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Abstract
Mild cognitive decline and memory loss are processes associated with natural ageing,
however, ageing can also increase the risk of more serious cognitive loss, such as
neurodegenerative diseases including Alzheimer’s Disease. Alzheimer’s disease is the most
common form of dementia, and with ageing as the biggest risk factor for onset, it poses
significant health and economic concerns for the ageing population. Despite extensive
research into the key pathological markers of the disease and potential pathways of onset,
currently there is no cure. While a common focus for understanding disease mechanisms is
to study models of disease, further investigating biochemical changes that occur during
natural ageing could be vital for elucidating the switch between natural ageing and disease,
and in turn highlight potential avenues for prevention and risk minimisation.
Transition metal ions such as copper, iron, and zinc have gained attention as targets for
investigation during brain ageing, given their importance to healthy brain and memory
function. Further, altered brain metal homeostasis is observed during ageing and
neurodegenerative disease. While it is widely accepted that these metals are altered during
ageing and likely play a role in disease onset (as either a cause or consequence), the exact
chemical pathways through which they influence memory function during health, natural
ageing, or neurodegenerative disease are yet to be elucidated. The gap in the literature may
in part be due to the difficulty to simultaneously image, and therefore, study the different
chemical forms of metals within the brain (or biological samples in general).
The main aim of this thesis was to develop and apply spectroscopic imaging methods to study
metal dyshomeostasis and altered brain biochemistry during ageing using the senescence
accelerated mouse (SAM) model. The key outcomes of this thesis have been the development
of a zinc X-ray absorption near edge structure spectroscopic imaging protocol to study zinc
speciation in brain tissue sections with an emphasis on the importance of careful sample
preparation considerations. Additionally, spectroscopic methods were applied to investigate
the potential impact of age-related copper accumulation in the subventricular zone,
surprisingly revealing that the redox active metal was not likely causing an elevation in
markers of oxidative stress. Finally, a multi-modal protocol coupling spectroscopic imaging
techniques such as Raman microscopy and X-ray fluorescence microscopy with
immunohistochemistry on the same tissue section was developed, demonstrating the
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possibility of attributing metal or biochemical alterations detected using spectroscopy, to
specific cell types or subcellular locations as indicated by subsequent immunohistochemistry.
Overall, the development of suitable methods to study brain biochemistry during ageing, and
the application of these methods to understand the consequences of specific biochemical
alterations, may help to reveal pathways or mechanisms of disease onset, in turn providing
potential targets for therapeutic or preventative intervention.
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Chapter 1: Introduction
ABSTRACT
This chapter will discuss brain ageing and its association with the development of
neurodegenerative diseases such as Alzheimer’s disease. Additionally, the proposed role that
metal ions play in brain ageing and disease will be summarised and the biochemical
importance of ions such as copper and zinc will be addressed. Specifically, their role in several
neurochemical pathways as cofactors or structural components of vital enzymes and proteins
will be outlined along with the traditional methods used to study them. Although these
traditional methods are extremely valuable, they have limitations, many of which can be
overcome by using X-ray techniques. The theory behind X-ray absorption spectroscopy and
X-ray fluorescence microscopy will be discussed, and examples of their previous applications
to biological samples provided. Additional techniques such as vibrational spectroscopy and
immunohistochemistry that can provide insights into other biochemical features will also be
outlined with a specific focus on coupling these methods with X-ray spectroscopy.
Furthermore, a brief background on the senescence accelerated mouse (SAM) model of
ageing, which was used in this thesis, will be provided. Finally, the key aims of this thesis will
be discussed as briefly outlined below.
Aim 1) Develop spectroscopic methods to image Zn speciation in brain tissue.
Aim 2) Apply spectroscopic techniques to probe markers of oxidative stress in Cu enriched
regions of the lateral ventricles (SVZ).
Aim 3) Develop a protocol for coupling spectroscopic techniques with immunohistochemistry
on the same tissue section.
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1.1 Research Motivation – Developing New Tools to Study Brain Chemistry, to Help
Fight Dementia
Mild cognitive impairment is associated with natural ageing, however, the ageing brain is also
at greater risk of developing neurodegenerative diseases, such as Alzheimer’s Disease (AD).
AD makes up 60-70% of all dementia cases 1 and has significant social, economic and health
impacts. In addition to memory loss, the disease causes an overall loss of cognitive ability,
which affects functions such as speech and vision 2. With ageing as the biggest risk factor for
onset, it is expected that up to 139 million people will be affected by dementia by 2050 3.
The specific role of several key pathological features of AD, namely amyloid-β plaques and
neurofibrillary tangles 2, 4, 5, have been extensively studied as potential targets for therapeutic
intervention. Despite substantial research into the mechanisms involved, unfortunately,
there is currently no cure. When one considers that ageing is the biggest risk factor for the
onset of AD

2, 6,

it is possible that emphasising focus towards understanding mechanisms

associated with natural ageing may help to reveal strategies for prevention. If the pathways
underpinning ageing, and the switch between natural ageing/cognitive decline and AD can be
understood, then potential targets for prevention may be revealed 7. Stated simply, if the risk
factor can be addressed, perhaps disease onset can be minimised. Developing research tools
that can be used to further enhance understanding of the chemistry of brain ageing, and how
this may place the brain at increased risk of developing neurodegenerative disease, is the
primary research motivation of this thesis.

1.2 Changes in Metal Ion Homeostasis in the Ageing Brain
There is a plethora of biochemical changes that occur in the brain during natural ageing
including oxidative stress, mitochondrial dysfunction, inflammation, and altered glucose
metabolism to provide some examples 7, 8. In addition, altered metal homeostasis is observed
during ageing and has gained interest as a line of inquiry for understanding ageing processes.
It is well established that transition metals such as iron (Fe), copper (Cu) and zinc (Zn), hold
significant roles in processes required for healthy brain function (discussed further for Zn and
Cu in sections 1.3 and 1.4) 9-12. It is also well established that metal ion dyshomeostasis can
result in deficits in cellular function, cognitive decline and potentially the development of
neurodegenerative disorders 9, 13-16. Numerous studies have reported overall increases in the
content of these metals with ageing 17, 18, however, there is evidence that conversely suggests

2

localised metal deficiencies of these metals in the hippocampus

19, 20,

a central region for

memory function 21, directly relates to memory loss and dementia 22.
Dis-regulation of metal ions can induce oxidative stress, either directly through Fenton and
Fenton-like chemical pathways in the case of Fe and Cu, or indirectly in the case of Zn. During
Fenton chemistry the reduced form of Fe and Cu ions (Fe2+, Cu+) catalyses the decomposition
of hydrogen peroxide to yield hydroxyl radicals (equation 1) 23-26.
Equation 1: Fe2+ + H2O2  Fe3+ + OH- + OH∙
If unregulated, these hydroxyl radicals can then abstract weakly bound hydrogen atoms from
polyunsaturated fatty acids, triggering lipid peroxidation processes 27. While the formation of
radicals occurs naturally in the brain during metabolic processes, excessive levels of these
redox active metals and an inability to maintain sufficient antioxidant defences has the
potential to cause significant oxidative damage 5, 28, 29. In addition to lipid oxidation, oxidative
damage to nucleic acids and proteins can be another consequence of unregulated free radical
production 29. Altered Zn homeostasis can also indirectly induce or exacerbate oxidative stress
through a number of proposed mechanisms. Zn plays a vital role in a variety of antioxidant
mechanisms through its function as a cofactor or structural component for proteins and
enzymes that scavenge oxidants (e.g., superoxide dismutase (SOD) and metallothionein),
through binding to protein cysteine residues to prevent disulfide bridge formation, and also
through competitive lipid membrane binding with Fe and Cu leading to associated
downstream effects on Fenton chemistry 30-33. While the extent of oxidative stress caused by
inhibition of some of these proteins could be minor (e.g., for SOD30), it is evident that Zn
homeostasis is important for antioxidant defences, and hence indirectly linked to oxidative
stress. It has also been proposed that altered Zn concentration can disrupt the electron
transport chain in mitochondria, leading to mitochondrial dysfunction and the production of
reactive oxygen species (ROS) which in turn cause oxidative damage 30. Interestingly, the ROS
can trigger further release of Zn from proteins such as metallothionein, which can cause
further disruption to mitochondria and other enzymes, leading to a dangerous cycle 34. While
all possible mechanisms for Zn mediated oxidative stress have not been described, it is clear
that Zn dyshomeostasis can play a pivotal role in its onset and escalation.
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Cu, Fe, and Zn ions are also thought to promote protein mis-folding which is a characteristic
feature of many neurodegenerative diseases including AD, Parkinson’s disease, and
Huntington’s disease

35.

Protein aggregation is generally triggered by a change in protein

conformation which alters the intermolecular forces and induces a change in secondary
protein structure from 𝛼-helices to 𝛽-sheets which can then further aggregate 36, 37. Factors
such as pH, post-translational modifications (e.g., phosphorylation), and protein mutation can
all have an influence on protein aggregation 36, but of specific relevance is the proposed direct
and indirect pathways through which metal ions can induce aggregation. One proposed
mechanism is that metal ions can coordinate through specific amino acid residues, which
instigates a conformational change that enables increased hydrophobic or dispersion forces
between non-polar (hydrophobic) side chains of amino acid residues, in turn leading to misfolding and aggregation 36, 37. This mechanism is partly dependent on the nature of the amino
acid residues and their positioning, so mutations to proteins (i.e. slight differences in the
amino acid sequence) may increase susceptibility to aggregation after metal binding

36.

Another proposed mechanism is that metal ion induced oxidative stress could cause oxidation
of amino acid side chains, which would lead to conformational changes, altered
intermolecular forces, and subsequent aggregation

36.

For example, thiol groups from

cysteine residues could oxidise to form disulfide bridges, which disrupts the hydrogen
bonding network, and promotes formation of 𝛽-sheets which can further aggregate

38.

Protein mis-folding and aggregation can be detrimental to healthy brain function because
many enzymatic reactions are dependent on 3D protein structure 36. The potential role of Cu,
Fe, and Zn in protein mis-folding and aggregation provides another example of why strict
regulation of these ions is vital for healthy brain function.
While metal ion dyshomeostasis is frequently associated with cognitive decline and brain
pathologies during ageing and neurodegenerative disease, direct evidence of pathways that
cause metal dyshomeostasis remains lacking. Therefore, further characterisation of metal ion
changes, in addition to the cellular biochemical alterations that occur both prior to and after
metal dyshomeostasis, may indicate potential mechanistic links between disturbed metal
homeostasis and memory loss during ageing. In turn, this may reveal potential pathways for
preventative methods and therapeutic interventions to minimise, delay, or prevent the onset
of AD. In order to appreciate the role that metal ion dyshomeostasis may play in ageing and
4

neurodegenerative disease, necessary context is needed with respect to the role of metal ions
in healthy brain function.
While Fe, Cu, and Zn are all vital for healthy brain function, each with specific and important
roles in various enzymatic processes, a significant portion of this PhD thesis focussed on
developing methods to better understand the role of Zn during ageing (Chapter 3), with the
intention of the developed method becoming applicable to the study of other transition
metals. Additionally, localised increases in Cu, which will be discussed in section 1.4.3, were
further investigated to identify whether elevated Cu levels induced oxidative stress, as would
be expected through classic Fenton-like chemical pathways (studied in Chapter 4). Given that
Zn and Cu were the primary metals of focus in this thesis, these are the two that will be
discussed in further detail below.

1.3 Bioinorganic chemistry of Zinc
1.3.1 Concentration of Zinc in Brain Tissue, and Common Zinc Metalloproteins
Zn is the second most abundant trace metal in the body after Fe 39-41, and the brain contains
the highest concentration compared to any other organ
concentration is 150 µM

42

10.

The estimated total brain Zn

and although most Zn is bound to proteins as a structural, co-

catalytic or catalytic component, an estimated 10-15% of it exists as labile Zn40. In most brain
regions, the labile Zn is approximated to be at sub-nanomolar levels intracellularly, and
around 500 nM in extracellular fluid

42.

Conversely, the synaptic vesicles of a subset of

glutamatergic neurons within the forebrain, particularly the hippocampus, are proposed to
contain a much higher Zn concentration, several hundred µM up to 1 mM 42, 43. Within the Znrich glutamatergic neurons (sometimes termed “gluzinergic neurons”), Zn plays an important
role as a neuromodulator for regulating glutamate receptor activities 44, 45. In addition to its
role in neuromodulation, Zn is involved in several enzymatic and metabolic processes and is
a vital cofactor in over 300 enzymes 11, 13, 41, 46. Furthermore, it enhances the performance of
more than 2000 transcription factors 11. Specific examples of Zn metalloproteins include CuZn SOD, metallothioneins, Zn transporter proteins (ZnTs) and Zn-regulated and Fe-regulated
proteins (ZIPs) 10, 13. The latter three play key roles in maintaining Zn homeostasis within the
brain 13. Zn is also present in DNA-Zn finger proteins, which indicates a potential contribution
to DNA recognition, apoptosis regulation, protein folding and lipid binding

47;

and Zn

associates with myelin basic protein which contributes to axon myelin sheath stabilisation,
5

most likely through coordination with histidine residues

48, 49.

