm 
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Table 2.10 Experimental parameters used for all LA-ICP-MS experiments 

Analyte Mass (amu) Isotopic abundance Scan mode Dwell time per amu (ms) 
Al 26.9815 100% Peak hopping 95 
Mn 54.9381 100% Peak hopping 180 
Zn 65.926 27.81% Peak hopping 180 
Zn 67.9249 18.57% Peak hopping 95 
Cu 62.9298 69.1% Peak hopping 95 
Cu 64.9278 30.9% Peak hopping 95 
Fe 53.9396 5.82% Peak hopping 40 
Fe 56.9354 2.19% Peak hopping 40 
Ca 42.9588 0.145% Peak hopping 95 

 

2.4.4 Data processing and heat map creation 

All data were processed manually using Microsoft Excel 2010 and heat maps were created 

using the freely available software R v2.15.2. A complete protocol for this data processing can 

be found in Sections 4.3.5–4.3.8 of this thesis. Briefly, however, ICP-MS counts per second were 

aligned in Excel using 63Cu as a marker, then split out into each isotope. Matrix-matched 

standard counts were removed from the data for later use, and each count was corrected for 

average background levels from each line scanned. 63Cu, 66Zn, and 55Mn raw counts were then 

converted into absolute levels using the slope of the curve taken from the matrix-matched 

standard results, while 57Fe counts were converted into relative levels using the average 57Fe 

counts from the blank standard. For heat map creation, data were smoothed in Excel using a 

mean-filter smoothing technique, then corrected by converting the minimum possible figure to 

0 and the maximum possible figure to a predefined amount. Heat maps were then created 

using R v2.15.2. 

2.4.5 Measurements and statistical analysis 

In Chapter 5, average measurements of subventricular zone and caudate nucleus metal 

concentrations were taken from five ICP-MS measurements per ablated line at each level of the 

tissue. Thus, two strips from each 1.5 x 1.5 mm square of measured tissue, each approximately 

200 µm wide, were taken as the subventricular zone and caudate nucleus, respectively (shown 
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in Fig. 2.1). The subventricular zone band was taken from the edge of the tissue, and the 

caudate nucleus band was approximately 800 µm away. To ensure the subventricular zone 

and caudate nucleus were accurately represented by the measured regions in these heat maps, 

these regions of interest were checked using adjacent sections of subventricular zone and 

caudate nucleus from each case, stained with cresyl violet (Table 2.3), and with the scanned 

sections themselves stained fluorescently with alpha-synuclein, collagen IV, and Hoechst. 

 
Figure 2.1: Heat map diagram showing the areas included for the subventricular zone (green) and caudate 
nucleus (pink) average concentrations. 

Measurements of all metals over the subventricular zone and caudate nucleus had clearly 

normal distributions when graphed, so parametric tests were employed using GraphPad 

Prism v6.05. The unpaired t test and Pearson correlation coefficient were used in these 

experiments, with a p value of less than 0.05 taken as statistically significant. All values are 

given as mean ± standard error of the mean. 

2.5  Inductively coupled plasma mass spectrometry 

2.5.1 Tissue preparation 

Fresh frozen olfactory bulb blocks (normal n = 4, PD n = 4) were cut into separate bulb and 

tract regions using a PTFE-coated blade on a parafilm surface. These were weighed (wet 

weight only) and placed into foil-wrapped tubes containing 600 µl of concentrated nitric acid 

(69%; Merck, Germany). Tissue was shaken well, then briefly spun down and left overnight at 

room temperature. The following day, after shaking well and briefly spinning down the tubes, 

they were heated to 80 ˚C for 30 minutes. The tubes were again shaken well and left to cool to 
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room temperature, before adding 300 µl of concentrated hydrogen peroxide (30%, Merck, 

Germany). Tubes were then shaken intermittently for 4 hours, heated at 70 ˚C for 15 minutes, 

and cooled to room temperature. MilliQ water was used to dilute the dissolved tissue solution 

to a total of 2% concentrated nitric acid, and the dilute solution was then filtered through a 0.2 

µm filter to remove any solids.  

Liquid samples were then run through a SCIEX ELAN DRC II ICP-MS (PerkinElmer, MA, 

USA) using the settings given in Table 2.11. The ICP-MS was calibrated both before samples 

were introduced, and following every eight samples, using a certified reference material of 

river water (SLRS-5, National Research Council of Canada, Canada). The probe was rinsed in 

2% HNO3 between each sample to avoid cross contamination, and a blank (MilliQ water) was 

run every eight samples to check for carryover.  

A total of three replicate samples were measured from each region and case, and samples were 

run in a random order. In addition, a blank (no added tissue) control was used to correct for 

any contamination during processing.  

Parametric statistical tests were performed using GraphPad Prism v6.05. The unpaired t test 

and Pearson correlation coefficient were used in these experiments, with a p value of less than 

0.05 taken as statistically significant. All values are given as mean ± standard error of the 

mean. 

Table 2.11: Operational conditions used for ICP-MS experiments 

Sample introduction  
Radio-frequency power 1400 W 
Nebulizer gas flow (Ar) 0.86 L min-1 
Auxiliary gas flow (Ar) 1.2 L min-1 
Plasma gas flow (Ar) 15 L min-1 
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CHAPTER 3 

3 Proliferation in the subventricular zone in 

Parkinson’s disease and with deep brain stimulation  

3.1 Introduction 

Neurogenesis, or the generation of new neurons from stem cells, is known to occur in a 

number of niches in the adult human brain. The subventricular zone, located on the lateral 

walls of the lateral ventricles and adjacent to the caudate nucleus, is the major neurogenic 

niche in the human [189]. New cells from the subventricular zone migrate to the olfactory 

bulb, where they integrate into existing circuits [197, 201, 362]. Thus, a change in the rate of 

proliferation in the Parkinson’s disease (PD) subventricular zone may account for the loss of 

olfactory function that is reported by the majority of PD patients [25, 363]. The third ventricle 

is another possible site of neurogenesis [190-192, 208], although less is known about this 

neurogenic region, especially in the human, and findings in this region have been 

controversial [364]. Both regions are of importance to the work described in this chapter. 

Neurogenesis consists of three main events: cell proliferation, the migration of these new cells 

to a target region, and the differentiation of these cells and their subsequent integration into 

existing circuits [193-196]. Much current research focuses on the factors that regulate these 

processes in the developing and adult brain because of their potential future use as therapeutic 

agents, to aid regeneration of the brain after an injury or following neurodegeneration. In PD 

there are two major forms of treatment: dopamine replacement therapy, by the administration 

of the dopamine precursor L-3,4-dihydroxyphenylalanine (L-DOPA), and deep brain 

stimulation (DBS) therapy [365, 366]. Both dopamine [205, 216, 218, 246-248, 254] and DBS 

[222-225] influence proliferation in the neurogenic niches of rodents, but less is known about 

the influence of these factors in the human brain.  

In PD there is a loss of dopamine-producing cells in the substantia nigra, and a resulting 

decrease in the dopaminergic input into the subventricular zone [206, 367]. However, it is 
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unclear if this loss in dopaminergic input results in a decrease in proliferation in the PD 

subventricular zone. One study reported a decrease in proliferation in this region in five PD 

cases [205], but a later study found no change in proliferation in the subventricular zone of ten 

PD and five Lewy body disease (taken as "pre-PD”) patients [206]. Interestingly, no studies 

have investigated the changes that occur in the populations of any of the five dopamine 

receptor subtypes (D1˗D5) in the subventricular zone in PD, nor whether these dopamine 

receptor subtypes are even expressed on cells in the human subventricular zone in healthy 

subjects. This is despite previous studies in rodents finding that D2-like (D2, D3, and D4 

subtypes) receptor agonists generally promote proliferation in the subventricular zone, while 

D1-like (D1 and D5 subtypes) agonists suppress proliferation [246, 247]. The D1 and D2 receptor 

subtypes are 10 to 100 times more abundant than the other dopamine receptor subtypes [235], 

and as such are the receptors that will be investigated in the current study. 

In DBS, electrodes are surgically implanted to a specific target (laterally or bilaterally, in either 

the subthalamic nucleus or the globus pallidus internus in PD) and brain tissue surrounding 

them is chronically stimulated [11, 368, 369]. This stimulation provides symptomatic relief to a 

population of PD patients. DBS has a key advantage over dopamine replacement therapies in 

that it does not produce the side effects, such as dyskinesia and compulsive behaviours, that 

become very debilitating with extended use of dopamine replacement [9]. Although most 

DBS-treated patients still continue with dopamine replacement therapies, the doses of these 

therapies can be greatly reduced [370, 371], thus providing adequate symptomatic relief with 

very few side effects. However, the mechanism of action of DBS is still unknown [10, 176]. 

Recent work has suggested that at least some of the therapeutic relief of DBS in PD comes from 

its effects on cortical phase-amplitude coupling [176], a form of synchronisation that occurs 

between different brain regions and that is important in the integration of information from 

different neural networks [181]. However, work in rodent models of DBS suggests that there 

may also be an effect of chronic electrical stimulation on neurogenesis [222-225].  

In rodents, electrical stimulation to various brain regions has been shown over a number of 

studies to increase neurogenesis, with an increase in proliferation markers such as nestin and 

doublecortin, as well as the uptake of thymidine analogues such as 5-bromo-2'-deoxyuridine 
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(BrdU), in the subgranular zone [222-225] and subventricular zone [222]. However, little work 

has been carried out in the post-mortem human brain of patients who had chronic DBS, 

mainly due to a lack of available tissue [372]. It is thus unknown if DBS has an effect on 

neurogenesis in humans. Given that the electrodes used in DBS pass close to the lateral and 

third ventricles on their trajectory to the target regions [373], the subventricular zone and third 

ventricle are the most likely neurogenic niches to be affected by the chronic stimulation of 

DBS. However, this has not been investigated in any previous studies.  

In summary, it is controversial whether proliferation in the subventricular zone is altered in 

PD, and little is known about the effects of dopamine and DBS on proliferation in the adult 

human neurogenic niches. This chapter will investigate proliferation in the human 

subventricular zone in normal and PD brains, and examine the relationship between D1 and D2 

receptor expression in this region. It will also investigate the effect of chronic DBS on 

proliferation in both the subventricular zone and the third ventricle in PD.  

3.2 Methods 

The methods used in this chapter can be found in Section 2.2–2.3. There were nine cases (Table 

3.1) used in the dopamine receptor part of this chapter (Sections 3.3.2–3.3.7) and a further 27 

cases used (Table 3.2) in the DBS part of the chapter (Sections 3.3.8–3.3.9). 

Table 3.1: Case details of the brain tissue used for dopamine receptor studies 

Brain type Case Age (years) Sex 
Post-mortem 
delay (hours) 

Normal H191 77 Male 20 
Normal H192 65 Female 23 
Normal H193 71 Male 23 
Normal H226 73 Female 49 

Parkinson’s disease PD31 67 Male 25 
Parkinson’s disease PD33 91 Male 4 
Parkinson’s disease PD37 81 Male 4 
Parkinson’s disease PD56 74 Male 10.5 
Parkinson’s disease PD50 88 Male 6 
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Table 3.2: Case details of the brain tissue used for DBS studies 

Brain 
type Case Age Sex PM 

delay Origin Use Placement DBS to 
death 

PD-DBS DBS25 64 y M 24 h NZBB CC GPi bilateral 1y 
PD-DBS DBS195 67 y M 4 h FDBSTN CC STN bilateral 5y 
PD-DBS DBS204 69 y M u/k FDBSTN CC STN bilateral 6y 
PD-DBS DBS205 64 y F <24 h FDBSTN CC GPi bilateral 6yR 1yL 
PD-DBS DBS208 65 y M ~12 h FDBSTN CC GPi left 2y 

PD-DBS DBS210 70 y M 17 h FDBSTN CC STN bilateral 
0.5yR 
2yL 

PD-DBS DBS211 73 y M u/k FDBSTN CC VIM left 13y 
PD-DBS DBS212 81 y F <24 h FDBSTN CC STN bilateral 5yR 6yL 
PD-DBS DBS213 78 y M <24 h FDBSTN CC STN left 3y 

PD-DBS 08-70R 75 y M <4 h AZPDB 
CC+PCR 

3V+T 
STN bilateral 2y 

PD-DBS 
08-

74L/R 
79 y M 3.1 h AZPDB 

CC+PCR 
3V+T 

STN bilateral 3y 

PD-DBS 
07-

36L/R 
75 y M <4 h AZPDB 

CC+PCR 
3V+T 

STN bilateral 4y 

PD PD24 74 y M 7 h NZBB CC 
PD PD26 78 y M 7.5 h NZBB CC 
PD PD37 81 y M 4 h NZBB CC 
PD PD42 84 y M 21 h NZBB CC 
PD PD52 84 y M 5 h NZBB CC 

Normal H151 64 y F 5 h NZBB CC 
Normal H156 71 y M 19 h NZBB CC 
Normal H158 75 y M 32 h NZBB CC 
Normal H393 87 y F 11 h NZBB CC 
Normal H6013 69 y F 11.5 h NZBB CC 
Normal 08-90 81 y M 2.3 h AZPDB CC+PCR3V 
Normal 06-62 82 y F <5 h AZPDB CC+PCR3V 
Normal 08-40 76 y M 2.3 h AZPDB CC+PCR3V 
Normal 06-66 78 y M <5 h AZPDB CC+PCR3V 
Normal 08-55 71 y M 3 h AZPDB CC+PCR3V 

 
Brain type: PD-DBS = Parkinson’s disease (PD) with deep brain stimulation electrode placement 
Origin: NZBB = Neurological Foundation of New Zealand Brain Bank; FDBSTN = University of Florida Deep Brain 
Stimulation Tissue Network; AZPDB = Arizona Parkinson’s Disease Bank 
Use: CC = cell counting; PCR = polymerase chain reaction; 3V = third ventricle tissue was available and used; T = 
tissue from electrode tip was available and used 
Age: y = years; Sex: M = male, F = female; PM delay: PM = post-mortem; h = hours 
Placement: GPi = internal segment of the globus pallidus; STN = subthalamic nucleus; VIM = ventrointermediate 
nucleus of the thalamus. 
DBS to death: DBS = deep brain stimulation; y = years; R = right side; L = left side 
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3.3 Results 

3.3.1 Organisation of the subventricular zone 

The results in this chapter are largely from cell counts taken from the subventricular zone, the 

organisation of which can be observed by staining sections with luxol fast blue, haematoxylin, 

and eosin (Fig. 3.1). The subventricular zone sits between the caudate nucleus and the lateral 

ventricle, and consists of four layers in the human [199]. Layer I is made up of a tight layer of 

ciliated ependymal cells that line the ventricle, while layer II is a hypocellular layer that 

consists mainly of cell processes. Layer III is the subventricular zone proper, and contains 

neurogenic cells that proliferate and migrate to the olfactory bulb via the rostral migratory 

stream. This is the layer where dopamine-receptor- and PCNA-positive cells were counted in 

this chapter. Lastly, layer IV is rich in myelinated processes and separates the subventricular 

zone from the neighbouring caudate nucleus. 

 
Figure 3.1: Combined haematoxylin, eosin, and luxol fast blue staining in the human subventricular zone. The 
distinct layers (I–IV) of the human subventricular zone can be seen adjacent to the caudate nucleus. Layer I is also 
known as the ependymal layer, and consists of a single layer of tightly packed, ciliated ependymal cells. Layer II is 
a hypocellular gap layer that mainly consists of cell processes, with very few cell bodies present. Layer III is also 
known as the astrocytic cell layer, and contains the neurogenic cells of the subventricular zone. Finally, the myelin 
layer, or layer IV, separates the subventricular zone from the adjacent caudate nucleus. This myelin (arrowheads) 
has been stained blue. 
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3.3.2 Dopamine receptors and proliferation in the normal subventricular zone 

In these studies, proliferating cell nuclear antigen (PCNA) was used as a marker for 

proliferating cells. Cells were always counted from a micrograph, along a central (rostro-

caudal axis) 400 µm length of subventricular zone. There were fewer PCNA-positive cells 

(12.59 ± 2.333 cells per 400 µm length) than either D1- or D2-positive cells (D1 18.24 ± 2.173 cells, 

p ≤ 0.01; D2 22.17 ± 1.374 cells, p ≤ 0.0001) in the normal subventricular zone (Fig. 3.2A). There 

was no significant difference between the numbers of D1- and D2-positive cells in this region. 

PCNA-positive cells in the normal subventricular zone were strongly immunopositive, with 

dense nuclear staining (Fig. 3.2B). Both dopamine receptor subtypes showed more diffuse 

staining (Fig. 3.2C & D), with cell bodies often clearly immunopositive and a lot of staining on 

cell processes or neuropil. 

3.3.3 Dopamine receptors and proliferation in the Parkinson’s disease 

subventricular zone 

As in the normal subventricular zone, there were fewer PCNA-positive cells (17.82 ± 2.571 

cells) than D2-positive cells (22.44 ± 1.807 cells; p ≤ 0.01) in PD patients (Fig. 3.3A). However, 

there was no significant difference between the numbers of D1-positive cells (17.66 ± 1.530 

cells) and either D2- or PCNA-positive cells.  

Staining patterns for PCNA (Fig. 3.3B), D1 (Fig. 3.3C), and D2 (Fig. 3.3D) antibodies were very 

similar to those found in the normal subventricular zone, with dense nuclear staining for 

PCNA and a more diffuse pattern for D1 and D2 receptors. No difference was observed 

between normal and PD groups in terms of staining pattern or intensity for any of the three 

markers. 

3.3.4 Dopamine receptors and proliferation in normal versus Parkinson’s disease 

groups 

When comparing the overall numbers of PCNA-, D1-, and D2-positive cells in the normal and 

PD subventricular zones, there were no significant differences in any of the three markers  
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Figure 3.2: PCNA, D1, and D2 expression in the normal subventricular zone. A) Graph showing PCNA-, D1-, and 
D2-positive cell counts in the normal subventricular zone. There were significantly more D1- and D2-positive cells 
than there were PCNA-positive cells in this region. B) Representative image of PCNA immunohistochemistry along 
the normal subventricular zone. There was dense immunopositivity for PCNA in cell nuclei in this region (B’, 
arrowheads). C) Representative image of D1 immunohistochemistry along the normal subventricular zone. There 
was diffuse immunopositivity for the D1 receptor in cell bodies and on cell processes in this region (C’, arrowhead). 
D) Representative image of D2 immunohistochemistry along the normal subventricular zone. There was diffuse 
immunopositivity for the D2 receptor in cell bodies and on cell processes in this region (D’, arrowheads).  
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Figure 3.3: PCNA, D1, and D2 expression in the Parkinson’s disease subventricular zone. A) Graph showing 
PCNA-, D1-, and D2-positive cell counts in the PD subventricular zone. There were significantly more D2-positive 
cells than there were PCNA-positive cells in this region. B) Representative image of PCNA immunohistochemistry 
along the PD subventricular zone. There was dense immunopositivity for PCNA in cell nuclei in this region (B’, 
arrowheads). C) Representative image of D1 immunohistochemistry along the PD subventricular zone. There was 
diffuse immunopositivity for the D1 receptor in cell bodies and on cell processes in this region (C’, arrowheads). D) 
Representative image of D2 immunohistochemistry along the PD subventricular zone. There was diffuse 
immunopositivity for the D2 receptor in cell bodies and on cell processes in this region (D’, arrowheads). 
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used (Fig. 3.4B–D). However, the subventricular zone is heterogeneous and can be further 

broken down into the following subregions, as outlined in Curtis et al. [359]: Dorsal, middle, 

and ventral (Fig. 3.4A). When cell counts from the three markers were compared between PD 

and normal subventricular zones across the three different subregions, no difference was seen 

at any level in PCNA- and D1-positive cell counts (Fig. 3.4B & C). For D2-positive cells, a 

decrease from 24.5 (± 2.216) cells in the normal group to 17.45 (± 1.733) cells in the PD group 

was seen in the dorsal region (p ≤ 0.05), but not in the middle or ventral regions (Fig. 3.4D). 

3.3.5 Correlations between PCNA-, D1-, and D2-positive cell counts in the 

subventricular zone 

There was no correlation between the numbers of PCNA- and D1- positive cells (r = –0.033, Fig. 

3.5A), PCNA- and D2-positive cells (r = –0.650, Fig. 3.5B), or D1- and D2-positive cells (r = 0.300, 

Fig. 3.5C) in the subventricular zone. 

3.3.6 Correlations of PCNA-, D1-, and D2-positive cell counts in the subventricular 

zone with age, post-mortem delay, and sex 

There was a strong negative correlation between age and D2-positive cell number in the 

subventricular zone (r = –0.717, p ≤ 0.05; Fig. 3.6A3), but there was no such relationship 

between age and either PCNA- or D1-positive cells (PCNA r = 0.217, Fig. 3.6A1; D1 r = 0.067, 

Fig. 3.6A2). Post-mortem delay was not correlated with counts of PCNA- (r = –0.403, Fig. 

3.6B1), D1- (r = –0.235, Fig. 3.6B2), or D2-positive (r = 0.395, Fig. 3.6B3) cells in the 

subventricular zone. In addition, sex was not correlated with PCNA-, D1-, or D2-positive cell 

numbers in the subventricular zone (data not shown).  