A prominent Zn containing

enzyme is carbonic anhydrase which has the function of catalysing the hydration of carbon
dioxide (CO2) to form hydrogen carbonate (bicarbonate, HCO3-), which is an important
equilibrium system for carbon dioxide transport and regulation of pH 50-52. Zn plays an active
role in this catalytic process through the Zn-hydroxide mechanism (a characteristic Zn enzyme
mechanism) in which the exchangeable H2O ligand bound to Zn is deprotonated to become a
nucleophilic OH- that attacks a carbonyl carbon (figure 1.1) 51. For carbonic anhydrase, the
nucleophilic OH- attacks the carbon of a CO2 molecule, resulting in a Zn-bound HCO3- ligand
which is then released after displacement by another H2O molecule 51, 52.
Figure 1.1: General Zn-hydroxide mechanism that aids in the catalytic activity of some Zn

proteins. The first step involves hydrogen extraction from the exchangeable H2O ligand to form
a OH- ligand that can then attack a carbonyl carbon 51, 52. The carbonyl containing compound
and complexes formed following the nucleophilic attack are dependent on the specific protein
and catalytic process. It should be noted that the stereochemistry and geometry around the
central atoms are not accurately depicted.
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1.3.2 The Labile Zinc Pool
Of considerable interest with respect to memory function, is the concentrated pool of labile
Zn in the synaptic vesicles of the glutamatergic neurons in the hippocampus 42, 45, 53. The colocalisation of Zn with glutamate suggests that it may play a role in neurotransmission, and
because Zn impacts signal transduction it is thought that Zn may also modulate synaptic
growth and regeneration (synaptic plasticity)

10, 13, 54, 55.

In addition to this, depletion or

redistribution of Zn within the hippocampus can contribute to cognitive decline or memory
loss, suggesting that Zn directly impacts healthy memory function 22. Previous studies have
demonstrated that both AD and accelerated ageing models are associated with a decrease in
this labile hippocampal Zn

20.

Despite extensive research into mechanisms associated with

this labile pool and its proposed importance for healthy brain and memory function, its
coordination chemistry and how this may change after release from the synaptic vesicles has
not been fully elucidated 45, 55. It is widely accepted that after release, the Zn diffuses across
the synaptic cleft where it has an impact on the post synaptic neuron 10, 13, 54, 56. Some propose
that the Zn is in an ionic form, while others have suggested Zn-glutathione or Zn bound to
metallothionein type proteins

55.

Zn-glutamate complexes have also been suggested as a

result of the high concentration of both components 57. Thiol based ligands such as cysteine
which are binding sites for Zn in several proteins have also been proposed 55. Interestingly, an
externalisation mechanism in which Zn remains bound to the membrane when it moves to
the extracellular space where it can be easily re-internalised, has also come to light

10.

In

general, while there are several speculated vital functions that this labile Zn is required for,
little is known about its chemical environment which inspired the focus of this part of the
investigation.
1.3.3 Zinc Uptake and Transport
Zn’s functional importance in the body requires strict regulation of uptake and transport. For
Zn to be sufficiently transported, favourable binding to proteins and ligands is vital so an
understanding of Zn coordination chemistry is of great importance. Zn exists exclusively in
biology as Zn2+, which has an electron configuration of [Ar] 4s0 3d10, meaning its coordination
geometry preference is not impacted by ligand field stabilisation aspects 39, 41. In serum, which
plays a vital role in transporting Zn to the brain before uptake across the blood brain barrier
(BBB), Zn exists in three main forms; 1) protein bound, 2) as low molecular weight complexes
7

and, 3) exchangeable or labile forms 46. The protein bound fraction is the most abundant and
accounts for 98 % of serum Zn 40, 46. Of the Zn in this fraction, most is bound to albumin and
represents the majority of exchangeable Zn in serum 40, 46. Previous studies have revealed that
the Zn binding site in albumin is 5 coordinate and occurs through two histidine residues, an
aspartic acid residue, an asparagine residue, and a non-protein ligand which is likely to be
water

58, 59.

The other main binding protein in serum which binds Zn in a much lower

concentration is α2-macroglobulin 59. The low molecular weight complex form of Zn accounts
for 1-2% of serum Zn and most of this is bound to amino acids such as cysteine and histidine
40, 46.

The labile pool of Zn represents an even lower percentage of serum Zn and is not well

understood. The transport of Zn into the brain after circulation is facilitated by the BBB and
cerebrospinal fluid (CSF) barrier 60. In general, transport across the BBB can occur via passive
diffusion across the cell membrane, or via active transport through specific receptor
mechanisms, channels, or transporters

60.

The specific mechanism through which metals

transport across this barrier is heavily dependent on the metal itself

60.

A proposed

mechanism of Zn transfer involves histidine bound Zn being delivered to plasma membrane
proteins or transporter proteins on the brain choroidal epithelial and capillary endothelial
cells 60. It has also been postulated that histidine bound Zn may be able to directly cross the
plasma membrane 60. Once Zn has crossed the BBB, it must then be able to transfer in and
out of cells to fulfil its various roles in supporting healthy brain function. ZIPs are responsible
for transporting Zn into cytoplasm, either from organelles or from the extracellular space,
while ZnTs have the role of transporting Zn out of the cytoplasm and into sub-cellular
organelles or vesicles

10, 11.

Of significant interest is ZnT3 which transports Zn from the

cytoplasm into synaptic vesicles, some of which are concentrated with labile Zn 10, 11. Divalent
metal transporter 1 (DMT1) is also thought play a role in Zn uptake into neurons 40. Finally,
metallothioneins are vital for mediating Zn concentration in the intracellular space 10, 11, 61.
They have the capacity to bind up to seven Zn atoms at a time to account for excessive
amounts in the cytoplasm and can release these atoms when the cell is Zn deficient 10, 11, 61.
In general, adequate transport of Zn to the brain, followed by efficient movement in and out
of cells is required for healthy Zn homeostasis in the brain.

8

1.3.4 Commonly Encountered Bioinorganic Zinc Coordination Sites
To further probe and understand the possible chemical environment of labile Zn, it helps to
further consider known Zn coordination sites in proteins, as this may provide insights into the
likely ligand environment for labile Zn. Zn is most commonly bound to histidine, cysteine,
glutamate, and aspartate amino acid residues in proteins, with the specific coordination
environment dependent on whether its role is catalytic, structural, or co-catalytic

39, 62.

Catalytic sites typically contain an exchangeable H2O ligand along with three other protein
ligands; structural sites contain four protein ligands typically binding through cysteine; and
co-catalytic sites, which require two metals for catalytic activity, generally have binding
through aspartate and histidine residues, with the metals sometimes bridged by a H2O
molecule62. Some specific, simplified examples are provided in Figure 1.2, along with
structures of the common amino acid ligands for Zn 63.

Figure 1.2: Chemical structures of common amino acid ligands that bind to Zn in proteins. The
blue circles indicate the atoms through which binding typically occurs. Examples of structural,
catalytic, and co-catalytic Zn binding sites are also shown for specific proteins

62, 63.

For

simplicity, the abbreviated names of the amino acids have been used, rather than the full
structures, and the stereochemistry and geometry around the atoms are not accurately
depicted.
9

1.4 Bioinorganic Chemistry of Copper
1.4.1 Common Copper Metalloproteins and Coordination Sites
Cu is another essential metal required for healthy brain function and is the 3rd most abundant
metal in the brain behind Fe and Zn

64.

It is a vital cofactor and structural component for

several enzymes, with its redox activity central to the adequate functioning of many processes
9, 65-67.

Specifically, its presence in enzymes such as dopamine-𝛽-monoxygenase, cytochrome

C oxygenase, Cu-Zn SOD, and ceruloplasmin mean that Cu is vital for neurotransmitter
synthesis, energy metabolism, antioxidant defences, and Fe metabolism, respectively 9, 65-67.
The predominant forms of Cu in biological systems include Cu (I) and Cu (II), with the former
classified as a soft acid with preferential binding to soft ligands through atoms such as sulfur
(S), and the latter classified as an intermediate or hard acid with preferential binding to
intermediate ligands through atoms such oxygen and nitrogen (specific preference to N in
imidazole rings) 41, 68. Considering this, it is unsurprising that Cu is predominantly bound to
histidine, cysteine, and methionine residues in proteins 69. The specific coordination geometry
of these Cu binding sites can influence its redox activity and stability within proteins 68. Cu(I)
adopts a d10 electron configuration so has flexible geometry, but often exists in 2, 3 and 4
coordinate complexes 68. Cu(II) adopts a d9 coordination geometry so preferentially exists as
4, 5 and 6 coordinate complexes with square planar, square pyramidal, and Jahn Teller
distorted octahedral geometry, respectively 68. The specific coordination geometry of Cu in
proteins/enzymes can vary depending on the specific function of the enzyme and whether
the role of Cu is structural or for redox activity

68.

The main Cu binding sites in biological

systems have been classified into three types based on spectroscopic properties 41, 68. These
properties will not be specifically discussed, however, the coordination of Cu for each
category is summarised in Table 1.1. Evidently, while the coordination geometries vary, most
Cu containing enzymes likely bind Cu through the imidazole of histidine and the S of cysteine
or methionine residues 9, 68, 69.
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Table 1.1: Summary of the Cu coordination for the main types of binding site in Cu proteins 41,
51, 68

Ligands
Type I




Coordination geometry

Cysteine and

histidine (x2)

Possibly methionine
and/or other amino
acid residues

Trigonal pyramidal
Loosely bound axial
ligands can form distorted
tetrahedral geometry or a
distorted trigonal
bipyramidal geometry

Other details




Type II




Type III



Multiple histidine
residues
Oxygen containing
residues



Two Cu atoms, each 
bound to three
histidine residues
and often bridged
by two oxygen
containing groups

Distorted square planar
geometry



Coordination
geometry
remains
consistent
regardless of the
oxidation state
of Cu so there is
efficient electron
transfer due to a
smaller
reorganisation
energy
Enzymes
involved in
electron transfer
processes often
have type I
binding sites
e.g., Cu-Zn SOD

Trigonal bipyramidal
geometry
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1.4.2 Copper Transport in the Brain
For Cu to bind in these enzymes and carry out subsequent functions, it must be transported
appropriately. Transport into the brain and regulation of its homeostasis is not completely
understood, but as with most species, including Zn, entry into the brain is likely facilitated by
the BBB and possibly the blood CSF barrier 9, 70. A major pathway for Cu to then enter cells is
via Cu transporter 1 (Ctr1) which is predominantly expressed in the choroid plexus; the main
cellular structure in the ventricular system 9, 65, 67. Cu chaperones can then transport Cu to the
target proteins for their required functions, which is important for prevention of non-specific
Cu binding

9, 69, 71.

Upon entry into the cells, it is also possible for Cu to be bound by low

molecular weight proteins and ligands such as metallothionein and glutathione 9. Cu(I) forms
a stable complex with glutathione and is thought to account for a significant portion of the
labile or exchangeable Cu pool 9, 72. Interestingly, while formation of this complex is thought
to protect cells by minimising the possibility of ROS production from Cu(I) oxidation and
preventing non-specific Cu binding, the complex itself is redox active, so has potential to
induce oxidative stress by reacting with oxygen to form superoxide, or reacting with Fe(III) to
produce Fe(II) which can then undergo Fenton chemistry to produce ROS 9. Metallothioneins
are thought to play a role in maintaining Cu homeostasis as was mentioned for Zn 9. They
have two metal binding domains and can reversibly bind up to 7 divalent metals, or up to 12
monovalent metals 9. As for Zn, Cu can potentially be released from metallothioneins if cells
become deficient, and bound by metallothioneins if the Cu content increases 9. Interestingly,
metallothionein expression increases with increasing Cu concentration, again supporting
their potential role in maintaining Cu homeostasis 9.
1.4.3 Age-Related Changes to Brain Copper
Maintenance of Cu homeostasis is vital for healthy brain function and disturbed regulation
has been implicated in various neurodegenerative diseases

15, 65, 67.

Depletion of Cu can

impede the function of enzymes which will disrupt numerous important biological pathways,
including but not limited to those listed previously 9. Excessive Cu, however, can also have
detrimental effects. As stated in section 1.2, in its reduced form (Cu(I)), Cu can react to form
ROS that can trigger oxidative stress leading to protein and DNA damage, lipid peroxidation,
and neuronal death, if not regulated appropriately 24, 28. This process has been implicated in
ageing and AD, and elevated levels of Cu have been observed during ageing.
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One such example is the accumulation of Cu in the subventricular zone (SVZ) 65. Pushkar et al
discovered this phenomenon and localised the punctate increases of Cu to glial fibral acidic
protein (GFAP) positive cells, which generally equates to astrocytes; the most abundant cell
type in the brain

65.

Astrocytes are glial cells that are thought to metabolically support

neurons, maintain extracellular ion homeostasis, and modulate synaptic plasticity and
transmission 9. Additionally, they may play an important role in metal metabolism, are a key
source of some metallothioneins, and express metal transport proteins such as DMT1

9, 65.

Significantly, it has been proposed that astrocytes are the cell type with the largest influence
on Cu homeostasis

65.

Therefore, the Cu accumulation in these cells during ageing is

particularly interesting and could be critical in understanding some underlying mechanisms
vital for the ageing process. One possibility is that this increase in Cu is inducing oxidative
stress, therefore, an aspect of this thesis was to investigate whether markers of oxidative
stress increased concomitantly with age-related subventricular Cu increases.

1.5 Analytical Methods for Studying Zinc and Copper
Zn and Cu can be studied using bulk methods such as atomic absorption spectrometry (AAS)
73, 74

and inductively coupled plasma mass spectrometry (ICP-MS), which may be used with

separation methods such as high-performance liquid chromatography (HPLC) and Gas
Chromatography (GC). A number of techniques also exist to image Zn and Cu distribution in
brain tissue, including laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) 75-78, scanning electron microscopy (SEM), secondary ion mass spectrometry (SIMS) 79 and
X-ray fluorescence microscopy (XRF or XFM)

20, 80-82.

In addition, a range of fluorescence

probes and histochemical methods are available to stain certain chemical forms of Zn and Cu.
For example, Zn sensitive fluorescence probes exist for studying labile extra-cellular Zn 56, 8387,

which complement the traditional Timm’s and Danscher histochemical labile Zn stains 88-

90.

Furthermore, there are radiolabelling methods such as positron emission tomography

(PET) available which can demonstrate Zn uptake or Cu trafficking in the brain 91, 92. All the
above techniques have proven valuable to study the role of Zn and Cu in brain function, but
there are limitations. For example, fluorescence probes and histochemical methods are well
known to suffer potential issues with selectivity, particularly to other divalent metals such as
calcium, and can be limited in their ability to enable accurate quantification 56. Additionally,
development of Cu(I) fluorescent sensors has been challenging given that it is a strong
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fluorescence quencher

65.

Direct elemental mapping techniques (e.g., LA-ICP-MS, XFM)

although specific to the metal, do not reveal information on the chemical form. A limitation
to studying the chemical forms of Zn and Cu in brain tissue through combining separation
methods (HPLC, GC) with either atomic or mass detection, are the potential changes in
speciation that could occur during sample preparation (tissue homogenisation, fractionation,
and extraction). Evidently, a technique that has the capacity to not only image the distribution
of endogenous Zn and Cu in the brain, but also provide insights into its specific chemical form
and relative concentration would be indispensable. X-Ray spectroscopic techniques have the
capacity to fill these requirements and were hence a critical aspect of this thesis. Specifically,
techniques were developed to image the chemical form of Zn in the brain, and while the use
of X-ray techniques to image the chemical form of Cu was not the primary focus of this study,
the methods developed for Zn will hopefully be applied to Cu (and other metals) in future
studies. The relevance of Cu in this study was to identify whether its accumulation in the SVZ
induces oxidative stress. This meant that methods appropriate for studying the markers of
oxidative stress were required. This included X-ray spectroscopies, Fourier transform infrared
microscopy, and immunoassays which will be further discussed in sections 1.6, 1.7.1, and
1.7.2.

1.6 X-Ray Fluorescence Microscopy (XFM) and X-Ray Absorption Spectroscopy (XAS)
1.6.1 General Introduction to Spectroscopy to Study Coordination Chemistry
As described in section 1.5, while a suite of analytical methods exist to study Cu and Zn
content in tissues, most are bulk methods that do not provide information on the spatial
distribution of metal ions, or are not well suited to study the chemical form of the metal. For
these reasons, this thesis has focussed on development and application of X-ray spectroscopic
methods to study metal speciation in brain tissue.
Broadly, spectroscopy is the study of the interaction between electromagnetic radiation
(light) and matter, and it can provide a wealth of chemical information about a sample 93, 94.
Classical interactions between electromagnetic radiation and matter include absorption,
excitation, emission, and scattering processes. Electromagnetic radiation has both wave-like
and particle-like properties

93, 95.

When describing the particle-like properties of

electromagnetic radiation, one typically uses the term “photons” 93-95. Photons have specific
energies (𝐸) that are proportional to the frequency (𝑣), and inversely proportional to the
14

wavelength of light (𝜆) based on equations 𝐸 = ℎ𝑣 and 𝐸 =
and ℎ is Planck’s constant

95.

, where 𝑐 is the speed of light

When photons interact with a sample, if the photon energy

exactly matches that of an electronic transition, the energy of the photon may be absorbed
and in turn promote an electron to a higher energy state (electronic excitation) 93-95. From an
excited state, an electron may then return to a more stable, lower energy state (often the
ground state), and in doing so release energy in the form of a photon, during relaxation 93, 95.
The energy (and therefore wavelength) of light that is absorbed to generate electron
excitation, and also emitted during relaxation of an excited electron, is inherently linked to
the electronic structure of an atom or molecule. The use of spectroscopy to measure
electronic transitions in molecules is thus an excellent analytical tool to study molecular
structure.
Electronic transitions within molecules occur between molecular orbitals which are formed
from a combination of atomic orbitals 51. For coordination complexes, which are specifically
relevant to this thesis, this includes orbitals from the ligands and the metal centre. The nature
of the ligands and their geometry around the metal centre directly impacts the energy and
degeneracy of the molecular orbitals, meaning energy of the electronic transitions are directly
influenced by the chemical structure 41, 51. A prominent example of this is the splitting of the
metal d orbitals that is observed in the presence of bonding ligands 41, 51. The splitting varies
depending on the proximity of the binding ligands to the orbitals, with close proximity
resulting in greater repulsion and higher energy molecular orbitals

41, 51.

This means that

complexes with varied coordination geometries exhibit differences in orbital degeneracy and
splitting

41, 51.

A typical molecular orbital diagram for an octahedral metal coordination

complex is shown in figure 1.3 41. The energy and splitting of molecular orbitals can also be
further influenced by the ligand type, and it is worth noting that the impact of altered ligand
type and coordination geometry on molecular orbital energy is not necessarily limited to the
d orbitals.
Often, the orbitals of particular interest are the highest occupied molecular orbital (HOMO)
(which includes the d orbitals for transition metal complexes) and the lowest unoccupied
molecular orbital (LUMO) which are influenced by ligands and geometry as described above
51.

The fact that each ligand type and coordination geometry will have a slightly different
15

effect on the molecular orbital energies, and hence the energy of electronic transitions,
further emphasises the benefit of using spectroscopic techniques to probe chemical
structure.

Figure 1.3: A simplified molecular orbital diagram for an octahedral transition metal complex
(adapted from 41)

1.6.2 Theory Behind X-Ray Techniques
For purified coordination compounds, spectroscopic analysis of HOMO to LUMO transitions
using light in the UV – Vis range is most common for studying electronic structure. This is,
however, not a practical analytical tool in complex biological samples, where there is
substantial overlap of the valence electronic transitions of different metal ion complexes, in
addition to those of organic molecules. Fortunately, X-ray spectroscopy provides a unique
analytical tool to probe valence electronic structure, with elemental specificity. The elemental
specificity of X-ray spectroscopy is because the excitation process is from a core (1s) or innershell electron to an unoccupied molecular orbital (usually the LUMO), and different elements
inherently have substantially different binding energies of core and/or inner-shell electrons.
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1.6.3 X-Ray Absorption Spectroscopy (XAS)
In an XAS spectrum, the X-ray absorption or excitation of the core electron is signified by a
sharp, intense increase in absorption, known as the absorption edge, or “white line” feature
96. Labelling of the

absorption edge is based on the shell and subshell from which the electron

is excited, with the K-edge referring to a 1s electron excitation, L edge for a 2s (LI) or 2p (LII,
LIII) electron excitation, and M edge for 3s (MI), 3p (MII, MIII), and 3d (MIV, MV) excitations 9799.

The region of the spectrum within +10 eV of the absorption edge is usually referred to as

X-Ray Absorption Near Edge Structure (XANES), while the energies just below the absorption
edge is referred to as the “pre-edge” 51. The post edge region can be split into two sections;
the near edge X-ray absorption fine structure (NEXAFS) which lies between +10 eV and +50
eV of the absorption edge, and the extended X-ray absorption fine structure (EXAFS) which
lies at energies beyond +50 eV from the absorption edge

51.

Often, the latter two are

collectively referred to as the EXAFS region which will be the case for this thesis. Each of these
spectral regions can provide slightly different information and are outlined in figure 1.4.
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Figure 1.4: A Zn K-edge XANES spectrum with the general pre-edge, XANES, and EXAFS regions
outlined. Typically, the pre-edge region is the energies just below the absorption edge (white
line feature), the XANES region includes the absorption edge and energies +10 eV above the
edge, and the EXAFS region (sometimes split into NEXAFS and EXAFS but outlined collectively
in this figure) is all energies above the XANES region 51.
To better understand the chemical information these spectral regions can provide, one must
further consider the fundamental processes occurring. Prior to ejection of the core electron
to the continuum, the electron may be excited in resonance to unoccupied orbitals. The
electronic transitions are governed by selection rules, so the most intense features in an XAS
spectrum arise from dipole allowed transitions where ∆𝑙=±1 97. For a K-edge which involves
the excitation of a 1s electron

100,

the transition is to an unoccupied p orbital (ie. 1s  𝑛p

where n is the energy of the orbital assigned by the quantum number 𝑛) 99. When the change
in 𝑙=±2 (e.g., 1s  𝑛d), the transition is dipole forbidden but quadrupole allowed and gives
rise to much lower intensity peaks 99. The intense dipole allowed transitions are responsible
for the sharp absorption edge in the XANES region of the spectrum, while the quadrupole
allowed transitions are one source of the low intensity features seen in the pre-edge region.
For K-edge spectroscopy of transition metals with incomplete 3d orbitals, the pre-edge peak
can also be attributed to 3d-4p orbital mixing 99, thus permitting dipole allowed transitions
18

into the d-manifold. As 3d-4p mixing is highly dependent on coordination structure and ligand
bonding, analysis of pre-edge features can provide valuable information on the local
symmetry of the atom and energy of the excited states 99.
Given that the K absorption edge of the XANES region is based on a 1s  𝑛p transition, the
position, intensity, and shape of the XANES spectrum is impacted by factors that influence
both the binding energy of the core electron and the energy level of the unoccupied p orbitals
99. Consequently, XANES spectroscopy displays remarkable sensitivity not only to the element,

but also its oxidation state, ligand type, coordination geometry, and the degeneracy of
molecular orbitals

98-100.

Further details regarding how each of these factors can affect the

XANES region of the spectrum are detailed in table 1.2.
While ab initio interpretation of the XANES spectrum is still developing, the use of XANES to
“fingerprint” the metal ion coordination environment is well established and examples will
be further discussed in section 1.6.6. Through the construction of spectral libraries that model
different forms of metal ion coordination, it is possible to elucidate coordination chemistry in
situ within complex chemical environments, and this forms a key foundation of the
experimental framework for this thesis.
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Table 1.2: The effect of various aspects of coordination chemistry on the white line feature of
the XANES spectrum 100
Property
Atomic
Number

Trend in XANES spectrum
Energy of the white line
feature increases with
increasing atomic number.

Oxidation
State

Energy of the white line
feature increases with
increasing oxidation
number.

Ligand Type

Energy of the white line
feature increases with
increasingly
electronegative or
electron withdrawing
ligands.

Coordination
Geometry

White line intensity
increases with increasing
symmetry. Multiple
features or “peaks”
expected with less
symmetry.

Justification
Increasing atomic number means an
increasing number of protons which results
in stronger electrostatic attractions
between the core electrons and the
nucleus meaning they will be more tightly
bound (higher binding energy).
Increasing oxidation number means an
increased ratio of protons/electrons which
results in stronger electrostatic attractions
between the core electrons and the
nucleus meaning they will be more tightly
bound (higher binding energy).
An electron withdrawing ligand or ligand
binding through an electronegative atom
will draw electrons away from the nucleus.
This causes the nucleus to become
relatively more positive, meaning there will
be stronger electrostatic attractions
between the core electrons and the
nucleus. Consequently, core electrons will
be more tightly bound (higher binding
energy).
A complex with more symmetrical
geometry (e.g., Octahedral) will have a
narrow, intense white line feature because
of the degeneracy of the orbitals that the
core electrons are excited to (LUMO).
Additionally, the degeneracy will mean
there is a single peak. When the LUMOs
are not degenerate, usually due to a lack of
symmetry, there are often multiple
features (i.e. peaks) in the absorption edge
and the white line intensity is reduced.
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The EXAFS region of the spectrum arises from the constructive and deconstructive
interference pattern caused when the emitted X-Ray of the atom of interest is backscattered
by the electrons of adjacent atoms 96, 98, 100. It can provide valuable information on the identity
and quantity of bound atoms (based on the electron density), in addition to the average bond
lengths 98, 100. While it is evidently an extremely advantageous tool, the interference patterns
of an impure sample can cause the signal to cancel out, and an average bond length is less
meaningful for a complex sample

98, 100.