3.3.7 Other dopamine receptors in the subventricular zone 

There are five subtypes of dopamine receptor: D1–D5. Although this study focused on D1 and 

D2 receptors, D3 (Fig. 3.7A), D4 (Fig. 3.7B), and D5 (Fig. 3.7C) receptors were 

immunohistochemically labelled in the subventricular zone. All three subtypes were expressed 

in this region, and were localised to cell bodies as well as processes, similar to the D1 and D2 

receptors. However, the diffuse nature of this staining meant that quantification of  
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Figure 3.4: PCNA-, D1-, and D2-positive cell numbers per region in the Parkinson’s disease and normal 
subventricular zones. A) Diagram showing the location of dorsal, middle, and ventral subregions along the 
subventricular zone. B) Graph showing PCNA-positive cell counts by region in the PD and normal subventricular 
zones. There were no significant differences in PCNA-positive cell numbers between normal and PD groups in any 
of the regions along the subventricular zone, or overall. C) Graph showing D1-positive cell counts by region in the 
PD and normal subventricular zones. There were no significant differences in D1-positive cell numbers between 
normal and PD groups in any of the regions along the subventricular zone, or overall. D) Graph showing D2-
positive cell counts by region in the PD and normal subventricular zones. There were more D2-positive cells in the 
dorsal region of the subventricular zone in the normal compared to PD group. However, there were no significant 
differences in D2-positive cell numbers between normal and PD groups in the middle or ventral regions of the 
subventricular zone, or overall. 
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Figure 3.5: Correlations between PCNA-, D1-, and D2-positive cell numbers in the subventricular zone. A) Graph 
showing the relationship between PCNA- and D1-positive cell counts. There was no correlation between the 
number of PCNA-positive cells and the number of D1-positive cells in the subventricular zone. B) Graph showing 
the relationship between PCNA- and D2-positive cell counts. There was no correlation between the number of 
PCNA-positive cells and the number of D2-positive cells in the subventricular zone. C) Graph showing the 
relationship between D1- and D2-positive cell counts. There was no correlation between the number of D1-positive 
cells and the number of D2-positive cells in the subventricular zone. 
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Figure 3.6: Correlations between either age or post-mortem delay and the number of PCNA-, D1-, and D2-
positive cells in the subventricular zone. A) Graphs showing the relationships between age and PCNA-, D1-, or D2-
positive cell counts. There was a strong negative correlation between age and the number of D2-positive cells in the 
subventricular zone. B) Graphs showing the relationships between post-mortem delay and PCNA-, D1-, or D2-
positive cell counts. There were no significant correlations between post-mortem delay and the number of PCNA-, 
D1-, or D2-positive cells in the subventricular zone. 
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Figure 3.7: Expression of D3, D4, and D5 receptor subtypes in the subventricular zone. A) Representative image of 
D3 receptor immunohistochemistry along the subventricular zone. There was diffuse immunopositivity for this 
receptor in cell bodies and on cell processes in this region. The D3 receptor (A’, arrowheads) was expressed at low 
levels in this region. B) Representative image of D4 receptor immunohistochemistry along the subventricular zone. 
There was diffuse immunopositivity for this receptor in cell bodies and on cell processes in this region. The D4 
receptor (B’, arrowheads) was expressed at higher levels in this region than the D3 receptor subtype. C) 
Representative image of D5 receptor immunohistochemistry along the subventricular zone. There was diffuse 
immunopositivity for this receptor in cell bodies and on cell processes in this region. The D5 receptor (C’, 
arrowheads) was expressed at higher levels in this region than the D3 or D4 receptor subtypes. 
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D3-, D4-, and D5-positive cells was not possible. Subjectively, there appeared to be fewer D3-

positive cells in the subventricular zone than the other receptor subtypes, and there was more 

D5 receptor staining than there was for the D4 subtype. Moreover, it was noted that 

immunopositive cells could be found in both PD and normal subventricular zones, and no 

obvious differences in staining patterns in this region were observed for any of these receptor 

subtypes between PD and normal tissue. 

3.3.8 Proliferation in the Parkinson’s disease subventricular zone with long-term 

deep brain stimulation 

In PD brains that had undergone DBS (see Fig. 3.8A for electrode placement), there was a 

significant increase in PCNA-positive cells in both the dorsal (60.4 ± 10.7 cells) and middle 

(71.1 ± 12.7 cells) subventricular zone compared to normal (dorsal 17.5 ± 5.8 cells, p ≤ 0.05; 

middle 26.6 ± 9.8 cells, p ≤ 0.05) and PD (dorsal 10.7 ± 5.8 cells, p ≤ 0.05; middle 11.2 ± 8.6 cells, p 

≤ 0.05) groups (Fig. 3.8B & C). Ventral regions of the subventricular zone were unavailable in 

these experiments. In addition, many of the PCNA-positive cells in the subventricular zone 

also expressed glial fibrillary acidic protein-delta (GFAP-δ), a marker for neural precursor cells 

(Fig. 3.8D).  

As in the previous studies in this chapter (Section 3.3.3), there was no difference in PCNA-

positive cell number between normal and PD groups in any subventricular zone region. 

3.3.9 Proliferation in the Parkinson’s disease third ventricle with long-term deep 

brain stimulation 

Three different markers for proliferation were used to label the third ventricle and around the 

electrode placement area (the perielectrode area) in normal and DBS patients: GFAP-δ, mini 

chromosome maintenance protein 2 (MCM2), and sex determining region Y-box 2 (Sox2), 

which are all neural stem cell markers. Tissue from these regions was not available from PD 

patients. Sox2 and GFAP-δ were expressed in the third ventricle region (Fig. 3.9A & B). Both 

Sox2 (Fig. 3.9C) and GFAP-δ (Fig. 3.9D) were significantly increased in the DBS cases 

compared to normals (Sox2: normal 70.87 ± 3.33 cells vs. DBS 124.85 ± 5.79 cells, p ≤ 0.05; 
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GFAP-δ: normal 19.63 ± 2.37 cells vs. DBS 29.13 ± 1.68 cells, p ≤ 0.05). In addition, MCM2 (Fig. 

3.9E) was significantly increased in the perielectrode area in DBS cases compared to normals (p 

≤ 0.05).  

Supporting these results, quantitative polymerase chain reaction (qPCR) experiments revealed 

significantly higher expression of Sox2 in the third ventricle (p ≤ 0.05, Fig. 3.9F) and of MCM2 

in the perielectrode area (p ≤ 0.05, Fig. 3.9G) in DBS cases compared to normals (in normals the 

equivalent region to the perielectrode region was taken). 

3.4 Discussion 

In the current studies, there was no change in subventricular zone proliferation in PD 

compared to normal groups, and no change in D1 or D2 receptor expression. In addition, 

proliferation levels were not correlated with either D1 or D2 dopamine receptor expression in 

this region. However, proliferative markers were increased in both the subventricular zone 

and third ventricle in the brains of PD patients with long-term DBS. 

3.4.1 Dopamine receptors in the subventricular zone of Parkinson’s disease and 

normal brains 

Although mRNA for all five dopamine receptors (D1-5) has been detected in the human 

subventricular zone [206], this is the first immunohistochemical study to show that, as in 

rodents [205, 245-248], D1-5 receptors are present on subventricular zone cells in the human. 

Although previous studies found almost twice as much D1 receptor expression in the human 

striatum compared to D2 expression [374, 375], this was not seen in the subventricular zone in 

the current study, where D1 and D2 receptors were expressed at similar levels. Thus, the 

subventricular zone is distinct from the striatum in terms of its dopamine receptor expression, 

which may relate to the proliferation-inducing role of D2-like receptor agonism that occurs in 

rodents [205, 246, 247, 376]. In contrast, D1-like receptors inhibit proliferation in neurogenic 

cells in rodents [246, 247], so the change in D1 and D2 receptor abundance compared to the 

striatum provides support for a possible role of dopamine in human neurogenesis.   
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Figure 3.8: Proliferation in the Parkinson’s disease subventricular zone with long-term deep brain stimulation. 
A) Diagram showing the localisation and placement of the electrode for DBS, close to the subthalamic nucleus. Note 
the proximity of the electrode to the lateral and third ventricles. Labels: 1) lateral ventricle, 2) third ventricle, 3) 
subthalamic nucleus, 4) globus pallidus, 5) electrode. B) Graphs showing PCNA-positive cells in the middle (left) 
and dorsal (right) subregions of the subventricular zone in normal, PD, and PD with DBS groups. There were 
significantly more PCNA-positive cells in the DBS group compared to both normal and PD groups. C) 
Representative images of PCNA immunohistochemistry along the normal (left), PD (centre), and PD with DBS 
(right) subventricular zones. There was dense immunopositivity for PCNA in cell nuclei. D) Representative 
confocal image of PCNA (red), GFAP-δ (green), and Hoechst (blue) in the subventricular zone. Many of the PCNA-
positive cells in this region colabelled with GFAP-δ.  
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Figure 3.9: Proliferation in the Parkinson’s disease third ventricle and perielectrode region with long-term deep 
brain stimulation. A) Representative fluorescent image of Sox2 (green) in the normal (left) and DBS (right) third 
ventricle. Autofluorescence is shown in red. There were more Sox2-positive cells in the DBS cases. B) 
Representative fluorescent image of GFAP-δ (green) in the normal (left) and DBS (right) third ventricle. 
Autofluorescence is shown in red. There were more GFAP-δ-positive cells in the DBS cases. C) Graph showing 
Sox2-positive cells in the third ventricle in normal and PD with DBS groups. There were significantly more Sox2-
positive cells in the DBS cases compared to normal cases. D) Graph showing GFAP-δ-positive cells in the third 
ventricle in normal and PD with DBS groups. There were significantly more GFAP-δ-positive cells in the DBS cases 
compared to normal cases. E) Graph showing MCM2-positive cells in the perilead region in normal and PD with 
DBS groups. There were significantly more MCM2-positive cells in the DBS cases compared to normal cases. F) 
Graph showing Sox2 expression in the third ventricle in normal and PD with DBS groups. There was significantly 
more Sox2 expression in the DBS cases compared to normal cases. For both (F) and (G), gene expression was 
normalised to a reference gene (18S) and on the basis of a reference sample (calibrator); as such the units are 
arbitrary. G) Graph showing MCM2 expression in the third ventricle in normal and PD with DBS groups. There 
was significantly more MCM2 expression in the DBS cases compared to normal cases.  
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Overall there was no significant difference in D1- or D2-positive cell numbers in the 

subventricular zone in PD compared to in the normal group. Although there were fewer D2-

positive cells in the dorsal region of the PD subventricular zone, this change was of a small 

magnitude (from 24.5 ± 2.2 cells in normals to 17.5 ± 1.7 cells in the PD group) and is unlikely 

to be biologically significant overall. This lack of a difference in D1 and D2 receptor abundance 

in PD in the current study was unexpected. A previous study reported a large decrease in 

subventricular zone tyrosine hydroxylase immunoreactivity in both PD and Lewy body 

disease groups compared to normals [206], meaning that dopaminergic innervation to this 

region is severely lacking. Dopamine receptors are continuously trafficked to and from the cell 

surface in response to dopaminergic input; dopamine activation leads to less dopamine 

receptors on the plasma membrane, while a lack of extracellular dopamine results in more 

dopamine receptors on the plasma membrane of cells [377]. It was therefore expected that 

dopamine receptor levels would be significantly altered in PD patients in the present study. 

However, a number of studies have reported that following long-term L-DOPA treatment, the 

numbers of dopamine receptors in the striatum are unchanged in PD patients compared to 

normal patients [378-380]. While drug treatments for the patients in the current study are 

unknown, it is possible that, like most PD patients [206], the present subjects were medicated 

with L-DOPA. Thus, the lack of a change in dopamine receptor levels in the subventricular 

zone overall would align with previous studies.  

3.4.2 Proliferation in the subventricular zone of Parkinson’s disease and normal 

brains 

In both PD and normal brains, there were fewer PCNA-positive cells in the subventricular 

zone than there were D2-positive cells. There were also fewer PCNA-positive cells compared to 

D1-positive cells in the subventricular zone of normal, but not PD brains. Dopamine has a large 

range of functions in the brain, such as in the control of movement and in the modulation of 

emotion and motivation [381]. As D1 and D2 are the most abundant of the dopamine receptors 

and are highly expressed in the striatum [232, 235], it is therefore not surprising that a large 

number of cells in the neighbouring subventricular zone will express D1 and D2 receptors 

when compared to PCNA, which is only expressed during the S-phase of the cell cycle [382]. 
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A previous study reported lower proliferation in the PD subventricular zone compared to the 

normal population [205], and suggested that this decrease in proliferation may be related to 

olfactory dysfunction in PD [205, 216]. However, there was no change in subventricular zone 

proliferation in the current study in two different cohorts of normal and PD patients, 

supporting a more recent study [206] that also reported no change in proliferation levels in PD. 

It is thus unlikely that the loss of olfactory function that occurs in over 95% of all PD patients 

[25] occurs as a result of decreased subventricular zone proliferation. 

3.4.3 Relationship between dopamine receptors and proliferation in the 

subventricular zone 

Because dopamine has been implicated in the regulation of neurogenic proliferation in many 

animal species [205, 246-248, 376, 383, 384], in this study it was hypothesised that dopamine 

receptors would be expressed on neurogenic cells in the human subventricular zone. Electron 

microscopy is considered the gold standard for the identification of proliferative and 

migrating cells in this region, as many immunohistochemical cell markers are expressed on a 

number of different cell types [197]. Immuno-electron microscopy methods were trialled, 

using D1 and D2 receptor antibodies, in an attempt to localise these receptors to specific cell 

types in the subventricular zone. However, despite numerous attempts, ultrastructure in this 

region in the human brain was not sufficiently preserved during processing, and dopamine-

receptor-positive cells were unable to be identified (data not shown). 

The relationship between dopamine-receptor- and PCNA-positive numbers was used as an 

alternative method to investigate whether D1 or D2 receptors are involved in the regulation of 

proliferation in the subventricular zone. There was no correlation between the numbers of 

PCNA-positive cells and D1- or D2-positive cells in this region. This may mean that 

neurogenesis in humans is not regulated by dopamine, as has been suggested previously [206, 

255]. Species differences have been reported before, even with closely related species. For 

example, while D3 receptor agonism induces subventricular zone proliferation in rats [219, 220, 

248], D3 agonists have no effect on proliferation in the mouse subventricular zone [218]. 

Furthermore, primate dopamine receptor expression [244] has also been reported as distinct 
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from that of rodents [245]. Therefore, it may be that dopamine plays a role in subventricular 

zone proliferation in rodents, but not in humans. 

Alternatively, the lack of a correlation between dopamine receptors and proliferating cells may 

be a result of dopamine’s many roles in the brain; dopamine is important in working memory, 

movement, and the reward system, among other functions [230]. Thus, it is likely that 

dopamine receptors also have a non-proliferative role in the subventricular zone. This is 

supported by the finding in the current study that there are more D1- and D2-positive cells in 

this region than PCNA-positive cells, and may explain the lack of correlation between these 

cell counts. Thus, for any conclusions to be made about dopamine’s role in proliferation in the 

human subventricular zone, functional studies are required. 

3.4.4 Relationship of age, post-mortem delay, or sex with proliferation or dopamine 

receptor abundance 

D1-positive cell numbers in the subventricular zone did not correlate with age, post-mortem 

delay, or sex in the present study. This was also the case in previous studies in both rodents 

[385, 386] and humans [378, 387, 388], although a decrease in D1 abundance has also been 

reported with increasing age [388-394]. However, D1 receptor number in the human caudate 

nucleus varies widely, especially in the 60 to 100 year age range [388]. Thus, a larger sample 

size may be needed to identify any changes that occur with age in humans. 

The inverse correlation in the current study between D2-positive cell numbers in the 

subventricular zone and age is consistent with previous findings [388, 395]. However, there 

was no significant relationship between D2-positive cell numbers and post-mortem delay or 

sex, as has been previously reported in both rodent [385, 386] and human [378, 387, 388] 

studies. 

There was also no relationship between PCNA-positive cell numbers and age, post-mortem 

delay, or sex in the human subventricular zone in the current study, as has been previously 

reported in humans [206, 396]. However, proliferation in the neurogenic niches decreases with 

age in a large number of rodent studies [397-402], as well as in non-human primates [403]. This 
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apparent difference between humans and other animal species in age-related changes in 

proliferation may be due to the wide variation in proliferation levels in the human 

subventricular zone, both in the current and previous studies [206, 396].  

Thus, post-mortem delay and sex were not confounding factors in this study. Although higher 

age was correlated with lower D2 receptor numbers, there was no significant difference in age 

between the normal and PD groups, so age was also not a confounding factor in this study. 

3.4.5 Effects of chronic deep brain stimulation on proliferation in the human 

subventricular zone 

Although there were no changes in subventricular zone proliferation in PD in the current 

study, it has been shown that DBS, a common treatment for PD whose mechanism of action is 

yet to be fully elucidated, results in increased neurogenesis in proximal neurogenic regions in 

rodents [222-225]. Similar to these previous rodent studies, there was increased proliferation in 

the subventricular zone, third ventricle, and perielectrode regions in DBS patients compared to 

both normal and PD groups in the present study. This increased proliferation in the DBS 

group leads to the hypothesis that the DBS itself acts as a stimulus to induce cell proliferation 

in regions close to the electrode placement. From computer-generated models, using tissue 

conductivity properties that were derived from diffusion tensor imaging, it is estimated that 

DBS results in tissue activation up to 4˗5 mm away from the tip of the electrode [404, 405]. The 

third ventricle is usually 4˗7 mm from the subthalamic nucleus, which was the most common 

placement site for the electrodes in the current study. Thus, the increased proliferation in the 

present study may be a direct result of the DBS stimulation, as has been proposed in rodent 

studies [222-225].  

The increased proliferation may also be a result of the surgical intervention of electrode 

placement; it is known that injury to the brain induces an upregulation in proliferation [195, 

406-408]. However, this response usually lasts for a short time period, up to approximately 

four weeks post-injury [409]. Thus, the long period of time between electrode placement and 

death in the current study (from six months to six years) means that any injury-related 

upregulation in proliferation should have reverted to normal levels by the time post-mortem 
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analysis was conducted. However, it cannot be ruled out that the increased proliferation is a 

response to the chronic electrode placement, rather than a direct result of the stimulation. 

3.4.6 Functional significance of the increased proliferation in deep brain stimulation 

cases 

The fate of proliferating cells in the current study is largely unknown. Although these cells 

often expressed GFAP-δ and MCM2, thus showing a neural lineage, the final location and cell 

type of these neural precursor cells is not known. Given the close proximity of the electrode 

placement to the neurogenic niches in this study it is possible that the newly generated cells 

migrate to the site of the electrode. However, this could not be ascertained because these cells 

lose migratory and proliferation markers as they transform from neuroblasts to neurons or 

glial cells. Studies on rodents have revealed that subgranular zone cells generated as a result of 

electrical stimulation become integrated neurons in the dentate gyrus [223, 225]. In the normal 

human subventricular zone, neural precursor cells usually migrate along the rostral migratory 

stream to the olfactory bulb [201], while third ventricle neural precursors are thought to 

migrate to the hypothalamus [208] or substantia nigra [191]. However, it is unknown if the 

proliferating cells in DBS patients in the current study follow these normal migration routes. 

To identify the fate of these newly generated cells in DBS patients, a thymidine-analogue 

marker such as BrdU could be used to track cells, although this is difficult in humans because 

of ethical concerns. 

Although most reports suggest that DBS only affects PD symptoms, and not the course of the 

disease [410], it has been proposed that there is a small neuroprotective effect of DBS, at least 

in rodents and non-human primates [11]. Any disease modification that does occur must be on 

a minor scale, because PD progresses despite DBS [182, 183]. However, this small amount of 

disease modification could plausibly occur via the increased proliferation that was observed in 

the current study. Again, cell fate studies would provide further insight into this phenomenon. 

 

 



75 

 

3.5 Summary 

The neurotransmitter dopamine is known to affect neurogenesis in the rodent, and PD, with 

its characteristic loss of dopaminergic stimulation to the striatum, has also been associated 

with a reduction in subventricular zone proliferation in humans. However, in the current 

study there was no change in proliferation in this region in PD using two different cohorts, 

suggesting that the olfactory dysfunction that occurs in PD is not related to a lack of 

proliferation in the subventricular zone. In addition, dopamine receptor levels did not change 

in the subventricular zone in PD patients, and subventricular zone proliferation was not 

correlated with D1- or D2-positive cell numbers.  

However, chronic DBS was associated with a large increase in proliferating cells in areas near 

the electrode placement, namely the subventricular zone, third ventricle, and perielectrode 

regions. The reason for this increase is unclear, as is the fate of these newly generated cells. 

However, they may account for the small disease-modifying effect of DBS on PD that has been 

proposed. More work is needed to elucidate the effects of this increased proliferation in the 

human brain. 
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CHAPTER 4 

4 Measuring metals in the human brain using laser 

ablation inductively coupled plasma mass spectrometry  

4.1 Introduction 

An imbalance in metal concentrations has been observed in affected regions of the brain in 

neurological diseases such as Parkinson’s, Alzheimer’s, and Huntington’s diseases [411]. 

However, measurement of metals in discrete brain regions has historically been difficult, with 

most studies either measuring metals in homogenised, large tissue regions, or using 

histological stains to look at microscopic changes in metal accumulation [412]. There are 

problems with both approaches; homogenising brain tissue means that any data produced 

lack detailed anatomical information, and histological stains are hard to quantify, are often less 

sensitive and less specific [413], and are not available for all metals. With recent advances it is 

becoming easier to accurately measure metals and most other elements (from lithium to 

uranium, with some exceptions) using an inductively coupled plasma mass spectrometer (ICP-

MS) coupled to a laser ablation system [414, 415]. This technique enables anatomical 

information to be obtained about metal concentrations in biological samples. 

In laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), small amounts 

of material are ablated using a laser either at a spot, along a line, or in a raster pattern. These 

very small quantities of material are transported in helium and/or argon gas (sometimes with 

a small amount of nitrogen or other gas) through tubing to the ICP-MS, where the material is 

further broken down and ionised in the plasma before being measured in the mass 

spectrometer (Fig. 4.1). LA-ICP-MS is a very sensitive technique, typically with a detection rate 

of less than one part per million, or 1 µg/g [416], although this depends on the instruments and 

settings that are used.  

Although LA-ICP-MS of biological material was first described in 1994 [414, 415], its use on 

brain samples has been mainly limited to rodents [for example, 352, 417, 418, 419]. Only two 
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groups have published studies using this technique on human brain samples. One group first 

showed the distribution of metals in three cortical and hippocampal regions of one 

neurologically normal human brain [420] and later published images of the whole hemisphere 

from the same brain [421]. The same laboratory also demonstrated that LA-ICP-MS can be 

used to identify resected human glioblastoma tumours [422], and that elements can be 

measured consistently over five thin slices of human brain tissue [423]. The second group used 

a combination of metal-enhanced immunohistochemistry and LA-ICP-MS to show that there is 

a decrease in amyloid precursor protein and an increase in iron in tyrosine-hydroxylase-

positive cells in the substantia nigra in Parkinson’s disease (PD) [424]. However, no studies 

have used LA-ICP-MS to study changes in metal concentrations and distributions over large 

regions in human brains affected with neurological impairments.  

While the basic technique for LA-ICP-MS is well characterised, the techniques used for 

quantifying elements in biological samples are less well defined and must be optimised for 

each metal species, tissue type, and experimental setup. In addition, there are no readily 

available commercial software packages for data analysis and heat map creation, meaning 

users must create their own software or data analysis pipelines [353, 425]. This chapter will 

outline the basic techniques used for quantifying zinc, copper, manganese, and iron in human 

brain tissue using LA-ICP-MS, and will detail the optimisation and data processing techniques 

used to produce heat map images of each metal. 

 
Figure 4.1: Schematic of laser ablation inductively coupled plasma mass spectrometry. Ablated material from 
brain sections is taken by the carrier gas to the plasma torch, where the brain material is ionised and enters the mass 
spectrometer for measurement of the different metal isotopes.  
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4.2 Methods 

Basic methods for this chapter are laid out in Section 2.4. 

One case (AZ69) was used for the creation of matrix-matched standards: the visual cortex from 

an 80-year-old female with a post-mortem delay of 30 hours. Nine cases (Table 4.1) were used 

for the LA-ICP-MS optimisation studies in this chapter. A mixture of caudate nucleus and 

olfactory bulb sections were used during the optimisation runs, as these were the areas of 

interest in subsequent chapters. 

Table 4.1: Case details of the brain tissue used for optimisation studies 

Case Gender Age (years) Post-mortem 
delay (hours) Region used 

H168 Male 63 9 Olfactory bulb 

H170 Male 60 17 Caudate nucleus 

H202 Male 83 14 Caudate nucleus 

H238 Female 63 16 Caudate nucleus 

H244 Male 76 16 Olfactory bulb 

PD5 Female 62 21 Caudate nucleus 

PD20 Male 73 14 Caudate nucleus 

PD36 Female 78 22.5 Olfactory bulb 

PD37 Male 81 4 Olfactory bulb 

 

4.3 Method development and results 

4.3.1 Matrix-matched standards 

In LA-ICP-MS it is necessary to use an absolute quantification method in order to compare 

metal concentrations between different scans, and thus between different samples and disease 

states. This absolute quantification is achieved using standards that contain known amounts of 

each element to be quantified, and these standards must be matrix matched to account for 

elemental fractionation effects. Elemental fractionation effects, where different element signals 
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increase or decrease over time, can originate from the ablation and transportation of material, 

as well as from the vaporisation and ionisation in the plasma torch [426]. For example, 

different materials ablate differently [427], and so the amount of material that is carried into 

the mass spectrometer can vary depending on what type of material or tissue is being scanned. 

Thus, matrix-matched standards are necessary for the absolute quantification of isotopes 

measured using LA-ICP-MS [413, 428, 429], and have the added advantage of allowing 

normalisation between runs and reducing technical variability. For brain tissue, there are no 

commercially available matrix-matched standards, so each laboratory must make their own.  

In this study, matrix-matched standards were created by homogenising human brain tissue 

from the visual cortex of a single brain (Fig. 4.2A) that was then spiked with varying amounts 

of copper, zinc, manganese, and iron salts (Fig. 4.2B). These metal-spiked homogenates were 

frozen into moulds and sectioned at 30 µm on a cryostat (Fig. 4.2C) in the same way that the 

whole brain tissue was sectioned for LA-ICP-MS. Sections of the matrix-matched standards 

were collected onto acid-washed glass slides (Fig. 4.2D) and were first scanned to check for 

consistency and to ensure a linear relationship between the total amount of added metal (in 

µg/g) and the measured isotope levels (taken as counts per second, or cps).  

A strong linear relationship (Fig. 4.2E) was seen between added metal concentration (in µg/g) 

and measured isotope levels (in cps) for copper using 63Cu (R2 = 0.9954), for zinc using 66Zn (R2 

= 0.9936), and for manganese using 55Mn (R2 = 0.9792). These correlations were comparable to 

those of other studies using LA-ICP-MS to measure brain metals [416, 422]. Measurements 

during optimisation studies of the LA-ICP-MS protocols showed levels of zinc (approximately 

15–20 µg/g wet weight, on average), copper (3–5 µg/g), and manganese (≤ 1.5 µg/g) in the 

caudate nucleus were within the ranges of what had been shown previously using other 

techniques, such as atomic absorption spectroscopy, in the human brain [266, 430, 431].  

Because there were very strong linear correlations between measured and added metals in 

these preliminary experiments, it was possible to measure a smaller range of matrix-matched 

standard concentrations in future studies. This was important so that experimental time was 

reduced and so that all material (both the olfactory bulb or caudate nucleus tissue and the  
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Figure 4.2: Production of matrix-matched standards for the quantification of zinc, copper, and manganese using 
laser ablation inductively coupled plasma mass spectrometry. A) Human visual cortex tissue was manually 
homogenised to obtain 250 mg aliquots of tissue. B) The tissue was spiked with predetermined quantities of metal 
salts and further homogenised in a bullet blender. C) The homogenised, metal-spiked tissue was then frozen into 
histology moulds and cut on the cryostat. D) 30 µm sections of the matrix-matched standards were collected on 
acid-washed slides and scanned using the LA-ICP-MS. E) Analysis of five different concentrations per metal 
showed a strong linear relationship between measured signal intensity and added metal concentration for 
manganese (55Mn), copper (63Cu), and zinc (66Zn). Over several experiments, iron (57Fe) did not show any 
relationship between measured signal intensity and added metal concentration, and was thus unable to be 
absolutely quantified in any tissue in further studies.  
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matrix-matched standards) could fit into the laser ablation chamber. Thus, to measure zinc, 

copper, and manganese in future experiments, just two matrix-matched standard 

measurements were made for each metal: one measurement of the blank (no added metal) 

standard, and one of the 20 µg/g standard of each metal. The gradient from these two 

measurements was then used to quantify metal concentrations in each brain section from cps 

values in the LA-ICP-MS readout. 

A linear relationship between measured iron levels and added iron concentrations in the 

matrix-matched standards was not seen over two attempts (R2 = 0.1223; Fig. 4.2E) with any of 

the possible isotopes for this metal; thus, absolute quantification of iron was not possible in the 

current studies. Iron is a key biometal in the brain that has been implicated in most 

neurodegenerative diseases [432], particularly in PD, where a large increase in iron has been 

found in the substantia nigra [274, 276, 433]. Thus, it would be particularly interesting to be 

able to compare absolute concentrations of iron between PD and normal brain tissue. 

However, a linear relationship was not obtained between the added iron levels in the matrix-

matched standards and the measured levels of this metal over repeated experiments, and 

attempts to troubleshoot were unsuccessful.  

This lack of a relationship may be a result of polyatomic interferences; all four iron isotopes 

(54Fe, 56Fe, 57Fe, and 58Fe) are subject to polyatomic interferences by a number of complexes 

composed of argon (the gas used to transport the ablated tissue to the ICP-MS) with either 

oxygen, hydrogen, nitrogen, or a combination of these elements [434]. However, when 

ablating tissue a common pattern of iron distribution can be seen over multiple scans and 

multiple cases in both the subventricular zone and the olfactory bulb and tract. This suggests 

that the polyatomic interferences are relatively constant over time and scan areas, and can 

therefore be corrected for with background corrections.  

It is thus likely that the lack of a relationship between the added and measured iron in the 

matrix-matched standards comes from problems with the production of the standards 

themselves. It may be that the added iron formed complexes within the homogenised brain 

tissue during the production of the matrix-matched standards; the readouts of the iron matrix-
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matched standards were very jagged, with many peaks and troughs even in the higher levels 

of added iron (data not shown). This was especially obvious when compared to the readouts 

from the zinc, copper, and manganese matrix-matched standards at the same added 

concentrations, which were relatively regular and stable over the tissue. Interestingly, other 

laboratories have achieved accurate matrix-matched standards for iron using chicken breast 

homogenates [429] as well as sheep [416], mouse [435], and human [422] brain homogenates, 

and as such have been able to quantitatively measure iron concentrations in the brain. Further 

work will continue to troubleshoot the protocol used for iron matrix-matched standards so 

that absolute quantification of iron in future studies is possible. However, for the studies in 

this thesis, relative quantification of iron was achieved using just the blank (no added iron) 

matrix-matched standard measurements for each scan. 

4.3.2 Optimisation of laser ablation inductively coupled plasma mass spectrometry 

settings  

Although an ICP-MS can measure most metals accurately when they are present at less than 

one part per trillion [436], or 1 ng/kg, with LA-ICP-MS the sensitivity is lower, at around one 

part per million, or 1 µg/g [416]. The quantity of ablated material that gets to the mass 

spectrometer is important for the accuracy of the counts; a smaller laser beam diameter means 

that less ablated material arrives at the ICP-MS for each measurement. In this study, a number 

of laser diameters were tested (Fig. 4.3A), and their effects on the limits of detection and 

quantification can be seen in Figure 4.3C. The limits of detection and quantification were 

calculated using the following formulae: 

Limit of detection =  
3.3 𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔 𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏𝑏𝑏

𝑆𝑆
 

Limit of quantification =  
10 𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔 𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏𝑏𝑏

𝑆𝑆
 

Where 𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔 𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏𝑏𝑏 is the standard deviation of the measured gas blank background (when the 

laser was not firing) and S is the slope of the curve from the matrix-matched standards.  
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A smaller laser beam diameter led to a signal that was closer to the background levels (Fig. 

4.3B), and thus the limit of detection was much higher than if a larger laser diameter was used 

(for 63Cu, for example, the limit of detection was 3.02 µg/g for a 15 µm diameter, while it was 

less than 1 µg/g for beam diameters of 40 µm and above; Fig. 4.3C). The laser beam diameter 

and laser speed, however, are akin to the resolution level for the resulting heat map from the 

LA-ICP-MS data, so a balance between resolution and detection limits was necessary. The 

beam diameter and speed of the laser also affected the time taken to complete a scan, so the 

size of the area that needed to be scanned was accounted for when choosing settings for each 

brain area. 

 A low limit of detection was obtained for both zinc and copper in these experiments with a 

laser beam diameter of more than 40 µm (Fig. 4.3C). At a 40 µm or greater laser beam 

diameter, copper and zinc had limits of detection and quantification that were more than two-

fold lower than the average concentrations found in the caudate nucleus and the olfactory 

bulb, both in these experiments and in previously reported studies [266, 268, 276, 316]. 

However, manganese is present in very low levels in the brain, especially in the caudate 

nucleus, where reported levels are consistently less than 1 µg/g [268]. Thus, expected 

manganese concentrations were almost always lower than the best detection limit that could 

be achieved in the current studies, even with a 70 µm laser beam diameter.  

For this reason, a minimum laser beam diameter of 40 µm was chosen as it was found to be a 

good compromise between resolution and detection limits. A 40 µm laser beam diameter is 

quite small compared to many other published LA-ICP-MS studies on brain tissue, which have 

used from 50 to 120 µm beam diameters [316, 352, 413, 418, 423, 437-439]. A 40 µm laser beam 

diameter gave accurate metal concentrations (especially for zinc and copper) in the current 

experiments, and was thus used for the subventricular zone experiments in Chapter 6. 

A slightly larger laser beam diameter was chosen in Chapter 7 for the larger olfactory bulb 

areas that were scanned, as this provided a good compromise between speed of data 

acquisition and the resulting heat map resolution. 
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Figure 4.3: Optimisation of laser diameter and speed for laser ablation inductively coupled plasma mass 
spectrometry of human brain. A) Four laser beam diameters (15 µm, 40 µm, 50 µm, and 70 µm) were trialled, with 
each beam set to travel at the same speed as the diameter of the beam (for example, a 15 µm diameter beam would 
be set to travel along a line at 15 µm/second). B) Examples of measured zinc (66Zn isotope) of blank matrix-matched 
standards at different laser beam diameters. With a larger laser beam diameter, the measured 66Zn was higher in the 
blank (no added zinc) matrix-matched standard. With a 15 µm laser beam diameter, the zinc signal was barely 
above the background signal, while the 70 µm laser beam diameter produced a zinc signal that was many times 
greater than the background signal. C) Examples of the optimal limits of detection and quantification that were 
obtained at different laser beam sizes. Limits of both detection and quantification were lower with a larger laser 
beam diameter for copper, zinc, and manganese. Limits of detection were very high at a 15 µm beam diameter. 
Manganese had a higher limit of detection than both copper and zinc at all laser beam diameters, and copper 
consistently had the lowest limit of detection of the three metals. At a ≥ 40 µm beam diameter, limits of detection 
were lower than 2.5 µg/g for all metals.  
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4.3.3 Internal standard 

Internal standards have been used in many LA-ICP-MS experiments in other laboratories, 

especially when investigating the makeup of geological materials [such as 440, 441, 442]. An 

internal standard needs to be homogeneously distributed throughout the material of interest, 

and is used to correct for the amount of material that is ablated with each laser pulse by 

dividing the count of every other isotope by the count of the internal standard isotope at the 

same time point. 13C has been used as an internal standard by one laboratory that has 

investigated metal concentrations under a range of different conditions in rodent brains, 

although they often comment that it is not an ideal internal standard [416, 429, 439, 443]. Other 

groups have demonstrated that 13C levels vary significantly between grey and white matter 

[444] and depend on the original water content of the tissue [445], so 13C is not a suitable 

internal standard for brain tissue. Other elements, such as calcium, sulfur, and phosphorus 

have been trialled in previously published experiments [444], with 43Ca also trialled 

unsuccessfully in the current experiments. However, these elements have also been found to 

be heterogeneously distributed in brain tissue [444], and thus are not suitable for use as 

internal standards in these experiments.  

Because a suitable internal standard could not be found for the human brain, the following 

approach was used. By adjusting the laser and speed settings in these experiments, the tissue 

was not completely ablated from the slides, thus ensuring that a relatively stable amount of 

brain tissue was ablated with each laser pulse. Previous LA-ICP-MS investigations in other 

laboratories have used no internal standard and ablated all of the material on the slide, so that 

a controlled, known amount of material is ablated at each point [444]. However, fresh brain 

tissue cut on a cryostat tends to fold or crumple slightly when being mounted onto slides, 

which gives a varying thickness across the tissue. Thus, in the current experiments, only the 

top layer of tissue was ablated. In this way, by not ablating the tissue down to the glass slide, a 

relatively stable amount of brain tissue was ablated with each laser pulse. In addition, because 

the matrix-matched standards were sampled every half hour during experiments, any drift in 

laser power and ICP-MS sensitivity over time was able to be corrected. Leaving small gaps 
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between each ablated line (Fig. 4.4C) also aided in the ablation of regular amounts of tissue 

with each laser pulse, without compromising image resolution in the final heat maps.  

4.3.4 Raster pattern setup 

The settings for the raster pattern were also important to achieve an accurate representation of 

the metal content within the tissue. For most experiments, up to four slides, each containing 

either a 30 µm section of fresh-frozen tissue (Fig. 4.4A) or various 30 µm sections of the matrix-

matched standards, were inserted into the slide holder (Fig. 4.4B). The slide holder was 

inserted into the RESOlution laser ablation system, which uses a 193 nm excimer laser, and 

which was coupled to a Perkin Elmer SCIEX ELAN DRC II ICP-MS (Fig. 4.4D). 

Raster scan patterns were then set up using the GeoStar control software (Fig. 4.4C), leaving 

gaps at least 10 µm wide between each line to ensure that there was no overlap in the laser 

path between line scans. This ensured that a consistent amount of tissue was ablated from each 

line. Scans were arranged so that the matrix-matched standards were scanned both before and 

after each tissue area measured, as well as approximately every 30 minutes during each scan. 

This was because ICP-MS measurements often drift in sensitivity [446] and elemental 

fractionation effects vary [426] over time; the use of matrix-matched standards greatly 

improves the accuracy of measurements. 

4.3.5 Data processing 

There is currently no readily available commercial software for rendering LA-ICP-MS data 

into heat maps, so all data processing was performed manually or with macros, using 

Microsoft Excel 2010. This was time consuming but allowed a large degree of control over the 

data, which could be processed for statistical analysis as well as to obtain clearer heat map 

images. Data from the Perkin Elmer ICP-MS came as a .rep file, which could be opened in 

Excel. These data were arranged in one single column (Fig. 4.5A), which often contained more 

than 100,000 rows of data. A macro was created in Excel to convert the text to columns, split 

out the “dual counts” column of data (which contained the raw cps data for all isotopes over 

time), and copy the information into one row per measured isotope.  
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Figure 4.4: Laser ablation inductively coupled plasma mass spectrometry of brain sections and matrix-matched 
standards. A) Fresh-frozen brain blocks were sectioned at 30 µm on a cryostat and air dried onto acid-washed 
slides. B) A raster pattern was superimposed onto each section using the GeoStar control software. Lines were also 
superimposed onto sections of the matrix-matched standards (open arrowhead) in the same tissue chamber, which 
could hold four standard slides as well as a National Institute of Standards and Technology standard reference 
material (NIST SRM; black arrowhead). The NIST SRM was measured at the start of each day for calibration, and 
the matrix-matched standards were measured every half hour during scanning to correct for drift in ICP-MS 
sensitivity and elemental fractionation effects. C) Each line of the raster pattern was spaced out so that there would 
be no overlap between lines, and each line was programmed to scan separately so that a background reading could 
be made before each line, again to correct for drift in ICP-MS sensitivity over time. D) The scanning took place on 
the RESOlution laser ablation system, which uses a 193 nm excimer laser, and which is coupled to a Perkin Elmer 
SCIEX ELAN DRC II ICP-MS.   
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The 63Cu isotope had a consistently low background, and was expressed (sometimes at very 

low levels, but always above background) in all brain tissue investigated. For this reason, 63Cu 

was used as a marker to align the edges of the tissue. The conditional formatting function was 

used in Excel on the 63Cu row so that higher measurements were red or yellow, and lower 

measurements (usually just the background) were green (Fig. 4.5B).  

Using the conditionally formatted cells as a guide, each line of tissue readings was split out 

from the previous line and aligned within the background readings associated with each 

ablated tissue line. For subventricular zone scans, Excel cells were aligned so that the 

ependymal layer at the edge of the tissue was in a straight line, while for olfactory bulb scans, 

anatomical alignment was performed using images of both the scanned section and an 

adjacent section for reference.  

The rows from the matrix-matched standards were then removed from the data set, and set 

aside for use later in the analysis. Next, the rows were ordered by metal, and the metals were 

split out into different Excel sheets for further analysis (Fig. 4.5C). The four isotopes that gave 

the most consistent signal were 63Cu, 66Zn, 55Mn, and 57Fe; these metals were then used to create 

heat maps and for statistical analysis.  

Correcting for a background measurement over each line scanned is a common technique used 

in processing LA-ICP-MS data, as ICP-MS measurements tend to drift in sensitivity over time 

[446]. To do this, a background reading was taken before each line, when the laser was not 

firing (Fig. 4.6A). An average was taken from these background readings of each row, and this 

average was subtracted from each cell in the row.  

4.3.6 Absolute quantification of copper, zinc, and manganese 

Absolute quantification using matrix-matched standards is standard practice when comparing 

metal concentrations between scans, to account for both signal drift and elemental 

fractionation effects [447]. By correcting for background levels of each metal isotope (Section 

4.3.5) and calibrating measurements to a matrix-matched standard with a known 

concentration of the metal of interest, absolute quantification could be obtained in the current   
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Figure 4.5: Conversion of raw data to lined-up data, separated by metal, using Excel. A) Raw data files had a 
single column of information (shown), which was then separated into columns and arranged in rows by metal 
isotope. Data from the matrix-matched standards were removed for later analysis (see Fig 4.6B). B) Data were then 
manually aligned according to the anatomy of the scanned area, using the conditional formatting function in Excel. 
Copper (63Cu) was used to align the tissue area due to its low background counts and expression in all scanned 
brain regions, albeit sometimes at low levels. C) The data were then sorted by metal isotope and the data from each 
metal were exported into a new Excel sheet.  
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experiments for copper, zinc, and manganese. This absolute quantification allows for 

comparison of metal concentrations between different scans, even those taken weeks or years 

apart.  

To process 63Cu, 66Zn, and 55Mn data for absolute quantification, each cell was converted from 

the raw cps amount to the absolute concentration in µg/g using the matrix-matched standard 

results. To do this, the following approach was used. The matrix-matched standards were first 

corrected for background before an average of the measured, background-corrected isotope 

counts was taken for each metal; this figure was obtained for 63Cu, 66Zn, and 55Mn from the 

blank (no added metal) matrix-matched standard, as well as for each metal isotope from the 

corresponding 20 µg/g matrix-matched standard. The two average measurements from each 

metal were then plotted against the 0 and 20 µg/g that had been added to the matrix-matched 

standards for each metal, and the resulting gradient was used to convert each background-

corrected cps measurement from each scan into an absolute concentration (Fig. 4.6B). 

However, because of ICP-MS drift and elemental fractionation effects, the gradients of each 

slope shifted slightly between matrix-matched standard measurements, so a graded approach 

was used. From one set of matrix-matched standard measurements to the next (a scan of the 

standards was taken approximately every half hour during scanning of brain tissue), the 

gradient used for absolute quantification of a scanned line would differ in a graded fashion 

from one measured matrix-matched-standard value to the next (Fig. 4.6B). 

For the relative quantification of iron, a similar approach was used. However, rather than 

using a gradient from the 0 and 20 µg/g matrix-matched standards, a single background-

corrected average iron measurement was used from the blank (no added iron) matrix-matched 

standard. 