Consequently, EXAFS is mainly suitable for pure

samples and was not applied in this thesis.
A key requirement for XAS analysis of metal ions at µM detection limits in biological samples
is a bright (high photon density) and tuneable X-ray source

97.

experiments are conducted at synchrotron radiation facilities

For this reason, most XAS

99.

A full description of the

operation of a synchrotron is beyond the scope of this thesis, but in brief; a synchrotron
facility is a type of particle accelerator, accelerating electrons up to relativistic velocities
(99.9% the speed of light) 101. When the acceleration of the relativistic electrons is changed,
induced by exposure to a magnetic field, the electrons release a brilliant, broad band light
source (synchrotron light)

101.

Synchrotron light is a key requirement for not only XAS

measurements, but also XFM and chemically specific XFM measurements (described in
sections 1.6.4 and 1.6.5 below).
1.6.4 X-Ray Fluorescence (XRF) and X-ray Fluorescence Microscopy (XFM)
Following the creation of a core hole during X-ray absorption and electron excitation, a higher
energy electron (relative to the core hole) can fill the vacancy, and in doing so loses energy in
the form of photo-emission 97. The X-ray emission process (referred to as X-ray fluorescence
from here in) also follows the selection rules and thus, the 2p  1s electron transition is the
most intense and most commonly measured X-ray fluorescence (and termed a Kα emission)
97.

The emitted X-ray fluorescence is characteristic to each element, meaning X-ray

fluorescence is well suited to measure multiple elements simultaneously in samples of
interest (provided the incident excitation X-ray energy is above the binding energy) 97. The
use of specialised mirrors and focussing optics enables the incident X-ray beam to be microfocussed to small spot sizes and then raster scanned across the sample to produce elemental
maps 97, 102. The specific data collection and instrumental parameters are dependent on the
sample, but typically, a lower resolution map to provide an overview of the sample is
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collected, which is used to further refine regions of interest for higher resolution maps

102.

The dwell time of the X-ray per pixel is dependent on the concentration of the element of
interest, so by adjusting the raster scan step size and the dwell time, high spatial resolution
maps showing the distribution of trace elements within various samples can be collected.
1.6.5 Chemically Specific XFM
The capabilities of XFM can also be expanded to mapping multiple chemical species of a single
element, through a hybrid of XAS and XFM experimental configurations. As described in
section 1.6.3, the absorption edge for an element is highly sensitive to factors such as
oxidation state, ligand type, and coordination geometry 98-100. Therefore, while a traditional
XFM elemental mapping experiment is performed at a single excitation energy that is set well
above the binding energies of multiple elements of interest, in chemically specific XFM,
several elemental maps of the same element are collected using a series of subtly different
incident energies

97, 102.

The subtly different incident energies are specifically chosen to

correspond to the white line positions of specific oxidation states of the elements of interest,
or pronounced features in the near edge

97.

The most common examples of chemically

specific XFM found in the literature include imaging elements that commonly exist in
numerous oxidation states, e.g., elements such as S, Se, and As 103-105.
Ideally, rather than performing chemically specific XFM, one would perform XANES imaging,
in which each pixel in the image contains a full XANES spectrum. This has been difficult to
achieve in the past, particularly for biological samples, largely due to limitations in instrument
capabilities that have prevented imaging larger areas with adequate sensitivity in practical
time frames. Further development and advancements in beamline components such as
detectors and focussing optics has significantly increased the practicality and applicability of
XANES imaging to biological samples, enabling reduced analysis times and improved
detection limits for full spectrum per pixel imaging 106.
One approach to XANES imaging involves collecting multiple images (e.g., over 100) with
incident energies scanning across the entire XANES spectrum at specified energy step sizes
102.

To accurately distinguish between chemical species using this mode and to build a

spectrum of similar resolution to those collected using XAS, the energy step sizes across the
K-absorption edge should be small. To identify the most suitable step sizes for full spectrum
per pixel imaging, ideally, a bulk XAS experiment should be completed prior to chemically
22

specific imaging to identify the expected chemical species 97. A schematic depicting the XANES
imaging mode of collection is shown in figure 1.5.

Figure 1.5: The process of collecting full spectrum per pixel XANES images. Several images are
collected at multiple incident energies across the XANES spectrum, with smaller energy step
sizes used across the absorption edge to ensure adequate spectral resolution is achieved and
that various coordination species can be distinguished. The number of images collected can
vary depending on the experiment, and a stack of the images creates the XANES spectrum. It
should be noted that this diagram does not accurately depict the exact step-sizes, but rather
demonstrates the general process and highlights the use of smaller step sizes in the XANES
region.
Another approach that enables spatially resolved XANES analysis is to use micro-XAS (𝜇-XAS)
which involves collecting a fluorescence image of the element of interest to enable selection
of key regions of interest from which a full XAS spectrum can be collected (i.e. XANES
spectrum collected for selected single points on sample)

97.

As with all techniques, both

modes have their advantages and disadvantages which are summarised in table 1.3. The
XANES imaging mode that is applied not only depends on the sample and experiment
requirements, but also on the available instrumentation. Both modes were applied in this
study at two separate synchrotron facilities.
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Table 1.3: The advantages and disadvantages associated with the methods for obtaining
spatially resolved XANES spectra 97

µ-XAS

Advantages

Disadvantages





Can collect full XAS spectrum
o High energy resolution
spectrum


Chemically
specific imaging




Can image the distribution of
various chemical species
Capability for full spectrum
per pixel imaging




Full spectrum can only be
collected for a limited number
of small regions
Extended exposure to
potentially damaging X-rays
Requires prior knowledge of
chemical species in sample
Full spectrum per pixel imaging
involves extended exposure to
potentially damaging X-rays

1.6.6 Past Applications of XAS and XFM to Brain Tissue
XAS, XFM, and chemically specific XFM have been applied in multiple studies of brain tissue,
which are described below.
The importance of transition metals such as Fe, Cu and Zn to healthy brain function (see
section 1.2) mean that they have been a popular target for elemental analysis of brain tissue
using XFM. These metals, in addition to several other elements, have been studied in relation
to neurodegenerative diseases such as AD and Parkinson’s disease 107-109, and have also been
studied after different types of stroke

110-112.

For example, multiple elements have been

mapped in the hippocampus of a mouse model of accelerated ageing, and the Fe, Cu, and Zn
distribution has been studied in protein aggregates associated with AD

20, 81.

Additionally,

elemental analysis of dopaminergic neurons and Lewy bodies in Parkinson’s disease brains
has been completed

107,

and the elemental distribution in regions surrounding tissue

damaged by stroke has also been investigated 110. Several other studies have also applied XFM
elemental analysis to brain tissue, including but not limited to investigations relating to
epilepsy, schizophrenia, and cerebral malaria 113-115. While all the previous XFM applications
to brain tissue have not been discussed in detail, it is evident that it is a well-established and
indispensable technique for the analysis of elemental and metal homeostasis in the brain.
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While XFM has been widely used to study metal distributions in brain tissue, applications of
XANES to brain tissue is less common, with only several examples present in the literature
including studies of Fe anomalies in avian brain tissue 116, Cu accumulations in brain lateral
ventricles of rat tissue 65, and S speciation in the rat cerebellum and brain stem to provide
some examples 103, 117. Numerous examples of application of XANES to investigate biological
tissues other than brain tissue can be found in the literature, and include studies of the
chemical form of metals such as Fe 118-122, manganese (Mn) 123, and Cu 122, 124-126, and of other
elements, namely, S 103, 117, 127, arsenic (As) 128, and selenium (Se) 129-132. These studies have
been carried out in biological tissues including the liver, hair, kidneys, cancer cells, and
tumours. In addition to XANES analysis, chemically specific imaging has been also been
achieved for elements such as S 103 and Fe 118, 119, 133, but has not yet been applied to study Zn
speciation in brain tissue. To further develop this capability, a key focus of this thesis was to
first develop a XANES spectral library to identify the most abundant Zn species in brain tissue.
While the application of this specific approach to study Zn in brain tissue is novel, the use of
Zn XANES spectral libraries has been applied to bacteria 134, cancerous tissue 135, plant tissues
136-138, and

metalloproteins 139, 140. An expansive library of Zn2+ model compounds of biological

relevance, characterised by XANES and X-ray emission spectroscopy, has also been reported
141

.

1.7 Correlating Zinc and Copper Changes with other Biochemical Alterations
Identifying biochemical changes that occur concomitantly with metal dyshomeostasis, may
help to enhance understanding of the mechanisms contributing to cognitive decline during
ageing. More specifically, if particular cell types or biochemical components (e.g., proteins,
lipids. etc) appear susceptible to change with ageing, this might reveal certain pathways that
play a direct role in the ageing process. One such approach is to use a combination of
vibrational spectroscopy and immunohistochemistry, in a “multi-modal” workflow.
Vibrational spectroscopy is particularly useful for biochemical applications given its ability to
detect a wide variety of functional groups
recognition of specific proteins/antigens

142

95.

Immunohistochemistry relies on antibody

so can be used to identify and study cells and

their health by targeting various cell-specific proteins. Specific details on vibrational
spectroscopy and immunohistochemistry are described in sections 1.7.1 and 1.7.2 below.
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1.7.1 Theory Behind Vibrational Spectroscopy
Infrared (IR) and Raman spectroscopy are specific examples of vibrational spectroscopy and
are dependent on molecular vibrations. A molecule with n atoms can have 3n-6 vibrational
modes if non-linear, and 3n-5 vibrational modes if linear 93, 95. 3n arises from the 3 directions
in which a molecule can move in 3-dimensional space, while -6 accounts for non-vibrational
movement including the 3 translational modes where the whole molecule moves, and the 3
rotational modes around a molecules centre 51, 93, 95. The two main categories for vibrations
include stretching and bending, with each of these containing sub-classifications that are
further depicted in figure 1.6 93, 95.
Figure 1.6: Types of stretching and
bending

molecular

vibrations.

While the provided examples depict
H2O or a similar molecule, they are
applicable to a range of molecules.
For the wagging and twisting
vibrations,

the

dotted

lines

represent movement into the page
and the thick solid lines represent
movement

out

of

the

page.

Adapted from 93, 95.
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Importantly, these vibrations occur at specific and predictable frequencies that depend on
the atoms in the bond, the bond strength, and the bond length. For a molecular vibration to
be considered IR active and appear in an IR spectrum, it must cause a change in dipole (change
in charge distribution) of the molecule

93, 95.

IR spectroscopy involves first irradiating the

sample with light in the IR frequency range. If the incident photon frequency matches that of
the molecular vibration, then the photon can be absorbed and the amplitude of the bond
oscillations or vibrations will increase

93, 95.

The incident energy is not sufficient to excite

electrons to a higher electronic state, however, they will be excited to a higher vibrational
level in the ground electronic state. As stated previously, bonds vibrate at specific frequencies
and therefore, the frequencies that are absorbed can reveal information about the types of
bonds or functional groups present in a molecule 93, 95. Additionally, the IR absorption follows
the Beer-Lambert law (𝐴 = 𝜖𝑏𝑐, where A is absorbance, 𝜖 is molar absorptivity, 𝑏 is path
length, and 𝑐 is concentration) meaning that the absorbance is proportional to the
concentration, so the IR absorbance can also provide information on relative concentrations
of these bonds or functional groups 95.
Raman spectroscopy is a scattering technique that is complementary to IR spectroscopy and
requires the molecular vibrations to cause a change in polarisability (distortion of the electron
cloud) of the molecule 93, 95, 143. When the sample is irradiated with a monochromatic beam,
the incident photons cause electrons to be excited from the ground state to a virtual
vibrational state as the electron cloud distorts and energy is absorbed 93, 95, 143. It is called a
“virtual” vibrational state because the transition is not quantised and electrons do not
resonate with a specific energy level 93, 95. When the electron cloud returns to its natural state
and electrons transition back to the ground state, the energy of the photons scattered can
either be equal to the energy absorbed (elastic scattering), or different (inelastic scattering)
93, 95, 143.

The former is termed “Rayleigh scattering” and is the most probable outcome, while

the latter is termed “Raman scattering” and is much less intense based on the reduced
probability of occurrence 93, 95, 143. Raman scattering forms the basis of Raman spectroscopy
and can be further categorised depending on whether the energy of the scattered photon is
less than or greater than the energy that was absorbed. Stokes scattering describes the
former where the scattered photon energy is less than the absorbed photon energy, and
results from the electron relaxing to a vibrational level higher than the ground state 93, 95, 143.
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Anti-stokes scattering refers to when the scattered photon energy is greater than the
absorbed photon energy and requires the electrons to already be in a higher vibrational level
prior to absorption

93, 95.

Given that most electrons will be in the ground state unless at a

higher temperature, anti-stokes scattering is much less probable than stokes scattering

93.