4.3.7 Mean-filter smoothing  

Heat maps constructed from LA-ICP-MS data often appear pixelated because of the way in 

which data are acquired; a measurement is taken approximately every second as the laser 

scans across the tissue, so the size and speed of the laser define the size of the resulting pixel in 

the heat map. However, although a measurement is taken every second, the laser is 
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Figure 4.6: Conversion of lined-up data to background-corrected, quantified data using Microsoft Excel. A) To 
correct for drift in sensitivity of the ICP-MS, a background reading had been taken for each row of data before the 
laser was run across the tissue. An average background reading for each row was calculated and deducted from 
each individual cell in the row. B) To quantify copper, zinc, and manganese, the average background-corrected 
reading from the blank (no added metals) and from the 20 µg/g standard (20 µg/g of either copper, manganese, or 
zinc) were calculated and graphed. The slope of the line was used to convert each relative count given by the ICP-
MS into an absolute quantity for each of the three metals. The gradients of each metal standard slope would often 
shift between readings, so a graded approach was used. From one matrix-matched standard reading to the next, the 
gradient used for quantification would differ per row of data in a graded fashion from one value to the next 
(column FG). 
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continuously moving across the tissue. This means that between each pixel that represents an 

actual LA-ICP-MS measurement, pixels can be added on a gradient from one measurement to 

the next. This gives a less pixelated, more representative view of the metal concentrations that 

are present in the tissue. Most LA-ICP-MS research uses a form of data smoothing in this way 

[such as 448, 449], as smoothing enhances the appearance of any heat maps that are produced 

[450].  

Thus, when the data had been aligned, background corrected, and quantified, a number of 

further processing steps were undertaken to produce a cohesive visual representation of the 

data. Because measurements were taken approximately once per second along each scanned 

line, in the resulting image one pixel would be equivalent in height to the speed that the laser 

travelled per second, and equivalent in width to the space between the centre of each lines (so 

for a 40 µm diameter laser travelling at 40 µm per second, with a 50 µm spacing between the 

centre of each line, each measurement resulted in a pixel that was 40 µm high by 50 µm wide). 

To reduce pixelation and give a more representative image of the patterns of metal 

distribution in the tissue, data smoothing was used. For the current studies, both mean 

filtering and median filtering were trialled, but mean filtering produced a less pixelated, more 

representative image (data not shown) and was used for all further experiments. 

For mean-filter smoothing (Fig. 4.7A), extra cells needed to be added in each Excel 

spreadsheet; this was completed using a macro. Between each cell containing an original LA-

ICP-MS measurement, cells were introduced in the following way: as many cells as there were 

multiples of 10 µm between measurement points in the original scan, minus the cell that was 

the original measurement, were added to the spreadsheet (so for a 40 µm diameter laser with a 

50 µm spacing between the centre of each line, there would be three cells per row added 

between each measurement, and four cells per column added between each measurement). In 

this way, each original 40 µm by 50 µm pixel (or single Excel cell) became four 10 µm pixels by 

five 10 µm pixels (or four Excel cells by five Excel cells). From one original measurement to the 

next, the cells in between gradually changed using the following formula: 

𝑎𝑎 = 𝑏𝑏 −  
𝑐𝑐 −  𝑑𝑑
𝑛𝑛
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Where a = the value of the current cell, b = the value of the cell on the left (for adding columns) 

or above (for adding rows), c = the nearest original measurement to the left (for adding 

columns) or above (for adding rows), d = the nearest original measurement to the right (for 

adding columns) or below (for adding rows), and n = one tenth of the number of microns 

between each original measurement during the scan. 

Once data had been smoothed (Fig. 4.7B), cells that were below zero (as a result of the 

background correction) were corrected to zero, and any very large numbers were converted to 

a defined maximum value per metal and per brain region. This defined maximum was 

decided through trial and error by creating a series of heat maps with different maximums for 

each metal and selecting the image that gave the clearest representation of metal distribution. 

These changes in some of the more extreme values meant that a clear pictorial representation 

of the distribution of each metal in each brain region could be produced (Fig. 4.7C). 

In addition, because manganese had very high background levels and relatively low tissue 

levels, this background was removed using copper measurements as a guide. Because copper 

measurements were consistently above background levels over all tissue regions, these data 

were used to remove background manganese measurements using Excel. In this way, it was 

easier to visually distinguish tissue from background in manganese heat maps. 

4.3.8 Heat map creation  

Excel spreadsheets, each containing a smoothed, corrected set of values for a single metal over 

a single area, were saved as .csv files so that heat maps could be created using R v2.15.2. A 

simple heat map code was adapted from the Flowing Data website 

(http://flowingdata.com/2010/01/21/how-to-make-a-heatmap-a-quick-and-easy-solution/), and 

a code for a colour bar was adapted from the Stack Overflow website 

(http://stackoverflow.com/questions/9314658/colorbar-from-custom-colorramppalette). Both of 

the codes that were used can be seen in Figures 4.8A and 4.8B. The colour palette of black-

blue-purple-red-yellow-white was chosen from a number of trialled colour schemes, as it was 

subjectively found to highlight trends in the clearest way (Fig. 4.8C). 

http://flowingdata.com/2010/01/21/how-to-make-a-heatmap-a-quick-and-easy-solution/
http://stackoverflow.com/questions/9314658/colorbar-from-custom-colorramppalette
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Figure 4.7: Data correction for heat mapping. A) Mean-filter smoothing was applied to the data so that a less 
pixelated heat map was produced. For subventricular zone images, each reading given by the ICP-MS is the 
equivalent to a 50 µm wide, 40 µm high pixel (because of the way the tissue was scanned). Because of this, mean-
filter smoothing was used in a five-by-four manner. In Excel, each original measurement was separated by four 
cells horizontally and three cells vertically. Formulae were then used to fill these empty cells so that from one 
measurement to the next there was a graded set of numbers. B) An example of a subventricular zone heat map 
before image smoothing alongside a mean-filter smoothed image of the same tissue. C) Data were corrected so that 
the minimum number possible in each cell was zero (some measurements were below zero once corrected for 
background, so these were corrected back to zero). Data were then corrected for the maximum number so that the 
resulting heat maps would show metal distribution in a clear way (occasionally very high spikes of each metal 
occurred, thus for mapping, spikes were converted to a maximum number; for example, for zinc in the 
subventricular zone this was 60 µg/g).  
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Figure 4.8: Heat map creation and scaling to size. A) Heat maps were created using R version 2.15.2; the script 
used is pictured. B) Colour bars for the heat maps were created using R version 2.15.2; the script used is pictured. 
C) A number of colour schemes were trialled for the heat maps. The combination of black-blue-red-yellow-white 
(C1) gave the clearest representation of metal distribution, and was thus used for all further heat maps. D) 
Resulting square heat maps were scaled to size using the numbers of rows and columns in the Excel file, so that 
each Excel cell was the equivalent of a 10 µm x 10 µm pixel in the scaled heatmap.  
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The resulting heat maps were square, so they needed to be resized in order to show accurate 

anatomical detail. This was achieved in Adobe Photoshop CS6, using information from the 

height and width of the original scan data (Fig. 4.8D).  

The heat maps that were created in the current experiments using the mean-smoothing-filtered 

data give a clear pictorial view of the metal distributions over the tissue, with good anatomical 

detail (especially in the olfactory bulb and tract, with the distinct layers able to be identified in 

these regions in the heat maps). This pictorial form of representation means that specific, often 

small anatomical areas can be compared between normal brains and those from people with 

neurological diseases. This has not previously been possible using ICP-MS, where relatively 

large tissue structures are dissected and homogenised, and as such, fine anatomical detail is 

lost. The pictorial representation from LA-ICP-MS data also allows for a better understanding 

of how metal is distributed over different layers and sublayers of regions in the brain. 

4.4 Summary 

In this chapter, evidence has been provided demonstrating that LA-ICP-MS is an effective, 

reliable technique to measure copper, zinc, and manganese in the human brain. In addition, a 

protocol for data collection, analysis, absolute quantification, and heat map production was 

created to measure and display metal concentrations in discrete regions of the human brain 

using LA-ICP-MS. Optimal resolution in this study, at 40˗50 µm, was smaller than most 

published LA-ICP-MS studies have achieved. Additionally, low limits of detection and 

quantification in these experiments demonstrate that accurate concentrations of both copper 

and zinc in the human brain can be obtained with the settings used. Manganese can also be 

quantified, although data may be less accurate because of higher limits of detection and 

quantification for this metal. Iron can be measured and anatomically mapped onto brain 

regions; however, absolute quantification was not achieved for this metal. Simple data 

processing techniques are described to align, correct for background, and quantify metal 

concentrations using in-house matrix-matched standards. Data smoothing and heat map 

creation are also explained, and all data processing can be carried out using readily available 

software.  
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CHAPTER 5 

5 Metals in the human subventricular zone and 

caudate nucleus in the normal and Parkinson’s disease 

brain 

5.1 Introduction 

Iron, zinc, copper, and manganese are all biologically important metals. Of these biometals, 

iron is the most abundant in the brain, followed by zinc, copper, and finally manganese [266-

268]. Iron is necessary for mitochondrial respiration, DNA synthesis and repair, and oxygen 

transport, among other roles [263]. Zinc is also an essential cofactor in events required for 

mitosis [451], such as DNA synthesis [262], and is important for growth, reproductive 

function, tissue repair, and immune function [451]. Copper plays a role in oxygen transport 

and cellular respiration [452], while both copper and manganese are important in the 

reduction of reactive oxygen species [453]. Because of the importance of these biometals in 

many essential biological processes [454] and their potential to increase oxidative stress in the 

brain when dysregulated [455, 456], the abundance and localisation of these metals are tightly 

controlled in the normal brain [457].  

However, in many neurodegenerative diseases the concentrations of these biometals are 

altered, especially in the most affected brain regions [458-461]. In Parkinson’s disease (PD), 

studies have consistently found increased levels of iron [272-278] and decreased levels of 

copper [273-275, 286-288] in the substantia nigra. Zinc is also increased in the PD substantia 

nigra, as well as in the putamen and caudate nucleus [275], although this finding is 

controversial [279, 281, 286]. In addition, one study reported a small decrease in manganese in 

the medial putamen in PD [275], but this finding has not been replicated. However, a 

relationship has been reported between manganese exposure and PD incidence [127, 140, 153, 

154], although not in all studies [121, 155-157]. Thus, copper, zinc, iron, and manganese are all 

implicated in PD pathology. 
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Alterations in biometal concentrations have also been reported in the serum and cerebrospinal 

fluid (CSF) of PD patients, but again, findings have been mixed. Decreases in CSF zinc [462] 

and copper [463], serum zinc [464] and copper [465], and plasma zinc and iron [466] have been 

reported in PD; however, other studies found no such changes in any metals in either CSF 

[467, 468] or serum [469-471]. Interestingly, however, in a retrospective study there was a very 

strong association between previous anaemia and PD, particularly with anaemia 20˗29 years 

before the development of the disease [128]. In addition, a large meta-analysis found increased 

risk for future PD with lower iron serum levels [129]. Both findings suggest that serum metal 

levels may be affected long before PD symptoms are present.  

Interestingly, changes in biometal concentrations in the blood and CSF may affect their uptake 

in the brain. The subventricular zone is a highly vascularised neurogenic region that borders 

the lateral ventricle and sits adjacent to the caudate nucleus. This regions has specialised 

vasculature that is more permeable than in other brain regions [299], and subventricular zone 

cells directly contact the lateral ventricle, and thus the CSF contained in this ventricle [472]. As 

such, the subventricular zone may accumulate metals, either as they enter the brain from 

blood and CSF, or as waste metals are transported toward blood vessels and ventricles for 

secretion into the blood and CSF [292, 305]. In addition, the subventricular zone directly 

connects to the olfactory bulb via the rostral migratory stream [201], and may therefore be 

exposed to any metals entering the brain through the airborne route, as intranasal uptake 

bypasses the blood brain barrier [473-476]. Thus, the subventricular zone may be especially 

vulnerable to any changes in biometal concentrations that occur in PD. 

However, little is known about metal concentration in the subventricular zone, even in the 

normal brain. In rats, copper increases with age in subventricular zone astrocytes [264, 313], 

while iron in the subventricular zone decreases from birth, and disappears by postnatal day 50 

[265]. Little is known about zinc and manganese in this region, although both metals increase 

subventricular zone neurogenesis in vivo in rodents [226-229]. Research into biometal 

concentrations and distributions in the human subventricular zone is lacking, and no studies 

have examined biometals in this region in the normal or PD human brain. 
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The neighbouring caudate nucleus, however, has been the subject of more research into metal 

concentrations, both in normal and PD brains. A range of average concentrations in the normal 

caudate nucleus have been reported in previous studies, using techniques that measure metals 

in homogenised tissue, such as atomic absorption spectroscopy [268, 273, 276, 288] and 

inductively coupled plasma mass spectrometry [275, 290]. For iron, a range of 65 to 98 µg/g, 

wet weight [if a dry weight was given, a wet weight was calculated by multiplying the figure 

by 0.164, the approximate dry to wet ratio of the caudate nucleus; from 477, 478], has been 

reported [266, 268, 276, 479, 480], while in zinc the reported range is between 7.3 and 18.4 µg/g 

in this region [266, 268, 276, 477, 479, 481-485]. Reported average copper is in the range of 3.01 

to 6.89 µg/g in the caudate nucleus [268, 276, 430, 431, 479, 481, 486], while manganese is 

present at between 0.19 and 0.74 µg/g in this region [268, 430, 431, 477, 481, 484, 487]. In 

addition, in PD an increase in iron [268] and zinc [275] and a decrease in copper [288] have 

been reported in the caudate nucleus, although other studies have reported no changes in this 

region [275, 286]. Interestingly, however, all previous studies investigated metal levels in 

homogenised tissue, meaning that the distribution of metals in the caudate nucleus has not 

been demonstrated. 

This chapter will investigate the concentrations and distributions of copper, zinc, manganese, 

and iron in the human subventricular zone and caudate nucleus, and identify any changes in 

these metals in PD in these regions. 

5.2 Methods 

The methods used in this chapter can be found in Sections 2.2 & 2.4.  

Eighteen cases were used in experiments in this chapter (Table 5.1). There were nine cases of 

fresh frozen tissue used for the LA-ICP-MS experiments and zinc histological stains, and an 

additional nine cases of formalin-fixed tissue for the Perls and Turnbull histological stains for 

iron. 
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Table 5.1 Case details of the brain tissue used for LA-ICP-MS studies and histological experiments 

Experiment Case Sex Age (years) 
Post-mortem 
delay (hours) 

Neuropathological 
diagnosis 

LA-ICP-MS, 
zinc histology 

H150 Male 78 11 Normal 

LA-ICP-MS, 
zinc histology 

H170 Male 60 17 Normal 

LA-ICP-MS, 
zinc histology 

H230 Female 57 32 Normal 

LA-ICP-MS, 
zinc histology 

H244 Male 76 16 Normal 

LA-ICP-MS, 
zinc histology 

PD4 Female 82 3 Parkinson’s disease 

LA-ICP-MS, 
zinc histology 

PD5 Female 62 21 Parkinson’s disease 

LA-ICP-MS, 
zinc histology 

PD6 Female 69 7 Parkinson’s disease 

LA-ICP-MS, 
zinc histology 

PD20 Male 73 14 Parkinson’s disease 

LA-ICP-MS, 
zinc histology 

PD36 Female 78 22.5 Parkinson’s disease 

Iron histology H191 Male 77 20 Normal 
Iron histology H192 Female 65 23 Normal 
Iron histology H193 Male 71 23 Normal 
Iron histology H226 Female 73 49 Normal 
Iron histology PD31 Male 67 25 Parkinson’s disease 
Iron histology PD33 Male 91 4 Parkinson’s disease 
Iron histology PD37 Male 81 4 Parkinson’s disease 
Iron histology PD56 Male 74 10.5 Parkinson’s disease 
Iron histology PD50 Male 88 6 Parkinson’s disease 
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5.3 Results 

5.3.1 Zinc in the subventricular zone and caudate nucleus 

Zinc (Fig. 5.1A & B) had a patchy distribution in both the subventricular zone and caudate 

nucleus, with occasional spikes of very high zinc. Zinc concentrations mostly fell between 0 

and 60 µg/g (wet weight) in these regions, and average concentrations in both the 

subventricular zone and caudate nucleus were above the calculated average limit of detection 

(4.59 µg/g). In some cases, such as PD5, PD6, and PD20, there was a clear distinction in zinc 

distribution between the caudate nucleus and subventricular zone. Overall, however, there 

was no difference in zinc concentrations between the subventricular zone and caudate nucleus 

regions in either the normal PD groups. 

There was 65% more zinc in the subventricular zone in PD versus normal groups (Fig. 5.1E; 

normal 14.34 ± 1.898 µg/g, PD 23.60 ± 2.659 µg/g; p ≤ 0.05). However, there was no difference in 

zinc concentrations between normal and PD cases in the caudate nucleus (Fig. 5.1E; normal 

16.86 ± 1.037 µg/g, PD 18.91 ± 1.426 µg/g).  

5.3.2 Copper in the subventricular zone and caudate nucleus 

Copper in the caudate nucleus had a regular distribution in both normal and PD brains, 

although spikes of high copper were present in some cases (Fig. 5.2A & B). Most copper 

concentrations fell between 0 and 8 µg/g, and average copper concentrations in both the 

subventricular zone and caudate nucleus were above the average calculated limit of detection 

(0.51 µg/g). There was a clear distinction between the caudate nucleus and the subventricular 

zone in the heat maps of copper distribution, with more than twice as much copper in the 

caudate nucleus compared to the subventricular zone in the normal group (caudate nucleus 

4.093 ± 0.611 µg/g, subventricular zone 1.981 ± 0.538 µg/g, p ≤ 0.05). In the PD cases, however, 

this apparent trend did not reach significance (caudate nucleus 3.164 ± 0.544 µg/g, 

subventricular zone 1.934 ± 0.235 µg/g, p = 0.0717).  

Furthermore, there was no difference in copper concentrations between normal versus PD 

cases (Fig. 5.2E) in the subventricular zone or the caudate nucleus.  
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Figure 5.1: Zinc distribution and concentration in the subventricular zone and caudate nucleus of Parkinson’s 
disease and normal patients. A) Heat maps of PD (n = 5) subventricular zones and caudate nuclei showing the 
distribution of zinc in these regions. Zinc is higher in the subventricular zone than in the caudate nucleus in some 
cases (PD5, PD20) B) Heat maps of normal (n = 4) subventricular zones and caudate nuclei showing the distribution 
of zinc in these regions. Less zinc can be observed across these brain regions. C, D) Representative fluorescent 
images of the three adjacent areas along the PD (C, from case PD4) and normal (D, from case H170) subventricular 
zones that were scanned to produce the LA-ICP-MS heat maps. Markers were used for collagen IV (blood vessels; 
green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst (nuclei; blue). Where the tissue edges were 
curved or irregular shaped, these were aligned during data processing so that subventricular zones could be easily 
compared. E) Graph of average zinc concentrations in the subventricular zone and caudate nucleus of PD and 
normal cases. There was significantly more zinc in the PD subventricular zone compared to the normal 
subventricular zone (p ≤ 0.05).  
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Figure 5.2: Copper distribution and concentration in the subventricular zone and caudate nucleus of Parkinson’s 
disease and normal patients. A) Heat maps of PD (n = 5) subventricular zones and caudate nuclei showing the 
distribution of copper in these regions. In most cases, copper increases with increased distance from the lateral 
ventricle and subventricular zone. B) Heat maps of normal (n = 4) subventricular zones and caudate nuclei showing 
the distribution of copper in these regions. Again, copper increases with increased distance from the lateral 
ventricle and subventricular zone. C, D) Representative fluorescent images of the three adjacent areas along the PD 
(C, from case PD4) and normal (D, from case H170) subventricular zones that were scanned to produce the LA-ICP-
MS heat maps. Markers were used for collagen IV (blood vessels; green), alpha-synuclein (phosphorylated at serine 
129; red) and Hoechst (nuclei; blue). Where the tissue edges were curved or irregular shaped, these were aligned 
during data processing so that subventricular zones could be easily compared. E) Graph of average copper 
concentrations in the subventricular zone and caudate nucleus of normal and PD cases. Concentrations of copper 
were significantly higher in the caudate nucleus than in the subventricular zone for normal patients (p ≤ 0.05). 
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5.3.3 Manganese in the subventricular zone and caudate nucleus 

The average concentrations of manganese in the subventricular zone and caudate nucleus 

were below the average calculated limit of detection (1.97 µg/g). There were very low levels of 

manganese in these regions (from 0 µg/g to 4 µg/g in most cases), with occasional spikes of 

high manganese concentrations, often along the subventricular zone (Fig. 5.3A & B). There was 

no significant difference in manganese concentration between the caudate nucleus and 

subventricular zone regions in either the normal group or PD group. 

There was also no significant difference in manganese concentration between normal versus 

PD groups in either the subventricular zone (Fig. 5.3E; normal 0.900 ± 0.157 µg/g, PD 1.210 ± 

0.118 µg/g) or caudate nucleus (normal 0.911 ± 0.047 µg/g, PD 1.058 ± 0.141 µg/g). 

5.3.4 Iron in the subventricular zone and caudate nucleus 

Because of the lack of an appropriate matrix-matched standard (see Section 4.3.1), iron could 

not be quantified absolutely. However, relative levels of iron were calculated so that 

comparisons could be made between groups. Iron distribution was similar to that of copper, 

and, like copper, showed a regular distribution with few large spikes (Fig. 5.4A & B). In both 

normal and PD groups there was very little iron in the subventricular zone, while the 

neighbouring caudate nucleus contained more than twice as much iron (Fig. 5.4E; normal p ≤ 

0.01; PD p ≤ 0.001).  

However, there was no difference in relative iron levels between the normal versus PD groups 

in either the subventricular zone or caudate nucleus. 