The difference between the incident energy and the emitted energy is termed the “Raman
shift” and is dependent on the bonds and functional groups present in the molecule (i.e. the
molecular vibrations present). It should be noted that the Raman shift is independent of the
excitation wavelength (i.e. difference in energy between absorbed photon and scattered
photon remains consistent) and falls in the IR absorbance frequency range, resulting in
similarities between IR and Raman spectra 93, 143. A process that often competes with Raman
and can interfere in a Raman spectrum is fluorescence 93, 95. Fluorescence also involves the
absorption of a photon resulting in excitation of electrons to a higher electronic state.
Specifically, when the sample is illuminated with a wavelength of light within the molecular
absorption band, electrons are excited to vibrational levels in a higher electronic state, then
relax to the lowest vibrational level of the excited state prior to radiative emission
(fluorescence) when electrons return to the ground state 93. The non-radiative emission that
occurs prior to fluorescence, means the fluorescence wavelength is generally always lower
than the excitation wavelength

93.

Since radiative emission always occurs from the lowest

vibrational level of the excited state, the fluorescence wavelength is independent of the
excitation wavelength. While they can be considered competing processes, the fundamental
differences between fluorescence emission and Raman scattering is that fluorescence is a
true absorption/emission process while Raman scattering is a scattering process

93.

Essentially, fluorescence occurs on a longer time scale and involves transitions between
specific quantised electronic states. Therefore, the fluorescence signal involves specific
wavelengths unique to the molecule that is being studied, and consequently the fluorescence
signal does not remain consistent across all wavelengths. Conversely, Raman scattering is a
much faster process, and because the Raman shift remains consistent regardless of excitation
wavelength, various excitation wavelengths can be utilised

93, 95.

Given that fluorescence

emission is typically a much stronger signal than Raman scattering, it can be problematic for
Raman experiments 95. Therefore, to minimise any potential fluorescence signal swamping
the Raman spectrum, generally, excitation wavelengths away from the absorption band of
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the analyte are selected. A diagram summarising the absorption processes underpinning IR,
Raman, and fluorescence are detailed in figure 1.7.

Figure 1.7: Simplified depiction of the electronic and vibrational transitions associated with
various spectroscopic techniques. The arrows pointing up indicate absorption/excitation,
while the blue and red arrows pointing down indicate vibrational relaxation and radiative
emission, respectively. The dotted line indicates a virtual vibrational state that does not have
a consistent energy-it varies depending on the incident wavelength and is not resonant with a
specific vibrational state. Adapted from 93, 95.
These vibrational spectroscopic techniques can be coupled with conventional microscopy to
enable chemical mapping of a wide variety of samples. Raman microscopy and infrared
microscopy have been used in biological applications to study brain micro-haemorrhages 144,
145, protein aggregation in amyloid β plaques 146-149, cholesterol in brain tumours 150, and lipids

and proteins in tissue damaged after stroke or traumatic brain injury to provide some
examples 110, 144, 151, 152. As stated previously, the techniques are complementary with some
molecular vibrations exclusively Raman active, some exclusively IR active, and others
detectable across both techniques. Additionally, benchtop IR microscopy tends to have a
lower spatial resolution compared to Raman microscopy because the spatial resolution is
proportional to the wavelength according to the Rayleigh criterion (spatial resolution =
153).

.

Since Raman spectroscopy tends to utilise shorter excitation wavelengths in the visible

region, it has improved diffraction limited spatial resolution compared to IR. This means that
benchtop IR microscopy can provide information on the chemical changes occurring in a
broad region, and Raman microscopy can be used to localise these changes more accurately.
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For example, benchtop IR microscopy can be used to identify whether there are chemical
changes occurring in a certain brain region, and Raman microscopy can then be used to
identify whether these changes can be attributed to cellular alterations.
While IR microscopy is typically associated with poorer spatial resolution, it is still possible to
achieve cellular and subcellular resolution using a synchrotron source 154, 155. The synchrotron
source itself does not provide the improved resolution, but rather the high photon density of
synchrotron light enables the best possible diffraction limited resolution (≈3-8 𝜇m for the
ANSTO-Australian Synchrotron) with acceptable signal to noise levels, to be achieved in a
reasonable experimental time frame 154, 156.
1.7.2 Theory Behind Immunohistochemistry
Immunohistochemistry is an important tool in the biomedical sciences that uses antibodies
to detect antigens of interest. It can be used to identify specific cell types or subcellular
organelles if antigens are specific to those regions, and it can show how the antigens are
distributed throughout the tissue. The technique can be applied to multiple tissue types and
has been used in disease diagnostics. Immunohistochemistry is a broad term that
encompasses immunoassays and immunofluorescence staining. For immunofluorescence
staining, a primary antibody specific for the antigen of interest will selectively bind to the
antigen 157. A secondary antibody with a conjugated fluorophore then selectively binds to the
primary antibody

157.

When the sample is irradiated with a wavelength of light within the

absorption band of the fluorophore, fluorescence emission occurs and fluorescence images
showing the distribution of the antigen of interest can be collected. It is also possible to have
conjugated primary and secondary antibodies which essentially minimises the number of
steps required for staining. Immunoassays follow the same basic principle but are generally
carried out in well plates rather than on tissue sections

158.

A diagram demonstrating the

process is shown in Figure 1.8. Prior to the addition of primary antibodies, tissue is generally
immersion fixed and a blocking step is completed. The purpose of the blocking step is to
minimise any non-specific binding when the antibodies are added.
There are a significant number of antigens that can be stained for, but the antigens of interest
for this study included GFAP, 4′,6-diamidino-2-phenylindole (DAPI), and microtubuleassociated protein (MAP2). These localise to astrocytes, cell nuclei, and cell cytoplasm,
respectively.
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Figure 1.8: Representation of the process that enables immunofluorescence staining. In this
example, a primary antibody specific for the antigen of interest will selectively bind to the
antigen on the tissue (1). A secondary antibody with a conjugated fluorophore will then
selectively bind to the primary antibody (2). When the sample is irradiated with light in the
excitation band of the fluorophore, fluorescence will occur enabling the distribution of the
antigen to be detected (3). By using fluorophores with different excitation and emission
properties, it is possible to stain for multiple antigens simultaneously. It is also possible to use
conjugated antibodies which minimises the number of steps required. Despite differences in
specific experimental design, immunohistochemistry and immunoassays rely on selective
antigen-antibody binding as indicated in the figure.
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1.8 Animal Models
A common method for studying biological processes and diseases is to use pre-clinical animal
models. There are a wide variety of models available for studying health and disease, and
rodent models such as mice and rats are common due to the biological similarities they share
with humans, and the ability to generate strains with mutations that represent particular
disease states

159.

Genetically modified or transgenic mouse models are routinely used for

studying neurodegenerative diseases such as AD

160.

Often these models are designed to

study particular hallmarks or features characteristic to the diseases, such as the APP23 model
that over expresses human amyloid precursor protein leading to significant formation of
plaques

161, 162.

While these models are instrumental in expanding understanding of these

biomarkers and what their specific role might be in disease onset, they are limited in their
ability to provide insights into biochemical changes that occur during natural ageing in the
absence of these hallmarks. Considering that this study was focussed towards developing
methods to better understand the role of metals during natural ageing, these more commonly
used transgenic models for studying neurodegeneration were not suitable.
The senescence accelerated mouse is a model that originated from accidental outbreeding of
the AKR/J mouse strain and an unidentified second strain 163, 164. Takeda et al observed that
certain litters of AKR/J strain were exhibiting unexpected features, including but not limited
to, hair loss, skin coarseness, exhaustion, and early death, with these phenotypes also
observable in subsequent generations

163.

A senescence prone series was developed from

litters with the most severe exhaustion, while a senescence resistant series was developed
from litters that exhibited normal ageing 163. These series are now referred to as senescence
accelerated mouse prone (SAMP) and senescence accelerated mouse resistant (SAMR),
respectively 163. The former has 9 main sub-strains and acts as the disease model, while the
latter has 3 main sub-strains and is generally utilised as the control 163. Each sub-strain has
slightly varied phenotypic traits meaning they can be applied in slightly different studies.
The SAMP8 sub-strain displays accelerated ageing and age-dependent deficits in learning and
memory and has become accepted as a model to study cognitive decline during ageing and
AD 165, 166. The accelerated senescence can allow for more practical analysis time frames and
was particularly suitable for this study given that phenotypic ageing changes do not appear
to coincide with the cognitive deficits. They do still exhibit some characteristic features of AD,
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including reports of age-dependent formation of amyloid 𝛽 deposits

164,

however, unlike

many other models, this does not occur due to deliberate overexpression of genes meaning
it might be a more suitable model for studying the more prevalent late-onset sporadic AD
cases 166. In addition to memory deficits and amyloid 𝛽 deposits, these mice also appear to
have a more permeable BBB 167, 168, an impaired immune system 164, and heightened anxiety
164.

While these additional features cannot be ignored when interpreting results and care

should be taken if attributing observations specifically to ageing processes, the model has
been widely accepted in the field and was well suited for this study that focussed primarily
on method development and preliminary investigations into metal homeostasis during the
ageing process.
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1.9 Formal Statement of Aims and Chapters
The overall aim of this thesis was to develop and apply methods to image metal
dyshomeostasis and altered brain biochemistry during ageing. This included the development
of methods to image Zn speciation in brain tissue (Aim 1), application of spectroscopic
techniques to probe markers of oxidative stress in Cu enriched regions of the lateral ventricles
(SVZ) (Aim 2), and the coupling of spectroscopic techniques with immunohistochemistry on
the same tissue section (Aim 3). The content of each of the results chapters is outlined briefly
below.
Chapter 3 (Aim 1): This chapter will discuss the development of the Zn XANES reference library
and its use in identifying the most abundant chemical forms of Zn in bulk frozen tissue from
the hippocampus and cerebellum. The method development required careful consideration
of sample preparation protocols to ensure the in vivo Zn environment was maintained.
Therefore, this chapter will also address factors that may influence speciation including the
use of glassing agents for XAS experiments, and the tissue section environment (air dried
compared to frozen sections) which is particularly important for chemically specific XFM
(XANES imaging). A protocol for Zn XANES imaging will be described along with its application
to the SAMP8 model where XANES images were collected from young and old mice. It will
discuss changes in speciation between sub-regions of the hippocampus and between the two
age groups, with future improvements to the experiment also suggested.
Chapter 4 (Aim 2): This chapter will describe the application of spectroscopic methods to
identify whether age-related Cu accumulation in the SVZ induces an elevation in oxidative
stress markers. Specifically, it will address the XANES analysis of disulfides, and the FTIR
analysis of protein aggregates and lipid peroxidation markers in SAMP8 tissue sections of two
age groups. These results will also be compared with analysis of the same oxidative stress
markers for brain homogenates with and without addition of a Cu solution, to further probe
the underlying biochemistry.
Chapter 5 (Aim 3): This chapter will describe the capability of coupling spectroscopic imaging
with immunohistochemistry on the same tissue section. The ability to combine Raman
microscopy, and X-ray fluorescence microscopy, with immunohistochemical staining will be
demonstrated, along with the impact of X-ray beam damage on immunofluorescence. The
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development of these protocols also included an investigation into the tissue
autofluorescence over time post-sectioning, the results of which will also be addressed.
Overall, development and application of the multi-modal methods and protocols described in
this thesis to study altered metal homeostasis and concomitant biochemical alterations will
hopefully help to reveal underlying mechanisms contributing to cognitive decline during
ageing. This in turn may reveal pathways for slowing cognitive decline, or preventing and
treating neurodegenerative diseases such as AD.
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Chapter 2: Methods
ABSTRACT
This chapter will outline experimental procedures relevant to each of the following results
and discussion chapters (Chapter 3, 4, and 5). These details include sample preparation, data
collection, data processing and analysis, and statistical analysis. Each section of this chapter
(2.1, 2.2, 2.3) will address the methods utilised for a certain results chapter. Specifically,
section 2.1 outlines the methods used for chapter 3, section 2.2 outlines the methods used
for chapter 4, and section 2.3 outlines the methods used for chapter 5.

36

2.1 Methods-Chapter 3
2.1.1 Brain Sample Preparation
2.1.1.1 Animal Models

To minimise the number of animal deaths, this research has used excess archived tissue from
previous studies, which were conducted in accordance with Curtin University Animal Ethics
Guidelines. Rat tissue (n = 4) from 6 month old male Sprague Dawley rats was used for bulk
XANES analysis to compare Zn speciation in the cerebellum and hippocampus. Murine tissue
from male 5 (5m) and 12 (12m) month old senescence accelerated mouse prone strain 8
(SAMP8) mice (n = 3 in each age group) was used for micro-XANES analysis, to investigate Zn
speciation within the hippocampus. All animals were housed in standard cages in a
temperature controlled (21 °C) colony room with 12 hr light/dark cycle, with access to food
and water ad libitum (standard rodent maintenance chow) 20, 169, 170. Due to species variation
there may be subtle differences in the chemical form of Zn between the bulk XANES and
micro-XANES experiments. The major outcomes of the study should not have been affected
however, as the labile Zn pool in the hippocampus is highly conserved across mice and rats 83,
89.