5.3.5 Correlation between metal concentrations in the subventricular zone and 

caudate nucleus regions and sex, post-mortem delay, and age  

There was a significant correlation between sex and manganese concentration in the 

subventricular zone; females were associated with higher levels of manganese in this region (p 

≤ 0.05). However, no correlation was seen between sex and manganese in the caudate nucleus, 

and there was no correlation between sex and any other metal concentration in either the  
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Figure 5.3: Manganese distribution and concentration in the subventricular zone and caudate nucleus of 
Parkinson’s disease and normal patients. A) Heat maps of PD (n = 5) subventricular zones and caudate nuclei 
showing the distribution of manganese in these regions. Manganese concentrations were very low over both 
regions. B) Heat maps of normal (n = 4) subventricular zones and caudate nuclei showing the distribution of 
manganese in these regions. Again, manganese concentrations were very low. C, D) Representative fluorescent 
images of the three adjacent areas along the PD (C, from case PD4) and normal (D, from case H170) subventricular 
zones that were scanned to produce the LA-ICP-MS heat maps. Markers were used for collagen IV (blood vessels; 
green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst (nuclei; blue). Where the tissue edges were 
curved or irregular shaped, these were aligned during data processing so that subventricular zones could be easily 
compared. E) Graph of average manganese concentrations in the subventricular zone and caudate nucleus of 
normal and PD cases. There were no significant differences in any measures.  
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Figure 5.4: Iron distribution and relative concentration in the subventricular zone and caudate nucleus of 
Parkinson’s disease and normal patients. A) Heat maps of PD (n = 5) subventricular zones and caudate nuclei 
showing the distribution of iron in these regions. Iron is generally very low in the subventricular zone, and higher 
in the caudate nucleus. B) Heat maps of normal (n = 4) subventricular zones and caudate nuclei showing the 
distribution of iron in these regions. Iron is consistently low in the subventricular zone, and higher in the caudate 
nucleus. C, D) Representative fluorescent images of the three adjacent areas along the PD (C, from case PD4) and 
normal (D, from case H170) subventricular zones that were scanned to produce the LA-ICP-MS heat maps. Markers 
were used for collagen IV (blood vessels; green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst 
(nuclei; blue). Where the tissue edges were curved or irregular shaped, these were aligned during data processing 
so that subventricular zones could be easily compared. E) Graph of average relative iron concentrations in the 
subventricular zone and caudate nucleus of normal and PD cases. Iron was higher in the caudate nucleus than in 
the subventricular zone for both normal (p ≤ 0.01) and PD (p ≤ 0.001) patients.  
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subventricular zone or caudate nucleus (data not shown). There was also no correlation of 

post-mortem delay with any metal concentration in either the subventricular zone or caudate 

nucleus (data not shown).  

There was no significant correlation between age and metal concentration in either the 

subventricular zone (Fig. 5.5A; copper r = –0.488, zinc r = –0.316, manganese r = –0.002, iron r = 

0.094) or the caudate nucleus (Fig. 5.5B; copper r = –0.531, zinc r = –0.168, manganese r = –0.483, 

iron r = 0.307). However, it is interesting to note that the relationships between age and copper, 

zinc, and manganese concentrations in both regions of the brain were inverse; that is, lower 

levels of metals were associated with higher ages overall. Conversely, iron had a moderate 

positive relationship with age in the caudate nucleus.  

In addition, there was no significant difference in age (normal 67.8 ± 5.4 years, PD 72.8 ± 3.5 

years) or post-mortem delay (normal 19.0 ± 4.5 hours, PD 13.5 ± 3.8 hours) between normal 

and PD groups in these experiments.  

5.3.6 Correlations of each metal concentration in the caudate nucleus versus 

subventricular zone 

There was a strong positive relationship between the concentration of copper in the 

subventricular zone and copper in the caudate nucleus (Fig. 5.6A; r = 0.855, p ≤ 0.01). However, 

there was no significant correlation between zinc (Fig. 5.6B), manganese (Fig. 5.6C), or iron 

(Fig. 5.6C) when comparing between the subventricular zone and the caudate nucleus. 

In addition, zinc concentrations in the subventricular zone were positively correlated with 

manganese concentrations in the caudate nucleus (Fig. 5.6E; r = 0.807, p ≤ 0.01). There were no 

other significant correlations between other metal concentrations in the subventricular zone or 

caudate nucleus (data not shown). 
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Figure 5.5: Correlations between age and metal concentrations in the subventricular zone and caudate nucleus. 
A) Graphs of correlations between age and copper, zinc, manganese, or iron in the subventricular zone. There was 
no significant correlation between any metal concentration and age in this region (copper r = –0.488, zinc r = –0.316, 
manganese r = –0.002, iron r = 0.094) B) Graphs of correlations between age and copper, zinc, manganese, or iron in 
the caudate nucleus. There was also no significant correlation between any metal concentration and age in this 
region (copper r = –0.531, zinc r = –0.168, manganese r = –0.483 iron r = 0.307).   
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Figure 5.6: Correlations of copper, zinc, and manganese between the subventricular zone and caudate nucleus. 
A) Graph of the relationship between copper concentrations in the subventricular zone and caudate nucleus. There 
was a strong positive correlation (r = 0.855, p ≤ 0.01) between the concentrations of copper in the subventricular 
zone and caudate nucleus. B) Graph of the relationship between zinc concentrations in the subventricular zone and 
caudate nucleus. There was no significant correlation between the concentrations of zinc in the subventricular zone 
and caudate nucleus (r = 0.308). C) Graph of the relationship between manganese concentrations in the 
subventricular zone and caudate nucleus. There was no significant correlation between the concentrations of 
manganese in the subventricular zone and caudate nucleus (r = 0.514). D) Graph of the relationship between iron 
concentrations in the subventricular zone and caudate nucleus. There was no significant correlation between the 
levels of iron in the subventricular zone and caudate nucleus (r = –0.394). E) Graph of the relationship between zinc 
concentration in the subventricular zone and manganese concentration in the caudate nucleus. There was a strong 
positive correlation (r = 0.807, p ≤ 0.01) between the concentrations of zinc in the subventricular zone and 
manganese in the caudate nucleus.  
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5.3.7  Zinc and iron histological stains in the subventricular zone and caudate 

nucleus 

Sensitive, specific, and well-characterised histological stains exist for free and loosely bound 

zinc (neoTimms stain; Fig. 5.7A), ferric iron (Perls stain with DAB intensification; Fig. 5.7B), 

and ferrous iron (Turnbull stain with DAB intensification; Fig. 5.7C). Although these stains are 

difficult to quantify and, especially in the case of the neoTimms stain, do not label all of the 

metal in the tissue, they are nevertheless useful to show the subcellular localisation of free 

zinc, ferric iron, and ferrous iron. 

Free and loosely bound zinc, stained black through an autometallographic development (Fig. 

5.7A), shows a similar pattern of zinc to that observed with LA-ICP-MS in most tissue sections 

(Fig. 5.2A & B). A dense layer of staining, probably of cell processes, was observed in the 

hypocellular layer (layer II) of the subventricular zone. Free and loosely bound zinc was also 

visualised in cell bodies (Fig. 5.7A’) and processes, along blood vessels, and as larger 

amorphous masses (Fig. 5.7A’’) in the tissue. Interestingly, there were no obvious differences 

between PD and normal tissue using this histological stain. In addition, comparative density of 

the staining of free and loosely bound zinc in the subventricular zone did not correlate with 

the varying concentrations of zinc found in each case by LA-ICP-MS. 

Ferric iron, which is iron in its oxidised form, was present on processes on the caudate edge of 

the subventricular zone, as well as in the caudate nucleus itself (Fig. 5.7B). There was 

occasionally dense staining around cells (Fig. 5.7B’), but the majority of ferric iron was found 

on neuropil (Fig. 5.7B’ & B’’). 

Iron in its reduced form is known as ferrous iron. Ferrous iron was much less abundant than 

ferric iron in the tissue (Fig. 5.7C), and although some faint neuropil staining was observed 

(Fig. 5.7C’), most ferrous iron was densely clumped around small groups of cells (Fig. 5.7C’’), 

and sometimes appeared to be within cell bodies (Fig. 5.7C’).  
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Figure 5.7: Histological stains for zinc and iron in the subventricular zone and caudate nucleus in normal and 
Parkinson’s disease brains. A) Representative micrograph of the zinc histology stain. The neoTimms histological 
stain shows free and loosely bound zinc (black/brown) in the subventricular zone and caudate nucleus, with nuclei 
in purple using a cresyl violet counterstain. In some cases, for both PD and normal tissue, there was dense 
autometallographic staining in the ependymal layer, gap region, and astrocytic cell layer of the subventricular zone; 
this staining appeared to be on processes or extracellular. Other staining patterns included dense granular somatic 
staining (A’, arrowhead) and fibrous staining around nuclei (A’’, arrowhead). B) Representative micrograph of the 
ferric iron histology stain. The Perls Prussian blue stain with a DAB enhancement shows ferric iron (brown) in the 
subventricular zone and caudate nucleus, with nuclei in purple using a cresyl violet counterstain. Little staining 
was seen in the ependymal, gap, and astrocytic layers of the subventricular zone, while dense staining was 
observed in the myelin layer and the adjacent caudate nucleus. Ferric iron was mainly observed on cell processes 
(B’, B’’), although occasional dense staining around a cell or group of cells was seen (B’, arrowhead). C) 
Representative micrograph of the ferrous iron histology stain. The Turnbull stain with a DAB enhancement shows 
ferrous iron (brown) in the subventricular zone and caudate nucleus, with nuclei in purple using a cresyl violet 
counterstain. Little ferrous iron staining was seen overall in the subventricular zone and neighbouring caudate 
nucleus, with very little staining observed on cell processes (C’). However, there was occasional dense staining 
around small groups of cells (C’’, arrowhead), and this staining was sometimes localised within cell bodies (C’, 
arrowhead).  
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5.4 Discussion 

In this chapter, LA-ICP-MS and histological techniques were used for the first time to 

demonstrate the distributions and localised concentrations of copper, zinc, manganese, and 

iron in the subventricular zone and caudate nucleus, in both normal and PD brains. Zinc was 

significantly increased in the PD subventricular zone, although this increase was not of free or 

loosely bound zinc. There was no change in any other metal in the subventricular zone in PD, 

and no difference in metal concentrations between the caudate nucleus of PD and normal 

cases. Subcellular patterns of zinc and iron staining in the subventricular zone and caudate 

nucleus revealed no further differences in these metals in PD. Additionally, there was 

significantly less copper and iron in the subventricular zone compared to the caudate nucleus, 

while no difference was seen in zinc and manganese between these two regions.  

5.4.1 Methodological considerations 

In the current experiments, the average zinc and copper concentrations in both the caudate 

nucleus and subventricular zone were above the calculated average limits of detection. Thus, 

LA-ICP-MS detects accurate and reproducible concentrations of zinc and copper in these brain 

regions at a resolution of 40 µm. In addition, the concentrations of both zinc and copper in the 

normal caudate nucleus were within the range of concentrations found in previous studies 

[266, 268, 276, 430, 431, 477, 479, 481-486]. This finding suggests that both copper and zinc 

concentrations in the caudate nucleus are homogeneously distributed and tightly regulated in 

the normal brain, as a very small area of caudate nucleus was measured in the current study 

compared to previous research. 

However, the average manganese concentrations in the current study were below the 

calculated average limits of detection and quantification for this metal. This may explain why 

manganese levels in the present study are higher than the range of manganese found in the 

caudate nucleus in previous studies [268, 430, 431, 477, 481, 484, 487]. Thus, the LA-ICP-MS 

measurements for manganese are less accurate than the measurements for copper and zinc. 

This discrepancy is due to a combination of a low level of manganese in the brain and a high 

measured background level of this metal in the current experiments.  
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Iron concentrations could not be measured, but relative quantification was achieved for this 

metal. Thus, iron levels could be compared between normal and PD cases. 

5.4.2 Zinc in the caudate nucleus and subventricular zone 

Zinc homeostasis is highly regulated in the brain [269-271]. Interestingly, however, in the 

present study both the caudate nucleus and subventricular zone zinc concentrations from PD 

patients were above the range of average concentrations found in the normal caudate nucleus 

in previous studies [266, 268, 276, 477, 479, 481-485]. In addition, the subventricular zone zinc 

concentration in PD was significantly higher than in normals in the current study. Thus, there 

is an abnormal accumulation of zinc in the subventricular zone in PD. Although there was no 

significant difference in zinc concentrations in the caudate nucleus between PD and normal 

cases in the current study, an increase in zinc has been reported in the PD caudate nucleus in a 

previous study, as well as in the putamen and substantia nigra [275]. The present study 

therefore supports the view that zinc homeostasis is altered in various brain regions in PD.  

The significant increase in zinc in the PD subventricular zone in the current study suggests 

that this region is particularly vulnerable to zinc dyshomeostasis. Zinc turnover in the brain 

occurs via the blood and CSF [271], and the subventricular zone is directly connected to both 

of these fluids [299, 472]. In PD, a decrease in zinc in the CSF [462], serum [464], and plasma 

[466] has been reported. This deficiency may lead to increased uptake of zinc in the brain; an 

upregulation of transporter proteins that take up zinc, such as ZIP4, and a decrease of proteins 

that release zinc, such as zinc transporter 1 (ZnT1), occurs in models of dietary zinc deficiency 

[488]. In addition, in rats that were fed a zinc-deficient diet for 12 weeks, brain zinc was greatly 

increased compared to control rats following an injection of zinc [271]. Thus, one possible 

explanation for the increased zinc in the PD subventricular zone is as follows: In response to 

zinc deficiency, zinc transporter proteins are dysregulated on cells around blood vessels and in 

the ependyma, leading to increased uptake of zinc in this region. However, 

immunohistochemical studies of zinc transporters are needed to test this hypothesis.  

The effect of excess zinc in the PD subventricular zone is unknown. Zinc is vital to the survival 

of cells, especially in the brain, with zinc an essential component of many enzymes and other 
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proteins [489]. Although zinc (unlike iron and copper) does not have any redox activity [490, 

491], excess free zinc is toxic to mammalian cells [492]. Interestingly, however, the increased 

zinc in the PD subventricular zone did not correspond to an increase in free or loosely bound 

zinc in this region, suggesting that any increase in zinc in this region is protein-bound. This 

may limit the damage that this excess zinc can cause. To investigate the subcellular localisation 

of this excess zinc in the PD subventricular zone, a sensitive, non-destructive technique with a 

smaller resolution should be employed; synchrotron radiation X-ray fluorescence is one such 

technique [493].  

The excess zinc in the PD subventricular zone may also be related to neurogenesis in this 

region. Zinc is necessary for the function of many of the enzymes involved in cell division and 

differentiation [489], such as DNA and RNA polymerases [494]. Moreover, zinc has been 

shown experimentally to be essential for neurogenesis in rodents in both the subventricular 

zone [226] and the subgranular zone [227, 228, 495]. Thus, the increase in zinc specifically in 

this region may be related to its neurogenic function; however, further studies into the 

subcellular localisation of zinc are needed to test this hypothesis. 

5.4.3 Copper in the caudate nucleus and subventricular zone 

There was no difference in copper concentrations in the caudate nucleus or subventricular 

zone of PD cases compared to normals. In addition, the caudate nucleus concentrations for 

both normal and PD cases in the current study were within the range of concentrations found 

in previous studies [268, 276, 430, 431, 479, 481, 486]. The combination of these findings implies 

that there is no change in copper concentrations in the subventricular zone or caudate nucleus 

in PD, as has been found previously in the caudate nucleus [275, 286]. Furthermore, a strong 

positive correlation was seen between copper concentrations in the caudate nucleus and 

subventricular zone. This provides further evidence that copper homeostasis is very tightly 

regulated in both brain regions, even in PD, unlike the dysregulation of copper that occurs in 

the PD substantia nigra [273-275, 286-288].  

Interestingly, however, there was significantly less copper in the subventricular zone than in 

the caudate nucleus, at least in normal cases. This may relate to the neurogenic role of the 
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subventricular zone; copper is thought to inhibit neurogenesis in subventricular zone cells 

[264, 313], so there may be homeostatic measures in place to keep copper levels low in this 

region. Future immunohistochemical studies investigating copper transporter levels in this 

region may provide an insight into the regulation of copper in this region. 

5.4.4 Manganese in the caudate nucleus and subventricular zone 

Manganese concentrations in the current experiments were not significantly different between 

PD and normal cases in either the caudate nucleus or the subventricular zone. This is similar to 

previous studies that have found no change in manganese in the PD substantia nigra [275, 

286]. Thus, although manganese toxicity presents with similar symptoms to PD [496], and 

chronic manganese exposure increases the risk of developing PD incidence [127, 140, 153, 154], 

the current study supports the view that manganese levels are not elevated in the PD brain.  

In addition, there was no difference in average manganese concentrations between the 

subventricular zone and caudate nucleus in normal or diseased cases. Therefore, unlike copper 

and iron, there is no clear distinction between the subventricular zone and the neighbouring 

caudate nucleus in terms of manganese levels. However, the distribution of manganese 

appeared different in these two regions; looking at the heat maps, there are more spikes of 

high manganese concentrations in and around the subventricular zone compared to the 

caudate nucleus. Excess manganese is taken up by lysosomes, at least in the rodent [497], and 

is also found in lipofuscin [498, 499], which accumulates in the brain with age [498, 500]. Both 

lipofuscin [501] and lysosomes [305] are found in subventricular zone and ependymal layer 

cells. Thus, the high spikes of manganese may be within pockets of cells that contain high 

levels of lipofuscin and lysosomes in this region. However, this is speculation; the lack of a 

suitable histological marker for manganese means that the subcellular localisation of these 

manganese spikes could not be determined in the current experiments. Future experiments 

using a technique with a smaller resolution, such as synchrotron radiation X-ray fluorescence 

[493], are necessary to identify these hot spots of manganese accumulation. 
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5.4.5 Iron in the caudate nucleus and subventricular zone 

There was no difference in iron levels between normal and PD cases in either the 

subventricular zone or caudate nucleus. Thus, unlike in the substantia nigra [272-278], iron 

levels are unchanged in these regions in PD. However, there were significantly higher levels of 

iron in the caudate nucleus compared to the subventricular zone in both PD and normal cases. 

This is similar to what has been observed in the rodent brain using histological stains; in adult 

rats, very little iron is seen in the subventricular zone, while the striatum is very iron-rich 

[265].  

In addition, there was no difference between PD and normal brains in terms of ferric or ferrous 

iron staining. The pattern of ferric iron distribution was similar over all cases, with dark, dense 

staining in the neuropil in the caudate nucleus, and very little ferric iron in the ependymal 

layer and subventricular zone. This was expected; ferric iron is enriched in myelin [502] and 

neuropil [503]. There was much less ferrous iron in both the caudate nucleus and 

subventricular zone, although occasional masses of ferrous iron were observed; however, this 

pattern of staining did not vary between PD and normal brains. An excess of ferrous iron leads 

to oxidative stress, and can be toxic to the cell [504], so the similarity in staining patterns 

suggests that iron is not causing oxidative stress in these regions in PD. Thus, in PD the 

caudate nucleus and subventricular zone appear normal in terms of iron levels and 

distribution.  

5.4.6 Metals and ageing, post-mortem delay, and sex 

No relationship was seen between post-mortem delay and metal concentrations in either the 

subventricular zone or the caudate nucleus. No previous studies have presented data on the 

effect of post-mortem delay on metal concentrations, and even a review paper discussing 

experimental sources of error in post-mortem iron measurements does not mention post-

mortem delay as a factor [505]. Thus, current evidence suggests that post-mortem delay does 

not affect metal concentrations in the studied brain regions. 
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Only manganese concentrations were significantly correlated with sex in the current study; 

females had higher levels of manganese in the subventricular zone. Higher brain manganese 

levels have been reported in female mice, along with lower levels of copper [506], which were 

not seen in the current experiments. However, given that there was no difference in 

manganese concentrations between PD and normal cases, this correlation is unlikely to be a 

confounding factor in the present study. 

There was no significant correlation between age and metal content of the subventricular zone 

or caudate nucleus, so age is not a confounding factor in this study. However, all relationships 

between age and zinc, copper, or manganese were negative. Previous studies have shown that 

adult zinc levels stay steady or show a slight decline with age [267, 507, 508], while both 

copper [509] and manganese [267] decline from middle age, so a significant correlation may be 

detected if more cases are investigated. In addition, iron increases in the brain with age [510, 

511], and in the current study a positive relationship was seen between age and iron levels in 

the caudate nucleus, although again this was not significant.  

There was also a positive correlation of subventricular zone zinc with caudate nucleus 

manganese concentrations. The reason for this is uncertain; although a relationship has been 

reported between iron and manganese [512], iron and zinc [513], iron and copper [514], and 

copper and zinc [515] homeostatic mechanisms, a clear link between manganese and zinc 

homeostasis in the brain has not been reported. However, at least one transporter, divalent 

metal transporter 1 (DMT1), is involved in both zinc and manganese transport across the 

blood brain barrier [293], and may account for the positive correlation between these two 

metals in the current study. 

5.5 Summary 

In this chapter, the distribution and concentration of zinc, copper, manganese, and iron in the 

human caudate nucleus and subventricular zone has been demonstrated, both in normal and 

in PD brains. Higher concentrations of both iron and copper were observed in the caudate 

nucleus compared to the neighbouring subventricular zone, while levels of zinc and 

manganese did not significantly differ between these two regions. Homeostasis of copper and 
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iron were unaltered in PD in both the caudate nucleus and subventricular zone, in contrast to 

the increase in iron and decrease in copper found in the substantia nigra in this disease in 

previous studies. Manganese concentrations were unchanged in the two regions studied, 

supporting previous research that found no change in manganese levels in the PD brain. Zinc, 

however, was significantly increased in the subventricular zone in PD in this study; this excess 

zinc is not free or loosely bound. This increase in protein-bound zinc may be the result of zinc 

deficiency in the CSF or blood, or may be related to the neurogenic function of the 

subventricular zone. However, further research investigating the subcellular localisation of all 

four metals is necessary to elucidate their roles in these regions. 
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CHAPTER 6 

6 Metals in the human olfactory bulb and tract in the 

normal and Parkinson’s disease brain 

6.1 Introduction 

One of the earliest symptoms of Parkinson’s disease (PD) is a decrease or complete loss of the 

sense of smell (hyposmia and anosmia, respectively), which occurs in over 95% of all patients 

[25]. This change in the sense of smell can occur years before a clinical diagnosis of PD is 

made, and is one of the first symptoms present in this neurodegenerative disease [24-26, 516]. 

The olfactory dysfunction in PD is not affected by common medications such as L-3,4-

dihydroxyphenylalanine (L-DOPA) [27, 517], and is not related to the stage or duration of the 

disease [24, 25, 518].  

The cause of this loss of smell is unknown, but has been hypothesised to involve the olfactory 

bulbs [363], two small regions of the brain that are located on the rostral tips of the olfactory 

tracts, which extend back into the brain along the ventral surface of the frontal lobe. The 

olfactory bulbs sit above the cribriform plate and receive input from the olfactory sensory 

neurons, which are located in the olfactory epithelium, within the nasal cavity [57]. These 

olfactory sensory neurons synapse with olfactory bulb cells at glomeruli within the olfactory 

bulb [57]. The olfactory bulb is laminar in structure, with each layer playing a specific role in 

olfactory processing. although this laminar organisation is not always well maintained in the 

aged human brain [519].  

Aggregated alpha-synuclein, in the form of the Lewy bodies and Lewy neurites that are the 

hallmark of PD pathology, occurs first in the olfactory bulb and glossopharyngeal and vagus 

nerves [29]. From these regions, the pathology spreads throughout the rest of the brain, which 

has led to the development of the “olfactory vector hypothesis” [46]. This hypothesis states 

that some pathogenic agent, such as a toxin, virus, or metal, enters the brain through the 

olfactory pathway, and concurrently through the vagus nerve via swallowed nasal secretions 
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[54]. The pathology caused by this unknown factor in the olfactory bulb and vagus nerve then 

spreads through the brain. This pathology is in the form of aggregated, misfolded alpha-

synuclein, which can move from cell to cell in the brain in a prion-like manner [520]. Evidence 

of this prion-like behaviour are many; for example, healthy foetal cells surgically implanted 

into the PD brain have been shown to contain Lewy bodies post-mortem [521], and when cells 

containing misfolded alpha-synuclein are implanted into wild-type mice, misfolded alpha-

synuclein has subsequently been detected throughout the brain [522]. 

However, the pathogenic agent responsible for causing the pathology found in PD is currently 

unknown. Metals are one possible factor, as imbalances in metal concentrations have been 

reported in many studies in the PD brain. Iron is increased in the PD substantia nigra [139, 272, 

274-278], while copper is decreased in this region [273-275, 286-288]. Metals can be taken up 

into the olfactory bulb; zinc [307], iron [308], inorganic mercury [523], titanium [312], cadmium 

[310], nickel [311], and manganese [309, 310] have all been shown experimentally to enter this 

brain region via intranasal exposure, and excess iron has been reported in the primary 

olfactory cortex in early PD patients [524]. The olfactory bulb is unique in the brain in that it 

does not have a blood-brain barrier [306], and metals taken up intranasally have subsequently 

been found in other brain regions, such as in the hippocampus, striatum, and cortical regions 

[309-312]. This suggests that there is transport of these elements from the olfactory bulb into 

the rest of the brain, supporting the plausible role of metals as a pathogenic agent in PD 

development.  

Excess metals in the olfactory bulb may also reduce olfactory ability. Exposure to airborne 

metals has been linked to olfactory dysfunction in humans [317], and fish in metal-

contaminated lakes show a great reduction in olfactory acuity [525]. Any changes in metal 

concentrations in the olfactory bulb in PD may therefore be responsible for the hyposmia and 

anosmia in this disease. 

In addition, metals such as iron, copper, aluminium, and cobalt have been shown in vitro to 

alter the structure of alpha-synuclein [160] and induce oxidative stress [458, 514], and are 

therefore plausible pathogenic agents [526-529]. Exposure to airborne pollution, including 
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airborne metals, in vivo has been associated with higher levels of inflammatory markers in the 

olfactory bulb as well as in the frontal cortex, hippocampus [530], substantia nigra, and vagus 

nerve in humans [531]. Furthermore, granular alpha-synuclein deposits have been found in 

the brains of children as young as 11 years old in the highly polluted Mexico City [532], and 

olfactory function is decreased in young adults from this region [533]. Conversely, no such 

pathology was detected in the brains of children and teens from regions of low pollution in 

Mexico [532]. 

However, more basic research is needed to elucidate any possible role of airborne metals in the 

pathology of PD. No studies have investigated the concentrations of any metals in the human 

olfactory bulb or tract in PD, and the distribution of metals in the human olfactory bulb is 

currently unknown in both normal and PD patients. This chapter will investigate the overall 

concentrations of 14 metallic elements in the human olfactory bulb and tract, and look at any 

changes that may occur in PD. It will also examine the distributions and localised 

concentrations of zinc, iron, copper, and manganese in the human olfactory bulb and tract, 

especially in relation to phosphorylated alpha-synuclein distribution in these regions. 

6.2 Methods 

The methods used in this chapter can be found in Sections 2.2, 2.4, and 2.5.  

Eight cases (Table 6.1) of fresh frozen (no chemical fixation) olfactory bulb and tract tissue 

were used in the inductively coupled plasma mass spectrometry (ICP-MS) experiments in this 

chapter. Four were from normal patients, and four were from patients with a clinical diagnosis 

of PD and a pathological diagnosis of cortical Lewy body disease (from now on referred to as 

“PD” patients).  

An additional three cases (Table 6.1) of fresh frozen tissue were used in the laser ablation ICP-

MS (LA-ICP-MS) experiments to investigate zinc, copper, manganese, and iron distribution in 

the olfactory bulb and tract. Of these, two were PD patients and one was classified as a normal 

brain, despite the cause of death being stroke. This “normal” classification was made because 

the stroke was in the posterior cerebral artery, mainly affecting the occipitotemporal cortex, 
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and was far from any olfactory processing regions and from the olfactory bulb and tract that 

were investigated in this chapter. 

Table 6.1 Case details of olfactory bulb and tract tissue used for ICP-MS and LA-ICP-MS experiments  

Experiment Brain type Case 
Age 

(years) 
Sex 

Post-mortem 
delay (hours) 

ICP-MS Normal H203 82 Female 24˗31 
ICP-MS Normal H212 72 Male 12 
ICP-MS Normal H241 73 Female 12 
ICP-MS Normal OFB27 61 Female 22 
ICP-MS Parkinson’s disease PD34 75 Female 10 
ICP-MS Parkinson’s disease PD35 73 Male 16 
ICP-MS Parkinson’s disease PD43 82 Female 15 
ICP-MS Parkinson’s disease PD58 60 Female 16 

LA-ICP-MS Normal (stroke) STR5 80 Male 17 
LA-ICP-MS Parkinson’s disease PD63 91 Female 5 
LA-ICP-MS Parkinson’s disease PD67 65 Male 17 

 

6.3 Results 

6.3.1 Elements in the olfactory bulb and tract in the normal brain 

Of the 20 elements that were analysed in the current study (Table 6.2), six were present at 

quantities lower than the limit of detection. These were aluminium, arsenic, selenium, 

strontium, cadmium, and barium. Of the 14 elements present in the olfactory bulb and tract at 

levels higher than their limits of detection (LoD), varying concentrations were found. Sodium 

and potassium were both present at very high concentrations, with 1,714.59 µg/g (± 140.77) of 

sodium and 1,743.88 µg/g (± 207.48) of potassium in the combined bulb and tract in the normal 

brain.  

Calcium, magnesium, zinc, and iron were all present at more than 10 µg/g in the combined 

olfactory bulb and tract, with calcium the most abundant of these elements at 131.99 µg/g (± 

18.10), followed by magnesium (67.98 µg/g ± 5.00), zinc (38.34 µg/g ± 5.80), and iron (16.62 

µg/g ± 1.02).  
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Table 6.2: Average concentrations of elements (in µg/g wet weight, ± SEM) in the olfactory bulbs and tracts of 
four normal and four Parkinson’s disease patients using inductively coupled plasma mass spectrometry.  

 Normal Parkinson’s disease  
Element OFB  OFT OFB & T OFB  OFT OFB & T LoD 

23Na   
Sodium 

1,688.34  
± 159.26 

1,740.84  
± 251.92 

1,714.59  
± 140.77 

2,660.56**  
± 73.94 

2,556.98* 
± 85.33 

2,608.77** 
± 49.92 

0.009 

39K 
Potassium 

1,475.44 
± 158.17 

2,012.32 
± 364.23 

1,743.88 
± 207.48 

1,373.71  
± 127.06 

1,691.30 
± 203.34 

1,532.51  
± 112.86 

0.006 

43Ca   
Calcium 

124.04 
± 29.98 

139.95 
± 23.32 

131.99 
± 18.10 

476.51 
± 165.40 

484.05 
± 224.56 

480.28 
± 115.48 

0.034 

24Mg 
Magnesium 

59.56  
± 2.54 

76.40  
± 8.40 

67.98  
± 5.00 

71.38  
± 4.17 

75.16  
± 4.68 

73.27  
± 2.67 

0.009 

68Zn          
Zinc 

37.21 
± 10.31 

39.46 
± 6.65 

38.34 
± 5.80 

25.22 
± 5.37 

40.46 
± 10.60 

32.84 
± 5.55 

0.001 

54Fe           
Iron 

16.49  
± 0.44 

16.76 
± 2.12 

16.62 
± 1.02 

26.41* 
± 3.38 

20.00 
± 3.18 

23.20* 
± 2.21 

0.017 

85Rb 
Rubidium 

1.84 
± 0.237 

2.42 
± 0.271 

2.13 
± 0.196 

1.34 
± 0.112 

1.65 
± 0.228 

1.59 
± 0.118 

0.0000 

63Cu    
Copper 

1.70 
± 0.144 

0.99 
± 0.147 

1.35 
± 0.153 

1.78 
± 0.065 

1.10 
± 0.241 

1.44 
± 0.155 

0.0001 

60Ni      
Nickel 

0.635 
± 0.214 

1.631 
± 0.556 

1.133 
± 0.326 

0.445 
± 0.099 

1.115 
± 0.402 

0.780 
± 0.205 

0.0001 

52Cr 
Chromium 

0.263 
± 0.016 

0.415 
± 0.075 

0.339 
± 0.044 

0.283 
± 0.026 

0.336 
± 0.032 

0.310 
± 0.019 

0.0003 

55Mn 
Manganese 

0.165 
± 0.007 

0.187 
± 0.031 

0.176 
± 0.015 

0.157 
± 0.013 

0.184 
± 0.020 

0.171 
± 0.011 

0.0001 

207Pb        
Lead 

0.097 
± 0.026 

0.079 
± 0.046 

0.088 
± 0.025 

0.099 
± 0.033 

0.172 
± 0.051 

0.135 
± 0.028 

0.0001 

51V 
Vanadium 

0.087  
± 0.006 

0.124 
± 0.025 

0.105 
± 0.014 

0.082 
± 0.006 

0.098 
± 0.011 

0.090 
± 0.006 

0.0001 

133Cs 
Caesium 

0.023 
± 0.003 

0.034 
± 0.008 

0.029 
± 0.004 

0.013 
± 0.002 

0.016 
± 0.002 

0.015 
± 0.001 

0.0000 

27Al 
Aluminium < LoD < LoD < LoD < LoD < LoD < LoD 

0.0006 

75As Arsenic < LoD < LoD < LoD < LoD < LoD < LoD 0.0002 
82Se 

Selenium < LoD < LoD < LoD < LoD < LoD < LoD 
0.0002 

88Sr 
Strontium < LoD < LoD < LoD < LoD < LoD < LoD 

0.0003 

111Cd 
Cadmium < LoD < LoD < LoD < LoD < LoD < LoD 

0.0001 

137Ba Barium < LoD < LoD < LoD < LoD < LoD < LoD 0.0001 
OFB = olfactory bulb; OFT = olfactory tract; OFB & T = Olfactory bulb and tract (combined); LoD = Limit of detection (µg/g) 

* Differ between Parkinson’s disease and normals (p ≤ 0.05); ** Differ between Parkinson’s disease and normals (p ≤ 0.01)  
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Rubidium, copper, and nickel were present at low concentrations in this region, with rubidium 

at a concentration of 2.13 µg/g (± 0.196), copper at 1.35 µg/g (± 0.153), and nickel at 1.13 µg/g (± 

0.326). Chromium, manganese, lead, vanadium, and caesium were all present at trace 

concentrations of less than 0.5 µg/g, with manganese present at 0.176 µg/g (± 0.015).  

In addition, most elements were present at similar concentrations in the olfactory bulb and the 

olfactory tract; only copper had a significantly different concentration in the two regions, with 

85% more copper in the normal olfactory bulb compared to the normal olfactory tract (Fig. 

6.1A; p ≤ 0.05). 

6.3.2 Elements in the olfactory bulb and tract in Parkinson’s disease 

Most elements measured in the PD olfactory bulb and tract were found at similar 

concentrations as in the normal group (Table 6.2). Potassium, magnesium, zinc, rubidium, 

copper, nickel, chromium, manganese, lead, vanadium, and caesium concentrations in the 

olfactory bulb and tract did not differ between the normal and PD groups. As in the normal 

brain, there was more copper in the PD olfactory bulb compared to the PD olfactory tract (Fig. 

6.1A; p ≤ 0.05). 

However, both iron and sodium were present at significantly higher concentrations in the PD 

olfactory bulb and tract compared to the normal group (Fig. 6.1B & C). Sodium was 67% 

higher in the PD olfactory bulb compared to normals (normal 1,688.34 µg/g ± 159.26, PD 

2,660.56 µg/g ± 73.94; p ≤ 0.01), 60% higher in the PD olfactory tract (normal 1,740.84 µg/g ± 

251.92, PD 2,556.98 µg/g ± 85.33; p ≤ 0.05), and 65% higher in the combined olfactory bulb and 

tract in PD (normal 1,714.59 µg/g ± 140.77, PD 2,608.77 µg/g ± 49.92; p ≤ 0.01). Similarly, iron 

was 61% higher in the PD group in the olfactory bulb (normal 16.49 µg/g ± 0.44, PD 26.41 µg/g 

± 3.38; p ≤ 0.05) and 40% higher in the combined olfactory bulb and tract (normal 16.62 µg/g ± 

1.02, PD 23.20 µg/g ± 2.21; p ≤ 0.05), although there was no difference in olfactory tract 

concentrations between normal and PD groups. 
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Figure 6.1: Graphs showing copper, sodium, and iron concentrations in the olfactory bulbs and tracts of normal 
and Parkinson’s disease patients. A) Graph showing copper concentration (wet weight) in the olfactory bulbs and 
tracts of normal and PD patients. There was more copper in the olfactory bulb than in the olfactory tract in both the 
normal (85% more copper in the olfactory bulb than tract, p ≤ 0.05) and PD (62% more copper in the olfactory bulb 
than tract, p ≤ 0.05) groups. B) Graph showing sodium concentration (wet weight) in the olfactory bulbs and tracts 
of normal and PD patients. There was 67% more sodium in the olfactory bulb (p ≤ 0.01) and 60% more sodium in the 
olfactory tract (p ≤ 0.05) in the PD group compared to normals. In the bulb and tract combined, there was a 65% 
higher sodium concentration in the PD group (p ≤ 0.01). C) Graph showing iron concentration (wet weight) in the 
olfactory bulbs and tracts of normal and PD patients. There was 61% more iron in the olfactory bulb (p ≤ 0.05) in the 
PD group compared to normals. In the bulb and tract combined, there was 42% more iron in the PD group (p ≤ 
0.05).   
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6.3.3 Correlations between element concentrations in the combined olfactory bulb 

and tract 

Interestingly, two groups of elements were positively correlated in the combined olfactory 

bulb and tract between almost all elements in each group. That is, within each of these two 

groups, some olfactory bulbs and tracts had relatively high levels of all elements, while other 

olfactory bulbs and tracts had relatively low levels of all elements. One such group was of 

potassium, vanadium, chromium, nickel, and zinc, which were all positively correlated (Fig. 

6.2; p ≤ 0.05 for all correlations). In addition, caesium was positively correlated with zinc, 

vanadium, and potassium in this group (p ≤ 0.05 for all correlations), but not with chromium 

or nickel.  

Sodium, magnesium, and iron were also all positively correlated in the combined olfactory 

bulb and tract measurements (Fig. 6.3; p ≤ 0.05 for all correlations). Lead was positively 

correlated with iron in this group (Fig. 6.3; p ≤ 0.05), but not with magnesium or sodium. 

There were no other significant correlations between any other elements in the olfactory bulb 

and tract in this study. 

6.3.4 Correlations of element concentrations in the combined olfactory bulb and 

tract with post-mortem delay, age, and sex  

Both magnesium (r = ˗0.80, p ≤ 0.05) and manganese (r = ˗0.71, p ≤ 0.05) in the combined 

olfactory bulb and tract were negatively correlated with post-mortem delay (Fig. 6.4). 

However, no other elements in this study were correlated with post-mortem delay. 

In addition, there was no significant correlation between either sex or age with the 

concentration of any element in this region, and there was also no significant difference in age 

(normal 72 ± 4.3 years, PD 73 ± 4.6 years) or post-mortem delay (normal 18.4 ± 3.8 hours, PD 

14.3 ± 1.4 hours) between normal and PD groups.  
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Figure 6.2: Correlation matrix of potassium, vanadium, chromium, nickel, zinc, and caesium concentrations in 
the human olfactory bulb and tract (combined). In the combined olfactory bulb and tract measurements, there 
were positive correlations between potassium, vanadium, nickel, zinc, and caesium across all cases. There was a 
strong positive correlation between potassium and vanadium (r = 0.82, p ≤ 0.05), chromium (r = 0.93, p ≤ 0.01), nickel 
(r = 0.84, p ≤ 0.01), zinc (r = 0.85, p ≤ 0.01), and caesium (r = 0.74, p ≤ 0.05) concentrations. Vanadium concentrations 
were also positively correlated with chromium (r = 0.92, p ≤ 0.01), nickel (r = 0.88, p ≤ 0.01), zinc (r = 0.97, p ≤ 0.01), 
and caesium (r = 0.74, p ≤ 0.05) concentrations. Chromium was also positively correlated with nickel (r = 0.88, p ≤ 
0.01) and zinc (r = 0.94, p ≤ 0.01) concentrations, while zinc was also positively correlated with nickel (r = 0.83, p ≤ 
0.01) and caesium (r = 0.76, p ≤ 0.05) concentrations. However, there was no significant relationship between 
caesium and either nickel (r = 0.70, p = 0.055) or chromium (r = 0.62, p = 0.10) concentrations in the combined 
olfactory bulb and tract.  
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Figure 6.3: Correlation matrix of sodium, magnesium, iron, and lead concentrations in the human olfactory bulb 
and tract (combined). There was a strong positive correlation between sodium and magnesium (r = 0.79, p ≤ 0.05), 
sodium and iron (r = 0.74, p ≤ 0.05), iron and magnesium (r = 0.84, p ≤ 0.01), and iron and lead (r = 0.74, p ≤ 0.05) 
concentrations in the combined olfactory bulb and tract. However, there was no significant relationship between 
lead concentrations and either sodium (r = 0.31, p = 0.45) or magnesium (r = 0.65, p = 0.08) concentrations in these 
regions. 

 

 

 

 

Figure 6.4: Correlation matrix of post-mortem delay versus magnesium and manganese concentrations in the 
human olfactory bulb and tract (combined). Both magnesium (r = ˗0.80, p ≤ 0.05) and manganese (r = ˗0.71, p ≤ 0.05) 
concentrations were negatively correlated with post-mortem delay in the combined olfactory tract and bulb.   
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6.3.5 Zinc, copper, manganese, and iron distribution in the human olfactory bulb 

and tract 

Zinc, copper, manganese, and iron were all detected in the olfactory bulb and tract of all three 

cases studied using LA-ICP-MS (Fig. 6.5). Copper and zinc were both present in this region at 

levels above the limits of detection for these metals (limits of detection: copper < 0.5 µg/g; zinc 

< 1 µg/g), and patterns of distribution could clearly be observed. Levels of manganese in the 

olfactory bulb and tract were generally below the limit of detection (< 2 µg/g). Absolute 

quantification of iron was not possible because of a lack of a suitable internal standard, but 

relative quantification was achieved for this metal. Overall, patterns of distribution and 

measured concentrations of all metals were very consistent between serial sections from the 

same case (Fig. 6.5), with regions of high and low metal concentrations clearly visible and 

constant across a number of serial sections. 

The regional differences in metal concentrations can be observed more clearly in Figures 6.6–

6.11, where heat maps of single tissue sections are shown alongside fluorescent micrographs of 

adjacent sections.  

Fluorescent micrographs of case PD63 (Figs. 6.6 and 6.7) show a well-organised, clearly 

laminar olfactory bulb, while cases PD67 (Figs. 6.8 and 6.9) and STR5 (Figs. 6.10 and 6.11) have 

a less well-defined structure. This is especially reflected in the heat maps of zinc and copper 

from each case, where layers of high and low zinc and copper are very well defined in PD63, 

and less clear in PD67 and STR5. However, some general trends can be observed for each 

metal distribution in the olfactory bulb and tract in all cases, and metal distribution in case 

PD63 can be described in terms of specific anatomical layers. 

 Zinc 6.3.5.1

Zinc was generally high in the outer layers of the olfactory bulb, with another region of high 

zinc in the very inner layer of the olfactory bulb (Figs. 6.6–6.11C). However, this metal had the 

most diverse distribution patterns, both within and between olfactory bulbs. In PD63, where 

olfactory bulb layers could be determined, zinc was highest in the granule cell, inner  
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Figure 6.5: Heat maps of zinc, copper, manganese, and iron distribution over serial sagittal sections of olfactory 
bulb and tract from three subjects: PD63, PD67, and STR5. This overview figure shows heat maps from all of the 
LA-ICP-MS scans that were performed and analysed for the current studies. Serial sections, each approximately 
100˗150 µm apart, show consistent patterns of zinc, copper, manganese, and iron distribution throughout each bulb 
and tract. Six of these scans are shown in detail in Figures 6.6˗6.11.   
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plexiform, and mitral cell layers. Free zinc was also seen in histological staining throughout 

the olfactory bulb, with strongest staining in the glomerular and olfactory nerve layers (Fig. 

6.12A). 