2.1.1.2 Tissue Preparation

To preserve the in vivo Zn speciation as close as possible to the in vivo condition, animals were
anaesthetized with pentobarbital (45 mg/kg) (mice) or isoflurane (rats), humanely sacrificed,
and the brain tissue rapidly dissected into sagittal hemispheres and plunge frozen in liquid
nitrogen cooled isopentane 170-172.
2.1.1.2.1 Bulk XANES Analysis (XAS)

For rat tissue, 1 mm cubes of hippocampus and cerebellum tissue were dissected on dry ice.
Samples were obtained 6 months prior to XANES measurements and stored at – 80 °𝐶 until
required for analysis (for both mouse and rat brain tissue).
2.1.1.2.2 Micro-XANES of Air Dried Tissue (XFM)

For mouse brain tissue sections, one week before XANES analysis, 10-μm-thick coronal brain
sections were cut from the frozen tissue blocks with a cryo-microtome at -16 to - 18 °𝐶 and
melted onto a silicon nitride substrate (Melbourne Centre for Nanofabrication, 10 × 10 mm2
200 µm thick silicon frame, and a 5 × 5 mm2 1000 nm thick silicon nitride membrane). Tissue
sections were air dried and stored in the dark with desiccant until micro-XANES analysis. All
micro-XANES analyses were performed within 7 days of tissue sectioning.
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2.1.1.2.3 Cryo-Micro-XANES of Frozen Tissue (XFM)

Similarly to the air dried sections, one week before XANES analysis, 14-μm-thick coronal
mouse brain sections were cut from the frozen tissue blocks with a cryo-microtome at -16 to
- 18 °𝐶 and melted onto a silicon nitride substrate (Melbourne Centre for Nanofabrication, 10
× 10 mm2 200 µm thick silicon frame, and a 5 × 5 mm2 1000 nm thick silicon nitride
membrane). Samples were stored at -80°𝐶 until transport to the ANSTO-Australian
synchrotron facility on dry ice.
2.1.2 XANES Analysis
2.1.2.1 Standard Solutions

A stock solution of zinc nitrate (1 mM) was prepared by dissolving zinc nitrate hexahydrate
(Zn(NO3)2.6H2O, 0.018 g) in reverse osmosis water (50 mL). This stock solution served to
model the Zn2+ hexaaqua complex and was also used as the source of Zn2+ for the preparation
of additional standard solutions. The additional standard solutions were prepared such that
the ligands had a concentration of approximately 10 mM. To test what effect the presence of
chloride ligands had on the coordination of the Zn atom, excess NaCl (0.018 g, 100 mM) was
dissolved in each standard solution (3 mL). Standard solutions of Zn2+ in H2O at pH 2 and pH
13 were also prepared, through the addition of HNO3 and NaOH, respectively. The basic
solution appeared cloudy upon initial addition of NaOH due to formation of Zn(OH)2(s),
however the solution returned to colourless upon addition of excess OH- (i.e. at pH 13). This
is expected as Zn(OH)2 is highly soluble at high pH, owing to the formation of the Zn(OH)42complex. Dynamic light scattering was performed, using a Malvern Zetasizer Nano ZS, to
confirm the absence of particulates in the final standard solution at pH 13 (Figure 2.1).

Figure 2.1: Visible appearance of Zn2+ standard solutions after (A) the addition of concentrated
OH- as undertaken for the synchrotron experiment, or (B) dilute OH-. The latter shows the
appearance of a white precipitate attributed to Zn(OH2)(s), which is known to have low
solubility at a neutral pH. Dynamic light scattering, DLS (C) did not indicate increased presence
of particles in standard solution A, relative to the Zn2+ (zinc nitrate hexahydrate) solution. DLS
measurements were recorded on a Malvern Zetasizer Nano ZS.
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In addition to the standard solutions described in Table 2.1, a solution that was a mixture of
histidine and cysteine was prepared by combining equal amounts (750 𝜇L) of each solution.
To test the effect of glassing agents, glycerol was combined with the cysteine and histidine
solutions (separately) in a 1:2 ratio (i.e. 1 mL glycerol and 2 mL of standard solution). Further
sample details are shown in Table 2.1.
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Table 2.1 Details for preparation of Zn2+ Standard Solutions for XANES Analysis.
Concentrations (Conc) are rounded to the nearest mM and will be lower than indicated for
samples containing glassing agents.
Ligand

Ligand Compound

Mass
(g)

Final

Ligand

Zn2+(aq)

Volume

Conc

Conc

(mL)

(mM)

(mM)

Glassing
Agent (Y/N)

Cysteine

L-cysteine

0.006

5

10

1

N

Cysteine

L-cysteine

0.006

5

10

1

Y

Histidine

L-histidine

0.020

10

13

1

N

Histidine

L-histidine

0.020

10

13

1

Y

0.011

5

12

1

N

0.015

5

10

1

N

0.018

5

10

1

N

0.008

5

11

1

N

0.018

3

103

1

N

0.018

3

103

1

N

0.018

3

103

1

N

L-glutamic acid
Glutamate

monosodium salt
monohydrate

Citrate

Tri-sodium citrate
dihydrate
Ethylenediamine

EDTA

tetra acetic acid
di-sodium salt
dihydrate
Di-sodium

PO43-

hydrogen
phosphate

Cl-

Sodium Chloride
Sodium chloride

Cysteine +

(dissolved in 10

Cl-

mM cysteine
solution)
Sodium chloride

Histidine +

(dissolved in 13

Cl-

mM histidine
solution)
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Aqueous standard solutions were injected into liquid sample holders (Kapton window) and
rapidly frozen by submerging in liquid nitrogen cooled isopentane. Tissue samples were
mounted in the same holders. Tissue samples were not observed to thaw during sample
mounting (sample mounting times were < 1 minute).
2.1.2.2 Collection of Bulk XANES Spectra – Data Acquisition.

All Zn K-edge XAS data was collected at the ANSTO-Australian Synchrotron, using the X-ray
Absorption Spectroscopy beamline equipped with a 1.9T wiggler and Si(111) double crystal
monochromator (DCM). The DCM was operated at the top of the rocking curve (“fully tuned”)
and harmonics were rejected using mirrors (Si, Rh), which were also used to focus the beam.
The beam spot size at the sample was of approximately 1 x 0.5 mm2, and the incoming beam
intensity was measured using an ion chamber (“I0”; N2 flow at 0.3 L/min; U=2.1kV). All
samples (model compounds and micro-dissected tissues) were mounted with the detector
facing surface at 45° to the incident X-ray beam, in a liquid Helium cooled cryostat
(measurements were recorded at ~12-15 K). The XANES spectra were recorded through
collection of Kα fluorescence emission, recorded using a Canberra liquid nitrogen cooled 100pixel monolithic solid state Ge detector. X-ray absorption spectra were calibrated against the
absorption spectrum of Zn metallic foil, calibrated to first inflection peak at 9660.7 eV. The
calibration spectra were recorded simultaneously with sample spectra, in transmission
geometry with ion chambers (“I1” and “I2”; N2 flow at 0.3 L/min; U=2.1kV). The XANES spectra
were recorded across the K-edge white line features 9650 – 9700 eV at 0.3 eV steps, with a
dwell time of 500 ms per data point. Additional data points were collected above and below
the edge such that the full spectral range was 9600 – 9900 eV, to assist background
subtraction (also 500 ms dwell). Specific step sizes for each spectral region are outlined in
table 2.2.
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Table 2.2: Parameters for XANES scans using the XAS beamline at the ANSTO-Australian
Synchrotron
Spectral
Region
1
2
3

Start Energy
(keV)
9.6
9.65
9.7

End Energy
(keV)
9.65
9.7
8k

Energy Step
Size (keV)
0.005
0.0003
0.07k (linear)

Dwell Time
(s)
0.5
0.5
1

Number of
Points
11
167
68

EXAFS region of spectrum is described using “k-space” which is what k refers to in 3rd row

Initial data pre-processing was performed using in-house developed Sakura software v2.7173,
to exclude data from detector pixels containing contributions from ice diffractions. Data was
then exported in ASCI format and further analysed using EXAFSPAK 174. Normalised white line
intensities are reported to 3 significant figures (2 decimal places), on the basis that 3σ of the
noise level = 0.005 absorbance units (calculated from the baseline-corrected pre-edge, in
normalised spectra).
2.1.2.3 Collection of Micro-XANES Spectra – Synchrotron X-ray Fluorescence Microscopy

Micro-XANES spectra were collected at the X-ray Fluorescence Microscopy beamline at the
ANSTO-Australian Synchrotron

175.

A “XANES-stack” of X-ray fluorescence elemental maps,

similar to previously described 118, 119, 126, were collected for 125 incident energies (air dried
tissue) or 98 incident energies (frozen tissue) that correspond to the energies indicated in
table 2.3.
Table 2.3: Incident energies for the collection of micro-XANES images in air dried and frozen
tissue sections
Air dried tissue

Frozen tissue

Pre-edge region (5 eV steps)

9630-9650 eV

9630-9650 eV

White line region (0.5 eV steps)

9650-9699 eV

9650-9685 eV

Post-edge (2 eV steps)

9699-9723 eV

9685-9713 eV

Post-edge (10 eV steps)

9723-9803 eV

9713-9803 eV

Images were collected starting at the highest energy (9803 eV) and then collected at
successively lower incident energies due to details of the operation of the in-vacuum
undulator. Most elemental maps were collected from regions of the hippocampus that
contained the mossy fibres, however, some larger maps containing the whole hippocampus
were also collected (the location was identified using an optical microscope mounted at the
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beamline). Similar to the bulk XANES measurements, energy calibration was performed with
a metallic Zn foil mounted downstream of the sample. The absorbance spectrum of the
calibration foil was collected in transmission geometry with N2 gas-filled ion chambers. A
comparison of the XANES spectra collected from the calibration Zn metal foil on both the XAS
and XFM beamline, are presented in Figure 2.2.

Figure 2.2: Zn K-edge XANES recorded from Zn metal energy calibration foils at the XFM and
XAS beamlines at the ANSTO-Australian Synchrotron. Panel A shows the raw spectra while
panel B shows the first derivative spectra.
With the exception of the successively decreasing incident energy, the process of collecting
elemental maps from air dried tissue was similar to methods that have been previously
described

20, 176, 177,

in brief: The X-ray beam was focused to a ~1 µm (1-sigma) spot with a

Kirkpatrick–Baez mirror pair and X-ray emissions from the sample were collected in eventmode using the low-latency, 384-pixel Maia detector 178. Data were collected with the sample
oriented normal to the incident beam and with the detector positioned in backscatter
geometry. The sample was raster scanned through the beam with an effective dwell time of
1 ms per effective step size (image pixel) of 1 𝜇m (1.5 ms dwell time and 3 𝜇M step size for
whole hippocampus map).
To minimise dehydration (air drying) induced alterations to Zn2+ speciation, frozen tissue
sections were imaged under a cryostream of nitrogen vapour at -40 °𝐶 (measured with
thermocouple). Similarly to the air dried tissue analysis the X-ray beam was focused to a ~1
µm (1-sigma) spot with a Kirkpatrick–Baez mirror pair and X-ray emissions from the sample
were collected using an FX5 vortex detector. The tissue was scanned once at 9803eV, with a
4 𝜇m step size and 2 or 4 millisecond dwell time to locate the regions of interest. The sample
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was then raster scanned through the beam at each energy with an effective dwell time
between 1 and 4 ms per effective step size (image pixel) of 2 𝜇m.
Air dried and frozen tissue elemental maps were reconstructed from the full emission spectra
with GeoPIXE v6.6j (CSIRO, Australia), using a linear transformation matrix for spectral
deconvolution. Elemental maps of Zn fluorescence intensity were extracted as TIFF files which
were then imported into ImageJ where regions of interest were drawn around the CA3 mossy
fibres (Zn rich) and the CA3 pyramidal cells (moderate Zn, and Fe rich cells). The average Zn
fluorescence was determined for each of the two regions of interest, for each of the Zn maps
collected at the energies across the Zn edge. A plot of Zn fluorescence intensity as a function
of the incident energy used to collect the elemental map revealed the average micro-XANES
spectrum for the region of interest (this is achieved in ImageJ using a “plot Z profile” function).
The micro-XANES spectra were exported from ImageJ as ASCI files for further analysis in
EXAFSPAK.
2.1.2.4 Bulk and Micro-XANES Data Analysis

EXAFSPAK was used for XANES data analysis. Spectra were background corrected (polynomial
background subtraction, calculated from pre-edge region (9600-9650 for bulk XANES, or
9630-9650 for micro-XANES)) and normalised to a post-edge jump of 1 absorbance unit at
9750 eV. DATFIT, within EXAFSPAK, was used to fit XANES spectra of brain tissue (both bulk
and micro-XANES) to linear combinations of the bulk spectra of standard solutions. Standard
solution spectra were excluded from the refinements algorithm if they contributed to less
than 0.5% of the total spectra.
Micro-XANES maps were generated using MANTiS (Multivariate ANalysis Tool for
Spectromicroscopy) software, using inbuilt single value decomposition and standard solution
spectra to generate chemically specific images of Zn2+ speciation.
2.1.3 Statistical Analysis
Statistical analyses were performed using Graphpad Prism, and all data is presented as scatter
plots. Testing for differences in Zn speciation between the cerebellum and hippocampus in
rat tissue (n = 4 replicates) was performed using a Student’s t-test and 95 % confidence
interval (cerebellum and hippocampus tissue was not paired from the same animal). Testing
for differences in Zn speciation between the mossy fibres and pyramidal cells of 12m murine
hippocampus (n = 3 replicates) was undertaken using a two-way ANOVA with multiple
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comparison testing. Similarly, comparison of Zn speciation between 5m and 12m mossy fibres
was undertaken using a two-way ANOVA with multiple comparison testing.