 Copper 6.3.5.2

Copper had the most clearly defined, laminar distribution of all the measured metals in this 

study (Figs. 6.6–6.11D). Inner layers of the olfactory bulb had lower levels of copper, while 

outer layers and regions high in glomeruli had higher concentrations of copper. The olfactory 

tract had consistently low levels of copper. In PD63, copper was highest in the glomerular and 

mitral cell layers.  

 Manganese 6.3.5.3

The olfactory bulb had consistently low levels of manganese, often below the limit of 

detection. However, this metal had similar distribution patterns as iron in the olfactory bulb 

and tract, with lower levels of manganese observed in the innermost layer of the olfactory bulb 

(Figs. 6.6–6.11E). In PD63, manganese was lowest in the granule cell and internal plexiform 

layers. 

 Iron 6.3.5.4

There were very low levels of iron in the inner layers of the olfactory bulb in all cases, and 

higher levels in the outer layers of the olfactory bulb (Figs. 6.6–6.11F). Regions with high 

numbers of glomeruli also had high levels of iron compared to other regions of the olfactory 

bulb. In PD63, iron was very low throughout the granule cell and internal plexiform layers, 

similar to manganese. In histological stains, ferric iron (Fe3+) staining was much more intense 

than ferrous iron (Fe2+), and was strongest in the outer layers of the olfactory bulb (Fig. 6.12B), 

while ferrous iron staining was strongest in the external plexiform area (Fig. 6.12C). 
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Figure 6.6: Heat maps of zinc, copper, manganese, and iron distribution over the olfactory bulb and tract in case 
PD63 (lateral section). A) Fluorescent micrograph of an adjacent section to the section scanned for the LA-ICP-MS 
heat maps in C, D, E, and F. This micrograph shows the laminar anatomy of the olfactory bulb and tract region that 
was scanned. Fluorescent markers were used for protein gene product 9.5 (PGP9.5; labels neuronal cell bodies and 
axons; green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst (labels nuclei; blue). B) Trace of the 
layers (grey) and glomeruli (black) of the olfactory bulb and tract from the fluorescent image in A, with the region 
of high phosphorylated alpha-synuclein (the anterior olfactory nucleus) shown in red. Anatomical layers of the 
olfactory bulb are labelled in this trace. C) Heat map of zinc distribution over the olfactory bulb and tract. Zinc 
concentrations vary across layers of the olfactory bulb, with higher concentrations of zinc in the outer layers 
compared to inner layers. There is comparatively low zinc in the anterior olfactory nucleus, where the highest levels 
of phosphorylated alpha-synuclein are. D) Heat map of copper distribution over the olfactory bulb and tract. The 
various layers of the olfactory bulb can be easily identified in this heat map, with some layers containing very high 
levels of copper and others relatively little copper. Copper levels are very high in the glomerular layer of the 
olfactory bulb, and very low in the olfactory tract. In addition, the anterior olfactory nucleus, with its very high load 
of phosphorylated alpha-synuclein, has a low concentration of copper. E) Heat map of manganese distribution over 
the olfactory bulb and tract. Localised manganese concentrations were very low in the olfactory bulb and tract. F) 
Heat map of iron distribution over the olfactory bulb and tract. Iron is homogeneously distributed over most layers 
of the olfactory bulb and tract, especially compared to copper and zinc distributions. However, there are very low 
levels of iron in the anterior olfactory nucleus, where the highest levels of phosphorylated alpha-synuclein are 
found.  
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Figure 6.7: Heat maps of zinc, copper, manganese, and iron distribution over the olfactory bulb and tract in case 
PD63 (medial section). A) Fluorescent micrograph of an adjacent section to the section scanned for the LA-ICP-MS 
heat maps in C, D, E, and F. This micrograph shows the laminar anatomy of the olfactory bulb and tract region that 
was scanned. Fluorescent markers were used for protein gene product 9.5 (PGP9.5; labels neuronal cell bodies and 
axons; green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst (labels nuclei; blue). B) Trace of the 
layers (grey) and glomeruli (black) of the olfactory bulb and tract from the fluorescent image in A, with the region 
of high phosphorylated alpha-synuclein (the anterior olfactory nucleus) shown in red. Anatomical layers of the 
olfactory bulb are labelled in this trace. C) Heat map of zinc distribution over the olfactory bulb and tract. Zinc 
concentrations vary across layers of the olfactory bulb, with higher concentrations of zinc in the outer layers 
compared to inner layers. There is comparatively low zinc in the anterior olfactory nucleus, where the highest levels 
of phosphorylated alpha-synuclein are. D) Heat map of copper distribution over the olfactory bulb and tract. The 
various layers of the olfactory bulb can be easily identified in this heat map, with some layers containing very high 
levels of copper and others relatively little copper. Copper levels are very high in the glomerular layer of the 
olfactory bulb, and very low in the olfactory tract. In addition, the anterior olfactory nucleus, with its very high load 
of phosphorylated alpha-synuclein, has a relatively low concentration of copper. E) Heat map of manganese 
distribution over the olfactory bulb and tract. Localised manganese concentrations were very low in the olfactory 
bulb and tract. F) Heat map of iron distribution over the olfactory bulb and tract. Iron is homogeneously distributed 
over most layers of the olfactory bulb and tract, especially compared to copper and zinc distributions. However, 
there are very low levels of iron in the inner layer of the olfactory bulb and in the anterior olfactory nucleus, where 
the highest levels of phosphorylated alpha-synuclein are found.   
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Figure 6.8: Heat maps of zinc, copper, manganese, and iron distribution over the olfactory bulb and tract in case 
PD67 (lateral section). A) Fluorescent micrograph of an adjacent section to the section scanned for the LA-ICP-MS 
heat maps in C, D, E, and F. This micrograph shows the anatomy of the olfactory bulb and tract region that was 
scanned. Fluorescent markers were used for protein gene product 9.5 (PGP9.5; labels neuronal cell bodies and 
axons; green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst (labels nuclei; blue). B) Trace of 
layers (grey) and glomeruli (black) of the olfactory bulb and tract from the fluorescent image in A, with the region 
of high phosphorylated alpha-synuclein (the anterior olfactory nucleus) shown in red. Other anatomical regions are 
unable to be identified in this section. C) Heat map of zinc distribution over the olfactory bulb and tract from. Zinc 
concentrations vary across layers of the olfactory bulb, with higher concentrations of zinc in the outer layers 
compared to inner layers. There is comparatively low zinc in the anterior olfactory nucleus, where the highest levels 
of phosphorylated alpha-synuclein are. D) Heat map of copper distribution over the olfactory bulb and tract. 
Copper levels are very high in the outer layers of the olfactory bulb and in regions containing glomeruli. In 
addition, the anterior olfactory nucleus, with its very high load of phosphorylated alpha-synuclein, has a relatively 
low concentration of copper. E) Heat map of manganese distribution over the olfactory bulb and tract. Localised 
manganese concentrations were very low in the olfactory bulb and tract. F) Heat map of iron distribution over the 
olfactory bulb and tract. Iron is highest rostrally in the olfactory bulb, and in the region with large numbers of 
glomeruli. There are very low levels of iron in the anterior olfactory nucleus, where the highest levels of 
phosphorylated alpha-synuclein are found.  
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Figure 6.9: Heat maps of zinc, copper, manganese, and iron distribution over the olfactory bulb and tract in case 
PD67 (medial section). A) Fluorescent micrograph of an adjacent section to the section scanned for the LA-ICP-MS 
heat maps in C, D, E, and F. This micrograph shows the anatomy of the olfactory bulb and tract region that was 
scanned. Fluorescent markers were used for protein gene product 9.5 (PGP9.5; labels neuronal cell bodies and 
axons; green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst (labels nuclei; blue). B) Trace of the 
layers (grey) and glomeruli (black) of the olfactory bulb and tract from the fluorescent image in A, with the region 
of high phosphorylated alpha-synuclein (the anterior olfactory nucleus) shown in red. Other anatomical regions are 
unable to be identified in this section. C) Heat map of zinc distribution over the olfactory bulb and tract. Zinc 
concentrations vary across layers of the olfactory bulb, with higher concentrations of zinc in the outer layers 
compared to inner layers. There is comparatively low zinc in the anterior olfactory nucleus, where the highest levels 
of phosphorylated alpha-synuclein are. D) Heat map of copper distribution over the olfactory bulb and tract. The 
various layers of the olfactory bulb can be easily identified in this heat map, with some layers containing very high 
levels of copper and others relatively little copper. Copper levels are very high in the glomerular layer of the 
olfactory bulb. In addition, the anterior olfactory nucleus, with its very high load of phosphorylated alpha-
synuclein, has a relatively low concentration of copper. E) Heat map of manganese distribution over the olfactory 
bulb and tract. Localised manganese concentrations were very low in the olfactory bulb and tract. F) Heat map of 
iron distribution over the olfactory bulb and tract. Iron is highest in the region with large numbers of glomeruli. 
There are very low levels of iron in the anterior olfactory nucleus, where the highest levels of phosphorylated 
alpha-synuclein are found.  
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Figure 6.10: Heat maps of zinc, copper, manganese, and iron distribution over the olfactory bulb and tract in case 
STR5 (lateral section). A) Fluorescent micrograph of an adjacent section to the section scanned for the LA-ICP-MS 
heat maps in C, D, E, and F. This micrograph shows the anatomy of the olfactory bulb and tract region that was 
scanned. Fluorescent markers were used for protein gene product 9.5 (PGP9.5; labels neuronal cell bodies and 
axons; green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst (labels nuclei; blue). No 
phosphorylated alpha-synuclein or glomeruli were observed in this olfactory bulb and tract. B) Trace of the layers 
(grey) of the olfactory bulb and tract from the fluorescent image in A. Specific anatomical regions are unable to be 
identified in this section. C) Heat map of zinc distribution over the olfactory bulb and tract. Zinc concentrations 
vary across layers of the olfactory bulb, with higher concentrations of zinc in the outer layers compared to inner 
layers. D) Heat map of copper distribution over the olfactory bulb and tract. The various layers of the olfactory bulb 
can be easily identified in this heat map, with some layers containing higher levels of copper and others relatively 
little copper. Copper levels are low overall in the olfactory bulb, and very low in the olfactory tract. E) Heat map of 
manganese distribution over the olfactory bulb and tract. Localised manganese concentrations were very low in the 
olfactory bulb and tract. F) Heat map of iron distribution over the olfactory bulb and tract. Iron concentrations vary 
across layers of the olfactory bulb, with higher concentrations of iron in the outer layers compared to inner layers.   
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Figure 6.11: Heat maps of zinc, copper, manganese, and iron distribution over the olfactory bulb and tract in case 
STR5 (medial section). A) Fluorescent micrograph of an adjacent section to the section scanned for the LA-ICP-MS 
heat maps in C, D, E, and F. This micrograph shows the anatomy of the olfactory bulb and tract region that was 
scanned. Fluorescent markers were used for protein gene product 9.5 (PGP9.5; labels neuronal cell bodies and 
axons; green), alpha-synuclein (phosphorylated at serine 129; red) and Hoechst (labels nuclei; blue). No 
phosphorylated alpha-synuclein was observed in this olfactory bulb and tract. B) Trace of the layers (grey) and 
glomeruli (black) of the olfactory bulb and tract from the fluorescent image in A. Specific anatomical regions are 
unable to be identified in this section. C) Heat map of zinc distribution over the olfactory bulb and tract. Zinc 
concentrations vary across layers of the olfactory bulb, with higher concentrations of zinc in the outer layers 
compared to inner layers. D) Heat map of copper distribution over the olfactory bulb and tract. The various layers 
of the olfactory bulb can be easily identified in this heat map, with some layers containing higher levels of copper 
and others relatively little copper. Copper levels are low overall in the olfactory bulb, and very low in the olfactory 
tract. E) Heat map of manganese distribution over the olfactory bulb and tract. Localised manganese concentrations 
were very low in the olfactory bulb and tract. F) Heat map of iron distribution over the olfactory bulb and tract. Iron 
concentrations vary across layers of the olfactory bulb, with higher concentrations of iron in the outer layers 
compared to inner layers.  
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Figure 6.12: Light micrographs of histological stains for free zinc, ferric iron, and ferrous iron in the olfactory 
bulb of PD63 (medial section). A, A’) Micrograph of a zinc histology stain. Free and loosely bound zinc is stained 
brown and black. There is intense staining of the olfactory nerve layer and around glomeruli (asterisks). B, B’) 
Micrograph of a ferric iron histology stain. Ferric iron is brown, while cell nuclei are stained purple with cresyl 
violet. There is intense ferric iron staining in the olfactory nerve layer, and strong staining in the outer layers of the 
bulb. Some large areas of very intense staining (such as in B’) were observed in this olfactory bulb section. C, C’) 
Micrograph of a ferrous iron histology stain. Ferrous iron is brown, while cell nuclei are stained purple with cresyl 
violet. There is very weak staining throughout the olfactory bulb, with highest levels in the external plexiform layer, 
which contained some small regions of intense ferrous iron staining (such as in C’). 
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6.3.6 Metal distribution in areas with high levels of phosphorylated alpha-synuclein 

Alpha-synuclein staining was almost completely absent in the normal case (STR5), whereas 

high levels of phosphorylated alpha-synuclein were present in the PD sections. Although 

phosphorylated alpha-synuclein was distributed throughout the PD bulbs, there was an 

accumulation of alpha-synuclein-positive Lewy bodies and neurites in the anterior olfactory 

nucleus. PD63 had the highest load of phosphorylated alpha-synuclein in this region (Figs. 6.6 

& 6.7). 

Iron and copper were both very low in the anterior olfactory nucleus of the two PD cases, 

where the highest levels of phosphorylated alpha-synuclein were located (Figs. 6.6–6.9). Zinc 

was also low in this region, relative to zinc concentrations in the rest of the olfactory bulb and 

tract. The anterior olfactory nucleus was not detected in the normal (STR5) olfactory bulb and 

tract (Figs. 6.10 & 6.11) because phosphorylated alpha-synuclein was not present to delineate 

this region.  

6.4 Discussion 

In this chapter, ICP-MS was used to investigate the concentrations of 14 metallic elements in 

the normal and PD olfactory bulb and tract. Iron and sodium were significantly higher in the 

PD olfactory bulb compared to the normal group, and sodium was also higher in the PD 

olfactory tract. There was no change between the PD and normal groups in any of the other 12 

elements measured in the olfactory bulb and tract, although copper was present at 

significantly higher concentrations overall in the olfactory bulb compared to the olfactory tract 

in both the normal and PD groups. 

The distribution and localised concentrations of zinc, copper, manganese, and iron in the 

human olfactory bulb and tract were also investigated using LA-ICP-MS and histological 

methods. These techniques revealed the heterogeneous nature of metal distribution in the 

olfactory bulb. Zinc, copper, manganese, and iron were differentially distributed throughout 

the different layers of the olfactory bulb and tract in both normal and PD brains. Interestingly, 
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in areas of high phosphorylated alpha-synuclein, zinc, copper, and iron were present at lower 

concentrations compared to in the rest of the olfactory bulb and tract.  

6.4.1 Elements present in the human olfactory bulb and tract 

There are very few studies that have measured concentrations of elements in the olfactory bulb 

and tract in any species. Two separate studies in the rat found similar ranges of elements in the 

olfactory bulb and tract as in the current study, with both potassium and sodium over 1,000 

µg/g (wet weight, converted from dry weight measurements using a ratio of 0.185), and 

magnesium, calcium, iron and zinc in the range of 10–200 µg/g [534, 535]. These studies also 

reported less than 5 µg/g of copper and less than 1 µg/g of manganese, as in the current study. 

A study of the normal human olfactory bulb, tract, and olfactory trigone also reported similar 

results to the current study for sodium, potassium, zinc, iron, rubidium, and caesium 

concentrations [315].  

However, two studies from a Japanese group investigating element concentrations in the 

human olfactory bulb and tract reported quite different results [536, 537], with less than 20 

µg/g of sodium (compared to 1,714 µg/g in the current study) and almost 1,000 µg/g of calcium 

(compared to 132 µg/g in the current study) in the human olfactory bulb and tract. Unlike the 

current study and the aforementioned rat and human studies, these last two studies used 

tissue taken from cadavers that had previously been chemically fixed and dissected by medical 

students. ICP-MS is a very sensitive technique that is extremely susceptible to contamination 

[355, 356, 538]; therefore, these data are not comparable to the data from the present study, 

where all possible steps were taken to avoid trace contamination.  

6.4.2 Iron in the Parkinson’s disease olfactory bulb 

Iron was significantly higher in the olfactory bulb in PD patients compared to the normal 

group in the current study. Previous studies have found that iron is also higher in the PD 

substantia nigra [139, 272, 274-278, 284, 539], which has led to speculation that iron may be 

involved in the development of PD [137, 138, 540]. Increased levels of iron in the brain can 

cause oxidative stress, which plays a leading role in the pathological process of PD [526-529, 
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541]. In addition, both mitochondrial function and iron levels are dysregulated in the PD brain, 

and this combination of pathology may promote alpha-synuclein aggregation [135, 542, 543]. 

The current finding of increased iron in PD in the olfactory bulb, where pathology first occurs 

in the disease, supports the idea that iron has a pathological role in the development of PD. 

However, the present study was performed using post-mortem tissue, and thus represents the 

end stage of the disease. Magnetic resonance imaging (MRI) studies looking at olfactory bulb 

iron in early-stage or presymptomatic PD patients are needed to investigate when iron 

concentrations become elevated in this region. 

6.4.3 Sodium in the Parkinson’s disease olfactory bulb and tract 

The finding of increased sodium in the PD olfactory bulb and tract was unexpected. Sodium is 

vital in all biological tissues, and is involved in osmoregulation, pH regulation, and 

electrochemical signalling pathways [544, 545]. For this reason, cells in healthy tissue control 

sodium concentrations very tightly using a range of pumps, channels, and transporters [544]. 

However, increased sodium in the brain has been reported in tumours [546], stroke lesions 

[547, 548], multiple sclerosis lesions [549, 550], and affected brain regions in Alzheimer’s [551-

553] and Huntington’s [545, 553, 554] diseases. Thus, increased sodium may be a general 

feature of neuropathology, rather than a phenomenon specific to PD.  

There are two plausible explanations for the increased sodium in the olfactory bulb and tract 

in the PD group. One possibility is that the increased tissue sodium concentration is a result of 

individual cells taking up extra sodium; this can occur as a result of impaired energy 

metabolism or reduced cell membrane integrity [544]. Mitochondrial impairment is a key 

pathological feature in the PD brain [65, 74, 146, 555, 556], and may at least partly explain the 

high sodium concentrations in the olfactory bulb and tract in the current study. 

The second possibility is that the increased sodium in the PD olfactory bulb and tract is a 

result of cell loss, as extracellular volume has an approximately 12-fold higher sodium 

concentration than intracellular volume [557]. Remarkably, no studies have investigated cell 

loss in the olfactory bulb or tract in PD, even though over 95% of PD patients have an olfactory 

deficit [25]. However, it seems unlikely that this increase in sodium is solely due to cell loss, as 
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there are no changes in sodium concentration in the substantia nigra in PD [281] despite a 

great deal of cell loss occurring in this region [47, 558],  

It is interesting to note that sodium concentrations were positively correlated with iron 

concentrations within the olfactory bulb and tract in the present study, because both elements 

were present at significantly higher concentrations in the PD group compared to normals. Any 

link between sodium and iron regulation is not well researched in animal studies; however, 

soil salinity affects iron uptake in many plants, although this depends on the type of plant and 

the amount of iron present in the soil [559]. Thus, there may be interactions between sodium 

and iron uptake in the human olfactory bulb and tract that maintain a steady ratio between the 

two elements. Alternatively, it may be that increased intracellular iron leads to mitochondrial 

dysfunction, which in turn leads to increased sodium in the olfactory bulb and tract, although 

more research is needed to clarify these issues. 

6.4.4 Iron and sodium in olfaction 

Interestingly, both iron and sodium have been implicated in olfaction. Patients with 

neurodegenerative disorders with brain iron accumulation (NBIA), such as 

neuroferritinopathy, have higher iron in the olfactory bulb and lower olfactory function than 

that of normal patients [319]. In iron-deficient rats, with lower iron concentrations in the 

olfactory bulb, olfactory behaviour is also altered, again suggesting that iron plays a role in 

olfaction [318]. Furthermore, iron is essential for the function of several enzymes that are 

important in olfaction, such as neuronal nitric oxide synthase and hydroxyanthranilic acid 

oxygenase [318].  

Voltage-gated sodium channels are also necessary for odour perception in humans, mice, and 

fruit flies [560, 561]. In addition, in the lobster it is hypothesised that a sodium-activated 

channel is involved in transduction of odour signalling, with sodium possibly acting as an 

intracellular second messenger in cells in the olfactory bulb [562]. The high levels of sodium 

and iron in the PD olfactory bulb and tract may therefore be related to the hyposmia and 

anosmia that occurs in PD.  
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6.4.5 Correlations of elements in the olfactory bulb and tract 

There were two groups of elements in the ICP-MS studies that were strongly positively 

correlated in the olfactory bulb and tract in the current study; that is, relative to one another, 

each olfactory bulb and tract had either high or low levels of all elements in the group. 

Potassium, vanadium, chromium, nickel, zinc, and caesium were one group of elements that 

were positively correlated, while sodium, magnesium, iron, and lead were the other. The 

significant correlations seen within each of these two groups of elements suggests that strong 

regulatory mechanisms for these elements are intact in both normal and PD patients. One 

large study also reported strong correlations between many elements in the human olfactory 

bulb and tract [537], although a number of the elements were different from those measured in 

the current study. Thus, although the complex interactions and possible shared regulatory 

mechanisms of the elements within the two groups in the current study are beyond the scope 

of this discussion, the results suggest that there are strong homeostatic mechanisms that 

maintain trace element ratios in the olfactory bulb and tract, even in PD. 

6.4.6 The effects of age, sex, and post-mortem delay on element concentrations in 

the olfactory bulb and tract 

Both manganese and magnesium concentrations in the olfactory bulb and tract were 

negatively correlated with post-mortem delay. However, there was no significant difference in 

post-mortem delay between the normal and PD groups, and neither manganese nor 

magnesium had significantly different concentrations between the two groups. Furthermore, 

there was no significant correlation between post-mortem delay and any other element, nor 

any correlation between age or sex and any element investigated in the current study. Thus, 

age, sex, and post-mortem delay do not significantly influence the results in the present study.  

6.4.7 Zinc, copper, manganese, and iron distribution in the olfactory bulb and tract 

One previous study has reported that metal distributions are consistent and can be measured 

accurately over serial sections of human brain tissue using LA-ICP-MS [423], and the current 

study found similar results. Highlighting the reproducibility of this technique, the 
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distributions and concentrations of all measured metal species were consistent from one 

section to the next within each case, even though the scans were often performed over the 

course of a few days, or up to a week apart.  

It is interesting to note the differences in laminar organisation of the three olfactory bulbs in 

the current study. While one olfactory bulb (PD63) had a very obvious laminar structure, 

similar to that described in rodent studies [55], the other two bulbs (PD67 and STR5) had much 

less obvious layers, and a less organised structure, similar to what is described in aged human 

olfactory bulbs in a previous study [519]. For this reason, metal concentrations were only 

described in terms of specific anatomical layers for case PD63. This olfactory bulb had a 

distribution of metals similar to that of the mouse. In the mouse olfactory bulb, zinc 

distribution is relatively homogeneous [316], as was seen in the olfactory bulb of PD63. 

Conversely, copper has a more localised distribution in the mouse olfactory bulb and is 

consistently high in the glomerular layer, again similar to PD63. In iron, however, the mouse 

olfactory bulb differed from the human: iron was consistently low in the mouse internal and 

external plexiforms, while in PD63 it was very low in the granule cell layer.  

Histological stains for zinc and iron showed similar patterns of distribution as the LA-ICP-MS 

heat maps. Free or loosely bound zinc was present in all regions of the olfactory bulb, with 

staining especially strong in the olfactory nerve layer and around glomeruli. Rodent studies 

have also reported high free zinc in the glomeruli of the olfactory bulb [563, 564], which is 

present in synapses in this region [564]. Ferric iron (Fe3+) had strong staining in the outer layers 

of the olfactory bulb, with less staining in the innermost layers, as in LA-ICP-MS heat maps. 

Ferrous iron (Fe2+), which is the reduced form of iron and can therefore generate oxidative 

stress [565], presented with a much weaker staining pattern than ferric iron. Thus, most of the 

iron in the olfactory bulb in case PD63 is in the oxidised, harmless form of ferric iron.  

6.4.8 Low zinc, copper, and iron concentrations in regions of high phosphorylated 

alpha-synuclein 

In the current study, the anterior olfactory nucleus had a very high load of phosphorylated 

alpha-synuclein in PD cases, as has been observed previously [566, 567]. Interestingly, in this 
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region there were very low concentrations of zinc, copper, and iron in both PD cases. This 

finding was unexpected based on previous research in the PD substantia nigra, which also 

contains high levels of aggregated alpha-synuclein [568-571]. In the substantia nigra in PD, 

iron is increased [139, 272, 274-278] and copper is decreased [273-275, 286-288], even at the 

intracellular level [279, 281]. Zinc may also be increased in the PD substantia nigra [275], 

although this finding has not been replicated [279, 281, 286]. It was therefore expected that iron 

and zinc would be high in regions of high phosphorylated alpha-synuclein in the olfactory 

bulb, while copper would be low in this region, but this was not the case. However, a previous 

LA-ICP-MS study investigating zinc, copper, and iron concentrations in the normal mouse 

brain found low levels of these metals in the anterior olfactory nucleus compared to other 

regions of the olfactory bulb and tract [316]. Thus, it may be that metal levels are normally low 

in this region. It would have been interesting to investigate any possible changes in metal 

levels that occur in this region in PD using a larger number of both normal and PD cases; 

unfortunately, limited olfactory bulb tissue meant that this was not possible. 

6.5 Summary 

In this chapter, the concentrations of 14 metallic elements were measured in four normal and 

four PD olfactory bulbs and tracts. In addition, the distribution and localised concentration of 

zinc, copper, manganese, and iron in these regions were demonstrated in one normal and two 

PD cases. Both sodium and iron were increased overall in the olfactory bulb in PD, and 

concentrations of these two elements were positively correlated over all olfactory bulbs and 

tracts. It may be that increased iron in the olfactory bulb leads to increased oxidative stress, 

which in turn leads to increased sodium concentrations; however, more research is needed to 

elucidate the causes and effects of these increased concentrations in PD. Unexpectedly, regions 

of high phosphorylated alpha-synuclein, such as the anterior olfactory nucleus, contained low 

levels of iron, copper, and zinc. More research is needed to investigate localised metal 

concentrations in these regions in PD. 
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CHAPTER 7 

7 General discussion 

Parkinson’s disease (PD), despite being clinically well defined, has an unknown cause (or 

causes). Because many of the common nonmotor symptoms of PD occur early in the disease 

process, before any motor symptoms are apparent [23], these nonmotor symptoms may 

provide the key to understanding the first pathological changes that occur in PD. Olfactory 

dysfunction is one such nonmotor symptom [26], and was the major focus of this thesis. 

Localised metal concentrations were then studied in two distinct regions, as metal 

dyshomeostasis is a key pathological feature in PD brains [272-290].  

7.1 Olfactory dysfunction in Parkinson’s disease 

Olfaction is often an overlooked sense in humans. Unlike vision or hearing, defects in olfaction 

are not readily obvious to others, or sometimes even to the patients who themselves have an 

olfactory deficit [572, 573]. However, olfaction is important from a young age, as babies will 

turn toward the scent of their mother’s milk [574] and away from unpleasant odours [575] 

from just a few days of age. Olfaction is conserved over a wide range of species and is 

important in humans for tasting the flavours of food, or for providing a warning of dangerous 

fumes or unhealthy environments [363]. Olfactory dysfunction can be very disabling, with 

many patients complaining of an altered quality of life, changes in body weight, and a decline 

in psychological wellbeing [576]. In PD, olfactory dysfunction occurs very early in the disease 

process [25, 577], and may be a sign of the neurodegeneration that is to occur throughout the 

brain. 

However, it is currently unknown what causes this olfactory dysfunction in PD. In this thesis, 

two possible causes were investigated: the first relates to subventricular zone neurogenesis, 

and the second involves metal accumulation in the olfactory bulb itself. 

In the neurogenic subventricular zone, neural precursor cells proliferate before migrating to 

the olfactory bulb via the rostral migratory stream [201]. In the olfactory bulb, these new cells 
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integrate into existing circuits as new granule cells or interneurons [578, 579], and 

approximately half of these new cells survive long term [578]. A decrease in subventricular 

zone neurogenesis leads to reduced olfactory function in animal models [398, 580], and it has 

been suggested that the hyposmia or anosmia that occurs in PD patients is also because of a 

decrease in subventricular zone neurogenesis [205, 216]. Indeed, one study reported a decrease 

in proliferation in the PD subventricular zone, and suggested that dopamine may regulate 

neurogenesis in humans [205] as it does in many animal species [205, 216, 218, 246-248, 254]. 

However, a subsequent, larger study found no change in proliferation in the subventricular 

zone in PD, despite a decrease in dopaminergic innervation to this region [206]. In this thesis 

there was also no change in proliferation in the subventricular zone in PD, and no localised 

change in dopamine D1 or D2 receptors in this disease (Chapter 3). Furthermore, although a 

number of previous studies have reported that deep brain stimulation (DBS) does not increase 

olfactory functioning in PD patients [581-584], proliferation in the subventricular zone was 

significantly increased in PD patients who had undergone chronic DBS (Chapter 3). Taken 

together, these results suggest that the hyposmia and anosmia seen in the majority of PD 

patients is not the result of a decrease in proliferation in the subventricular zone. 

An alternative cause of olfactory dysfunction in PD is that metals, including zinc, iron, and 

copper, may be taken up into the olfactory bulb, and that this accumulation of metals can 

affect olfaction. A number of metals have been shown experimentally to enter the olfactory 

bulb intranasally [307-312, 523], and exposure to airborne metals, as well as changes in 

olfactory bulb metal concentrations, have been linked to decreased olfactory ability [317-319, 

525]. In Chapter 6, both iron and sodium were shown to be present at higher concentrations in 

the PD olfactory bulb compared to the normal population. Given that both metals have been 

linked to olfactory function in previous studies (Section 6.4.4), it may be that the anosmia and 

hyposmia seen in over 95% of PD patients is related to a localised dyshomeostasis of these 

metals.  

Support for the role of iron and sodium in olfactory dysfunction may also come from other 

neurodegenerative diseases, and ageing in neurologically normal individuals. Olfactory 

dysfunction is not specific to PD; it occurs in Alzheimer’s disease [572, 577] and Huntington’s 
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disease [585-588], both of which also have abnormal accumulations of metals, including iron 

and sodium, in affected brain regions [545, 551-554, 589-593]. In addition, both brain iron levels 

[268, 510, 511] and olfactory dysfunction [573] increase significantly with age, providing 

further support for the idea that increased levels of these metals are related to olfactory 

dysfunction.  

7.2 Metal dyshomeostasis in Parkinson’s disease 

In PD, dyshomeostasis of metals such as iron and copper has been well documented in a 

number of brain regions. However, different regions often have changes in distinct metals. For 

example, while there are increased iron [272-278, 282-285] and decreased copper 

concentrations in the PD substantia nigra compared to the normal population [273-275, 286-

288], zinc is increased in the caudate nucleus and raphe nuclei [275, 276], while manganese is 

increased in the medial putamen in PD [275, 290].  

In this thesis, metals in the subventricular zone and olfactory bulb and tract were investigated, 

as both regions may be especially vulnerable to metal accumulation from the environment 

(Section 1.3.2). Interestingly, although there was metal dyshomeostasis in both regions, the 

metals that were altered were different between each region. In the subventricular zone, zinc 

was higher in PD cases, while in the olfactory bulb and tract, sodium and iron were higher in 

diseased brains compared to the normal population. These findings suggest that brain regions 

may vary in the way in which they accumulate different metals. The subventricular zone is a 

neurogenic region, and while iron and copper are low in this region and are thought to inhibit 

proliferation [264, 265, 313], both zinc and manganese increase neurogenic proliferation, at 

least in rodents [226-229]. The subventricular zone and choroid plexus, which controls zinc 

levels in the cerebrospinal fluid (CSF), contain high levels of zinc transporters such as ZIP1 

and ZIP4 [594], and may therefore be more likely to accumulate zinc in a diseased state. 

Conversely, both iron and sodium are necessary for olfactory functioning [318, 560-562], and 

so the olfactory bulb may be more prone to accumulating these metals in disease.  

This work has shown clear evidence for variation between different brain regions in metal 

dyshomeostasis, and these changes in brain metal concentrations may be important in the 
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disease process of PD. Strikingly, metal dyshomeostasis occurs in many neurodegenerative 

diseases, and often occurs early in each disease. For example, increased iron levels have been 

observed in the substantia nigra [285] and primary olfactory cortex [524] in patients with very 

early PD, while in Huntington’s disease, alterations in brain iron concentrations begin long 

before the clinical onset of the disease, and occur in a pattern that follows the progressive 

neuropathology of the disease [589]. Thus, it is hypothesised that metal dyshomeostasis plays 

a key role in the pathogenesis of these diseases [595, 596]. Metals such as iron [132-134], zinc 

[136, 142-148], and copper [136, 142, 150] are involved in the three key processes that are 

thought to cause PD neuropathology: mitochondrial dysfunction, oxidative stress, and 

proteasomal dysfunction [65-68] (Section 1.1.4). Thus, it may be that metal dyshomeostasis is 

one of the first pathological changes to occur in PD, causing a cascade of downstream 

pathology that leads to the characteristic motor symptoms of this disease [137-139]. 

While the underlying cause of metal dyshomeostasis in PD is currently unknown, there are a 

number of possible explanations. For example, lipofuscin accumulates in the ageing brain [498, 

500], and is abnormally elevated in the PD brain, as well as in a mouse model of PD [597]. 

Lipofuscin, while containing peroxidised lipid and protein residues [597], is also rich in metals 

such as iron [598, 599]. The olfactory bulb and subventricular zone both contain lipofuscin 

[501, 600, 601], and an accumulation of metal-rich lipofuscin may thus explain at least some of 

the excess metals in these regions in PD. Several genes have been shown to play a role in metal 

dyshomeostasis in PD. A PD-linked mutation in PARK9 causes zinc homeostasis [146, 602, 

603], while a small study of a Han Chinese population found that a haplotype of DMT1, the 

gene for divalent metal transporter 1 (DMT1), is associated with a higher risk of PD [604]. 

DMT1, which is involved in the transport of iron, as well as zinc, copper, and manganese, has 

also been shown to play a part in lowering the toxicity of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridin (MPTP) and 6-hydroxydopamine (6-OHDA) in rodent models of PD, with 

impaired DMT1 function leading to much more severe pathology following these treatments 

[605]. DMT1, as well as other metal transporters such as the zinc transporter ZIP4, may also 

have a role in the metal dyshomeostasis that occurs in environmentally induced PD; these 

transporters vary in response to metal levels in the body, and their expression increases in 
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response to metal deficiencies [488, 606-608]. Given that anaemia is associated with a risk of 

PD more than 20 years following the iron deficiency, it may be that DMT1, which is expressed 

in the olfactory epithelium [296, 297], is upregulated in this region during iron deficiency in an 

attempt to sequester more iron from the environment. Thus, while the precise cause of metal 

dyshomeostasis in PD is unknown to date, there are many plausible explanations that may 

combine to cause pathology in this disease. 

In keeping with the idea that metal dyshomeostasis in the olfactory bulb may be a primary 

event in PD that causes a cascade of neuropathology, it is notable that iron was increased in 

this region (Chapter 6); iron has the most evidence for a role in PD [137-139], with elevated 

iron in the substantia nigra a key pathological feature of this disease [272-278, 282-285]. The 

olfactory vector hypothesis (Section 1.1.3) states that an inhaled pathological factor enters the 

brain via the olfactory bulb, and the pathological factor and/or the resulting pathology then 

spreads through the rest of the brain [46, 54]. Iron is present in airborne pollution [609], and 

can be taken up into the olfactory bulb [308]. It is thus plausible that excess iron in the 

olfactory bulb occurs early in PD, causing mitochondrial dysfunction, oxidative stress, and 

proteasomal dysfunction, thus resulting in cell death and the aggregation of alpha-synuclein in 

this region. Aggregated alpha-synuclein can spread through the brain in a prion-like manner 

[520-522], and metals taken up into the olfactory bulb have subsequently been detected in 

other brain regions [309-312]. Thus, it may be that this alpha-synuclein pathology and excess 

iron spreads from the olfactory bulb to the rest of the brain, causing widespread 

neurodegeneration, as has been postulated in the olfactory vector hypothesis [46]. 

7.3 Future directions 

7.3.1 Deep brain stimulation as a neuroprotective therapy 

An unexpected result from this thesis was that DBS led to increased proliferation in the human 

subventricular zone and third ventricle. Given that the major neuropathological feature of PD 

is a large reduction in dopaminergic cells in the substantia nigra pars compacta [47], it would 

be useful to harness this increase in newly generated cells, and use them to repopulate the 

degenerated region. Future studies could investigate how subventricular zone and third 
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ventricle neuroblasts can be induced to migrate to the substantia nigra and, once there, to 

differentiate into dopaminergic cells. Induced pluripotent cells can be experimentally 

manipulated to develop a dopaminergic lineage in vitro [610, 611]; these techniques could be 

translated so that they can be used in vivo on endogenous stem cells in the brain.  

7.3.2 Laser ablation inductively coupled plasma mass spectrometry 

Laser ablation inductively coupled mass spectrometry (LA-ICP-MS) is a sensitive and specific 

method for measuring metal concentrations at a detailed anatomical level. However, despite 

the alterations in metal concentrations that occur in a number of neurodegenerative diseases 

[272-278, 282-285, 545, 551-554, 589-593], this technique had never previously been used to 

investigate localised alterations in metal species in any of these diseases. 

The current thesis demonstrated that, once a laser ablation system is set up with a functioning 

inductively coupled mass spectrometer (ICP-MS), it is relatively simple to gather, analyse, and 

display LA-ICP-MS data using commonly available lab equipment, reagents, and computer 

programs. The data collection and analysis pipeline is set out in Chapter 4 and can be freely 

used by other researchers. It is hoped that a number of research groups will in the future use 

this technique to investigate a diverse range of neurological diseases, to further the 

understanding of metal imbalances in the brain and their roles in neuropathology.  

In addition, although olfactory bulb and tract tissue has been collected for a number of years at 

the Neurological Foundation of New Zealand Brain Bank, it is only recently that a technique 

has been developed to preserve the anatomical information of this region when it is frozen 

without chemical fixation. Thus, a larger sample of both normal and PD olfactory bulbs and 

tracts will soon be available for LA-ICP-MS experiments, to investigate any changes that may 

occur in metal concentrations in the various anatomical layers and regions of these structures. 

This will be particularly interesting in the case of the anterior olfactory nucleus, which is very 

high in phosphorylated alpha-synuclein in PD, and which contained very low levels of all 

metals in the two PD cases that were investigated in this thesis (Chapter 6).  
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7.3.3 Iron and sodium in early Parkinson’s disease 

A key finding in this thesis is that both iron and sodium were present in the post-mortem 

olfactory bulb and tract at significantly higher concentrations in PD, which may relate to the 

olfactory dysfunction that occurs in this disease [25]. Because olfactory dysfunction occurs 

early in the disease process, it would be interesting to investigate whether one or both of these 

metals are also increased in the olfactory bulb in early PD patients, using magnetic resonance 

imaging (MRI). Both iron [612, 613] and sodium [557, 614, 615] levels can be measured using 

MRI, and olfactory bulbs can be detected in such scans [616]. If iron and sodium is increased in 

the olfactory bulb in early PD, this may represent a novel therapeutic target to slow or halt 

neurodegeneration in this disease. 

7.3.4 Olfactory mucosa for earlier diagnosis 

The olfactory mucosa sits within the nasal cavity and can take up airborne particles before 

transporting them to the olfactory bulb [46, 617]. Thus, the excess iron and sodium found in 

the olfactory bulb and tract in this thesis may arise from an increased uptake of these metals 

by the olfactory mucosa. Interestingly, the olfactory mucosa can be biopsied from live patients 

[618] with no effect on olfactory ability [619]. Thus, olfactory mucosa biopsies of early or pre-

PD patients could be run through an ICP-MS or LA-ICP-MS to examine metal concentrations 

in these patients. If increased metal concentrations do occur early in the disease process, this 

could be used as a diagnostic test. It may also provide new therapies, such as the intranasal 

application of new-generation chelators (Section 7.3.5). 

In addition, olfactory mucosa could be used to look at any localised changes in the expression 

of metal transporter genes, such as ZIP4 and DMT1, that may occur in PD. If there are 

differences between normal and PD patients, then these changes could be used as biomarkers 

for earlier diagnosis. Furthermore, targeted therapies would be possible depending on the 

metal transporters that are affected; for example, a number of small molecules are known to 

inhibit iron uptake via DMT1 [620-622], and could be used therapeutically to normalise the 

uptake of iron in the olfactory system. 
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7.3.5 Chelation therapy 

Chelation of metals such as iron and zinc may be a promising tool in combatting the 

neurodegeneration that occurs in PD, as well as in Alzheimer’s and Huntington’s diseases. The 

first attempts at chelation therapy, using compounds such as ethylenediaminetetraacetic acid 

(EDTA), were not overly successful due to their lack of specificity, poor blood-brain barrier 

permeability, and very high affinity for metal binding [623, 624]. Following these initial 

attempts, trials with new-generation metal chelators have taken place, with more promising 

results. For example, clioquinol has a moderate affinity for zinc, copper, and both ferrous and 

ferric iron [344, 625], and as such has been trialled as a therapy in a number of 

neurodegenerative diseases. This compound prevents the induction of neurotoxicity by MPTP 

in a rat model of PD [344], reduces the beta-amyloid burden in a transgenic mouse model of 

Alzheimer’s disease [626], and slows cognitive deterioration in Alzheimer’s disease patients 

[627]. However, safety concerns over a carcinogenic contaminant in the manufacturing process 

have prevented further trials with this compound, and more recent trials have used a second-

generation synthetic compound known as PBT2 [624]. PBT2 has been through Phase II trials in 

both Alzheimer’s and Huntington’s disease patients, and is well tolerated, but has failed to 

show a great effect on any measures of symptom improvement [628, 629], despite success in 

many of these measures in animal studies [624]. A similar compound from the same company, 

PBT-434, is aimed at reducing iron accumulation in PD, and is currently in clinical trials [630]. 

However, further trials of these lower-affinity, hydrophobic chelators are needed, using 

greater sample sizes so that any possible symptomatic benefits from these chelators can be 

identified. Based on results in Chapter 6 of this thesis, it may also be useful to trial intranasal 

delivery of chelators, as a significant iron imbalance was detected in PD olfactory bulbs. 

Chelation trials could also move to include presymptomatic individuals if possible, because of 

the early imbalances in metal concentrations that occur in the disease process [285, 524, 589]. It 

is hypothesised that increased iron causes a cascade of downstream effects that lead to PD 

pathology [432]. Thus, once the resultant neuropathology has occurred, iron chelators may not 

have any effect in the PD brain; if this is the case, they must be given early in the disease. 
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7.4 Concluding remarks 

Although dopamine may be involved in the regulation of neurogenesis in humans, there is no 

change in proliferation in the PD subventricular zone, and no change in dopamine receptor 

abundance in this region. There is, however, an increase in cell proliferation in the 

subventricular zone and third ventricle following long-term DBS therapy, which may have a 

small neuroprotective or disease-modifying effect on PD. Increased levels of metals such as 

iron and sodium in the olfactory bulb may be responsible for the olfactory dysfunction that 

occurs in PD patients. This olfactory dysfunction could be useful for the earlier diagnosis of 

PD, especially if iron and sodium are abnormally high early in the disease process, or if 

transporter expression is upregulated. If early metal dyshomeostasis occurs in the olfactory 

bulb, causing downstream neurodegeneration, then targeting these metals with new-

generation chelation therapy may slow or halt the disease progression. 
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