2.2 Methods-Chapter 4
2.2.1 Animal Model and Sample Preparation
2.2.1.1 Animal Models

To minimise the number of animal deaths, this study used excess archived tissue from
previous studies, which were conducted in accordance with Curtin University Animal Ethics
Guidelines. Specifically, senescence accelerated mouse prone 8 (SAMP8) samples were used
for this study, with mice aged 5 months (5m, n = 6) and 12 months (12m, n = 6). Mice were
housed in standard cages in a temperature controlled (21 °C) colony room with 12 hr
light/dark cycle, with access to food and water ad libitum (standard rodent maintenance
chow)

20, 169, 170.

Mice were humanely sacrificed under anaesthesia with pentobarbital (45

mg/kg), then tissue was rapidly frozen in liquid nitrogen cooled isopentane and stored at 80 °C. Additional brain tissue was sourced from excess wildtype mouse brains (C57Bl/6) for
preparation of brain homogenates, described in section 2.2.1.2.
2.2.1.1 Tissue Sections

Tissue was embedded in optimal cutting temperature medium and sections (10 µm thick)
were cut at -16 ℃ using a cryo-microtome and air dried onto calcium fluoride (CaF2) discs for
FTIR analysis, and metal free plastic thermanox coverslips for XANES analysis.
2.2.1.2 Brain Homogenates

Brain homogenates from ≈40 mg pieces of tissue were collected from wild-type mouse brains
(n=5) and then homogenised. Specifically, 800 𝜇L of mammalian lysis buffer was added to
each sample and they were homogenised using a Kimble Dounce tissue grinder (2 mL) with
10 passes using pestle A (0.003-0.005 inch clearance) and 5 passes using pestle B (0.00050.0025 inch clearance). Samples were centrifuged at 4℃ for 15 minutes at 14 000 rounds per
minute (rpm), then the supernatant was collected into three separate aliquots (207 𝜇L each)
for each sample. Each aliquot had either phosphate buffered saline (PBS), or varying amounts
of a copper sulfate solution (CuSO4∙5H2O, 10 mM, dissolved in PBS) added to obtain a total
volume of 250 𝜇L. The specific details of each aliquot is outlined in table 2.4. This process was
repeated for all 5 samples. A 50 𝜇L aliquot was then collected from each 250 𝜇L aliquot and
frozen at -80 °𝐶 until ATR-FTIR analysis (section 2.2.3.2). The remaining 200 𝜇L was
deproteinised for analysis using a glutathione detection assay (section 2.2.4).
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Table 2.4: Details of the preparation of each aliquot from the supernatant of a brain
homogenate sample. This was repeated for all 5 samples resulting in 15 total aliquots: one
without additional Cu, and two with Cu at varying concentrations for each sample.
Solution added to
supernatant
Volume
Final Cu
concentration

Aliquot A
PBS
42.4 𝜇L
0 mM

Aliquot B
CuSO4 Solution (10
mM) and PBS
7.5 𝜇L (CuSO4 solution)
and 35 𝜇L (PBS)
3 mM

Aliquot C
CuSO4 Solution (10
mM)
42.4 𝜇L
17 mM

2.2.2 Collection of Micro-XANES Spectra and XANES Images
All S K-edge XAS data were collected at the Stanford Synchrotron Radiation Lightsource, using
the 14-3b (X-ray Absorption Spectroscopy) beamline equipped with a bending magnet and
Si(111) double crystal monochromator. All samples were mounted at 45° to the incident Xray beam, in an ambient temperature helium environment, and the beam spot size was microfocussed to 7 𝜇m (1-sigma) using a Kirkpatrick-Baez mirror system. The XANES spectra were
recorded through collection of Kα fluorescence emission using a vortex 4-element silicon drift
detector positioned 90° to the incident X-rays. X-ray absorption spectra were calibrated
against the absorption spectrum of sodium thiosulfate (Na2S2O3∙5H2O) powder (calibrated to
lowest energy peak at 2469.2 eV) 103, 117. The micro-XANES spectra were recorded across the
K-edge white line features 2460 – 2500 eV from regions of interest along the medial and
lateral walls of the ventricles (subventricular zone), with a dwell time of 500 ms per data point
and a 0.2 eV step size. Additional data points were collected above the edge at 2 eV steps,
such that the full spectral range was 2460 – 2536 eV (also 500 ms dwell). Data collection of
XANES spectra at the beamline was performed using in house software, while post-processing
including pre-edge subtraction, normalising, and least squares fitting was completed using
EXAFSPAK. S XANES spectra from the SAMP8 lateral ventricles were fitted to biologically
relevant S XANES spectra that had been previously collected by Hackett et al 103, 117. Statistical
analysis was completed using Graphpad Prism and included two-way ANOVAs with multiple
comparison testing to compare the relative concentration of the S compounds between the
two time points for both the medial and lateral sides of the ventricle. Given that the results
were consistent across the medial and lateral sides, only the medial data will be presented.
46

Comparisons were completed using either the results from a single spectrum (if only one was
collected from the sample), or from the average of multiple (if multiple spectra were collected
from one sample). For the medial walls of the ventricles, there was n=5 5m samples, and n=6
12m samples.
For the chemically specific XANES images, the X-ray beam was mapped across the samples
with a step size of 10 𝜇m and a dwell time of 500 ms. Incident energies of 2469.85 eV, 2470.55
eV, 2470.80 eV, 2473.50 eV, 2478.20 eV, and 2479.80 eV were used to represent disulfides,
thiols, thioethers, sulfoxides, sulfonic acids, and O-linked sulfate esters, respectively 103. Smak
and ImageJ software was used for XANES image analysis and a Student’s t-test with a 95%
confidence interval in Graphpad Prism was used to compare the disulfide fluorescence
intensity from regions of interest along the walls of the lateral ventricles (defined using
ImageJ, example in Figure 2.3) between time points. There were n=3 images for each time
point.

Figure 2.3: A) Representative region of interest drawn on a false colour FTIR image generated
from the CH stretching region (2840-2865 cm-1). B) Representative region of interest drawn on
a false colour XANES image of disulfides. Regions of interest are indicated in black.
Scale bars = 200 𝜇m.
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2.2.3 Fourier Transform Infrared Spectroscopy
2.2.3.1 Synchrotron FTIR Microscopy

All FTIR data collection was completed at the ANSTO-Australian Synchrotron using the
infrared microspectroscopy beamline. Images of a small portion of the ventricles were
collected in transmission mode using a Bruker Vertex 80v FTIR spectrometer. Specific details
of the instrumental set up and scan parameters are detailed in table 2.5. The background
spectra were collected with 4 cm-1 spectral resolution and 32 scans.
Table 2.5: Instrument and scan parameters for synchrotron FTIR microspectoscopy of brain
ventricles
Aperture

5.6 µm

Objective

36x

Spectral Resolution

4 cm-1

Number of Scans

8 scans

Step Size

3 µm

Condenser Offset

30

Detector

Liquid nitrogen cooled mercury cadmium telluride (MCT)

2.2.3.2 Benchtop ATR-FTIR

A Thermo Scientific Nicolet iS50 ATR instrument with a diamond crystal and a deuterated
triglycine sulfate (DTGS) detector was utilised for FTIR analysis of the brain homogenates. 256
scans with 4 cm-1 resolution were collected for both sample and background spectra. To
minimise the contribution of water to the sample spectra, samples were dropped onto the
ATR crystal then left to dry prior to spectral collection.
2.2.3.3 FTIR Data Analysis

Regions of interest from the synchrotron FTIR images were generated using CytoSpec 2.00.03
with targeted regions localised to the walls of the ventricles as indicated in figure 2.3. OPUS
7.0 was used for spectral processing of both synchrotron and benchtop FTIR data. Spectra
were vector normalised to the amide I band (1600-1700 cm-1) and the integrated area under
the curve (IAUC) was measured for key peaks of interest. Additionally, second derivatives of
the normalised spectra were generated using a 13-smoothing point Savitzky−Golay func on.
The integration ranges for the normalised spectra and the wavenumbers of interest for the
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second derivative spectra are indicated in table 2.6. Statistical analysis was completed using
Graphpad Prism and included Student’s t-tests with a 95% confidence interval to compare the
integration and intensity values between the 5m and 12m samples. A one-way ANOVA with
multiple comparison testing was used to statistically compare differences between the brain
homogenates with varying Cu concentrations.
Table 2.6: IR peak integration ranges and corresponding peak assignments
Marker of Interest

Integration

Second Derivative Intensity

Range
Unsaturated Lipids (Olefinic CH)

3000-3025 cm-1

3012 cm-1

Aldehydes (Carbonyl stretching)

1710-1755 cm-1

1715 cm-1

Proteins (Amide I band)

1600-1700 cm-1

1655 cm-1 (𝛼-helices)
1627 cm-1 (𝛽-sheets)

2.2.4 Glutathione Detection Assay
The remaining 200 𝜇L for each brain homogenate aliquot (A, B, and C for each sample) was
deproteinised prior to assay detection (see section 2.2.1.2 for details on brain homogenate
preparation). Trichloroacetic acid (TCA, 20 𝜇L) was added to each aliquot and they were
incubated on ice for 15 minutes. Samples were then centrifuged at 4°𝐶 for 5 minutes at 12
000 rpm, and the supernatant was collected. If samples appeared cloudy, the centrifugation
step was repeated until the sample was mostly clear. The supernatant volume varied slightly
with each sample but was ≈180 𝜇L. Samples were frozen at -80°𝐶 overnight, prior to assay
detection. After samples were defrosted, they were centrifuged at 4°𝐶 for 5 minutes at 12
000 rpm, then the neutralisation solution (NaHCO3, 13 𝜇L) was added to the supernatant.
An abcam glutathione/disulfide (GSH/GSSG) ratio detection assay kit II (ab205811) was used
for the analysis of disulfides in the brain homogenates. A number of GSH and GSSG standards
were prepared according to the protocol and were measured in duplicate. Samples were also
measured in duplicate and were diluted by a factor of 10 prior to detection. Each well was
prepared according to the protocol and contained 50 𝜇L of sample or standard, and 50 𝜇L of
either the GSH assay mixture (GAM) or the total GSH assay mixture (TGAM) depending on the
target analyte for each specific well. After addition of the assay mixture, they were incubated
49

in the dark at room temperature for ≈15 minutes. Fluorescence values for each well were
recorded using an EnSight Multimode plate reader.
To determine the oxidised glutathione content, thiols were assayed before and after addition
of Cu2+, with the difference (thiolafter – thiolbefore) taken to represent the net amount of
oxidised thiols. The net amount of oxidised thiols, divided by 2, was used as the oxidised
glutathione value. The concentration of glutathione was calculated from the line of best fit of
the standards (log(𝑦) = 𝑚𝑙𝑜𝑔(𝑥) + 𝑐) where the concentration was 𝑥 and the fluorescence
intensity was 𝑦. The standard plot is shown in Figure 2.4. The % decrease in glutathione
relative to the control was then calculated and divided by two to determine the % increase in
disulfides (1:2 disulfide to glutathione ratio).

Figure 2.4: Plot of the log of concentration against the log of fluorescence of the glutathione
standards measured by the glutathione detection assay. The equation for the line of best fit
was used to calculate the concentration of glutathione in the brain homogenate samples, then
the percentage decrease in glutathione relative to the control was determined. It was assumed
that the decrease in glutathione is a result of conversion to disulfides, so half of the percentage
decrease of glutathione was equated to the percentage increase in disulfides (2:1 glutathione
to disulfide ratio).
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2.3 Methods-Chapter 5
2.3.1 Animal Model and Sample Preparation
All animal tissue used in this study was excess tissue from previous studies, in which the
animal work was conducted with approval from Curtin University Animal Ethics. In the
previous studies and as outlined in sections 2.1.1.1 and 2.2.1.1, the rats (Sprague Dawley) and
mice (senescence accelerated mouse prone 8, SAMP8) were housed in standard cages in a
temperature controlled (21 °C) colony room with 12 hr light/dark cycle, with access to food
and water ad libitum (standard rodent maintenance chow), then humanely sacrificed under
anaesthesia with isoflurane (rats) or pentobarbital (45 mg/kg) (mice) 170. Tissue was rapidly
frozen in liquid nitrogen cooled isopentane and stored at -80 °𝐶 until sectioning. Tissue was
embedded in optimal cutting temperature medium and sections (10 µm thick) were cut at 16 °𝐶 using a cryo-microtome and air dried onto glass slides. For XFM, similarly prepared
tissue sections were melted onto silicon nitride windows and immediately re-frozen and
stored at – 80 °𝐶 until required for analysis.
2.3.2 Fluorescence Microscopy
Images of tissue autofluorescence were collected over a time course using an Olympus BX-51
upright fluorescence microscope. Three different filter cubes were utilised and to ensure an
accurate comparison, the exposure times were kept consistent for each cube and can be seen
in table 2.7. The images were taken on day 1, day 2, day 3, day 5 and day 9, where day 1 was
the day of sectioning. Images were imported into ImageJ, where the average fluorescence
intensity was determined for regions of interest corresponding to the molecular layer,
granular layer, and white matter (regions indicated in Figure 2.5). These regions were then
compared across time points via a repeated measures one-way ANOVA with multiple
comparison testing in GraphPad Prism.
Table 2.7: Filters and exposure times utilised to collect the time course fluorescence images
Bandpass Excitation

Farb Teiler Beam

Long Pass Emission

Exposure Time

Filter (nm)

Splitter (nm)

Filter (nm)

(ms)

375/28 (Ultraviolet)

415

435

68

465/15 (Blue)

500

515

218.7

530/40 (Green)

570

590

615.3
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Figure 2.5: Representative regions of interest drawn on fluorescence microscopy images (A-C)
and Raman microscopy maps (D-F). Fluorescence microscopy images (blue excitation, green
emission) show representative regions of interest for the: granular layer (A), molecular layer
(B) and white matter (C). Raman microscopy maps show representative subcellular regions of
interest for the: the cytoplasm (D), lipofuscin deposits (E) and nucleus (F).
2.3.3 Dispersive Raman Spectroscopy
The dispersive Raman experiments were carried out using a Labram 1B dispersive Raman
spectrometer fitted with a 50x objective, with 514 nm green light excitation. Six rat
cerebellum sections were collected for analysis by dispersive Raman spectroscopy (treated as
n = 6 for statistical analysis). Three spectra were collected from the molecular layer, granular
layer, and white matter for every section (i.e. 9 spectra per section). This analysis was carried
out the day of sectioning (day 1) and was repeated on the morning of day 2, day 3, day 5 and
day 9. The three replicate spectra from each region were averaged together before spectral
analysis so that there was one average spectrum from the granular layer, molecular layer, and
white matter for every section at each time point. The IAUC of the autofluorescent baseline
from 2000-2500 cm-1 was determined for the raw spectra before further statistical analysis.
The IAUC was compared across time points via a repeated measures one-way ANOVA with
multiple comparison testing in GraphPad Prism.
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2.3.4 Confocal Raman Microscopy
2.3.4.1 Effect of Time on Tissue Autofluorescence Measured in Raman Spectra

The experiment carried out using the dispersive Raman spectrometer was repeated using a
WITec Alpha 300 SAR using confocal modality and 532 nm green light excitation. Six rat
cerebellum sections (n = 6) were collected for analysis and three spectra were collected from
the molecular layer, granular layer and white matter for every section (i.e. 9 spectra per
section). The high laser power of this instrument can cause bleaching of autofluorescence, so
to prevent this from occurring prior to collection of the spectrum, a time series spectrum
recording was started prior to the opening of laser shutter and finished 30 seconds later. The
spectrum three pixels after the initial opening of the laser shutter was extracted and used for
statistical analysis. The point at which the laser shutter opened was evident by the sudden
increase in Raman signal. The analysis was carried out the day of sectioning (day 1) and
repeated on the morning of day 2, 3, 5 and 9.
2.3.4.2 Confocal Raman Microscopy Imaging Parameters

Cerebellum tissue from rat brain embedded in optimal cutting temperature medium was
sectioned to 10 𝜇m thickness at -16°𝐶 and collected onto glass slides. Images of Purkinje
neurons were collected at a high spatial resolution using the same WITec Alpha 300 SAR with
confocal modality and 532 nm green light excitation. The pixel size was either 0.25 um or 0.5
𝜇m depending on the image. The measurement parameters are shown in table 2.8.
Table 2.8: Confocal Raman microscopy measurement parameters
Integration Time

0.2 s

Pixel Size

0.25 um or 0.5 um

Slit Width

150 um

Objective

100x

Lines per mm Diffraction Grating

1800

Detector

Peltier-cooled CCD detector at -60°𝐶

Laser Spot Size

0.3 um
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2.3.4.3 Confocal Raman Microscopy Data Analysis

Raman spectra were analysed using Project FOUR WITec Suite 4.0 software and OPUS 7.0.
The three replicate spectra from each region were averaged together before further spectral
analysis so that there was one average spectrum from the granular layer, molecular layer, and
white matter. The IAUC of the autofluorescent baseline from 2000-2500 cm-1 was determined
for the raw spectra before further statistical analysis. The IAUC was compared across time
points via a repeated measures one-way ANOVA with multiple comparison testing in
GraphPad Prism.
The imaging data analysis was carried out using Project FOUR WITec Suite 4.0 software,
ImageJ, and OPUS 7.0. Images were generated in Project FOUR where regions of interest were
drawn, and the average spectrum of those regions extracted. It should be noted that due to
the size of the lipofuscin deposits, rather than extracting an average spectrum from a drawn
region, single spectra were collected from each deposit which were then averaged together
after extraction. An example of the regions of interest is provided in Figure 2.5. Images for
the final figures were imported into ImageJ where the false colour scale was set and adjusted.
Further spectral analysis was completed in OPUS 7.0. The spectra were vector normalised
from 2800-3100 cm-1 and smoothed with 17 smoothing points. The IAUC was compared
across regions via a repeated measures one-way ANOVA with multiple comparison testing in
GraphPad Prism. The integration ranges can be seen in table 2.9.
Table 2.9: Raman peak integration ranges and corresponding peak assignments
Wavenumber Range (cm-1)

Corresponding Peak Assignment

3035-3090

N-H Stretching (proteins)

2900-3000

CH (CH3) stretching (Proteins/Lipids)

2830-2900

CH (CH2) stretching (saturated lipids/protein)

1633-1692

C=C stretching (unsaturated lipids)

725-780

Pyrimidine ring breathing (DNA)
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2.3.5 X-ray Fluorescence Microscopy and XANES Imaging
Frozen SAMP8 tissue was imaged using the ANSTO-Australian Synchrotron X-Ray
Fluorescence Microscopy beamline as described in section 2.1.2.3. After imaging, the samples
were thawed and air dried ahead of immunohistochemistry protocols.
2.3.6 Histology and Immunohistochemistry
2.3.6.1 Haematoxylin and Eosin Staining (Histology)

A routine protocol for staining with haematoxylin and eosin (H&E) was followed, as previously
demonstrated 81.
2.3.6.2 Immunohistochemistry

Tissue was formalin fixed for approximately 10 minutes then rinsed and rehydrated in PBS
three times for 5 minutes. The tissue was then blocked in 10% goat serum for approximately
30 minutes. The primary antibodies were added, and tissue was incubated in a moisture
chamber in the fridge (≈4°𝐶) overnight. The following day, the primary antibodies were rinsed
off with PBS three times for 5 minutes. The secondary antibodies were added and incubated
for 2 hours in the dark at room temperature. The secondary antibodies were rinsed off with
PBS three times for 5 minutes. DAPI was applied either in the last wash, in the mounting
medium, or added for 5 minutes then rinsed off with PBS before adding anti-fade mounting
medium and coverslips. The diluent for the goat serum and antibodies was 0.1% bovine serum
albumin in tris buffered saline (TBS) + 0.2% Tween20. The specific antibodies and
concentrations can be seen in Table 2.10.
Table 2.10: Concentration ratios of each immunofluorescent antibody and stain
Antibody

Concentration Ratio

GFAP

1:200

MAP2

1:2000

Conjugated GFAP 555

1:500

DAPI

1:1000

AlexaFluor546 Goat Anti-Rabbit

1:1000

AlexaFluor488 Goat Anti-Chicken

1:1000

AlexaFluor488 Goat Anti-Rabbit

1:1000
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It should be noted that the same protocol was applied to tissue on glass slides (Raman) and
silicon nitride windows (XFM), however, there were some differences in how the tissue was
immersed in solution to prevent damage to the silicon nitride windows. For the silicon nitride
windows, the solutions were dropped onto glass slides containing a wax pen boundary to
prevent dispersion, and the windows were placed face down onto the solution for the
required time frames. The mounting medium and coverslips were then applied, and nail
polish was added to the back of frame to enable it to stick to a glass slide. In the scenario
where the membrane detached from the frame, the membrane was kept on a glass slide and
the solutions were added drop wise.
Before staining, the sections were imaged using either confocal Raman microscopy or X-ray
fluorescence microscopy. To enable co-localisation of stains to the Raman imaged regions, a
small area of tissue was deliberately burnt with the Raman laser as a reference point for relocating the imaged region after staining. For XFM, the imaged region is larger and
photobleaching is evident which enabled easy relocation of the same region. The stained
tissue was viewed under an Olympus BX-51 upright fluorescence microscope using CellSens
software, an UltraView spinning disk confocal microscope utilising Volocity software, or a
ZEISS Axio Scan.Z1 slide scanner using Zen software. Images were imported into ImageJ where
the colour scale was adjusted, and tri-colour images were generated using the “merge
channels” function.
2.3.6.3 Analysis of Beam Damage Following XANES and XFM Imaging and Subsequent
Immunofluorescence Staining

Visual inspection of tissue (using fluorescence microscopy) following X-ray imaging and
immunofluorescence staining revealed photobleaching and tissue damage in regions exposed
to X-rays. To assess the extent of photobleaching and damage, fluorescence images (n=4) with
UV and green excitation were opened in ImageJ and regions of interest of a consistent area
were drawn in non-irradiated, XFM imaged, and XANES imaged regions. Regions were
distinguished based on both the photobleaching/damage, and on the XFM and XANES images.
The mean fluorescence value was extracted from the defined regions and a fluorescence
value relative to the non-irradiated area was generated. Further statistical analysis was
completed using GraphPad Prism in which a one-way ANOVA with multiple comparison
testing comparing the X-ray exposed regions to the non-irradiated regions was completed for
images with UV and green excitation.
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Chapter 3: Characterisation of the Chemical Form of Zn2+ in Brain
Tissue using K-edge XANES Spectroscopy, and Preliminary
Development of a Zinc XANES Imaging Protocol for Brain Tissue
ABSTRACT
Zn is an abundant trace metal required for normal memory function. Memory loss and
cognitive decline during natural ageing and neurodegenerative disease have been associated
with altered brain-Zn homeostasis. Yet, the exact chemical pathways through which Zn
influences memory function during health, natural ageing, or neurodegenerative disease
remain unknown. The gap in the literature may in part be due to the difficulty to
simultaneously image, and therefore, study the different chemical forms of Zn within the
brain (or biological samples in general). This chapter will discuss the development and
optimisation of protocols that incorporate XANES spectroscopic analysis of tissue at the Zn Kedge, as an analytical tool to study Zn speciation in the brain. XANES spectroscopy is ideally
suited for this task as all chemical forms of Zn are detected, the technique requires minimal
sample preparation that may otherwise redistribute or alter the chemical form of Zn, and the
Zn K-edge has known sensitivity to coordination geometry and ligand type. In this study, Kedge spectra collected from micro-dissected flash-frozen brain tissue were fitted to a spectral
library prepared from standard solutions, to demonstrate differences in the chemical form of
Zn that exist between two brain regions, the hippocampus and cerebellum. Lastly, an X-ray
microprobe was used to demonstrate differences in Zn speciation within sub-regions of thin
air dried and frozen sections of the murine hippocampus, and also to highlight that the
chemical form of Zn is easily perturbed by sample preparation such as tissue sectioning or air
drying, which must be a critical consideration for future work.
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3.1 INTRODUCTION
Zn is an essential component for multiple proteins and enzymes and plays a vital role in
healthy brain function

11, 13, 41.

As described in section 1.3, the majority of Zn exists in a

protein-bound form, however, 10-15% of it is labile (easily exchangeable) with a particularly
concentrated pool of labile Zn present in the synaptic vesicles of a subset of glutamatergic
neurons in the hippocampus 40, 42, 43. Its co-localisation with glutamate suggests a potential
role in neurotransmission, and the cognitive decline associated with depletion of this Zn pool
suggests an important role in memory function

22, 179-181.

Despite its importance to healthy

memory, the exact chemical form of the labile Zn pool, and how its coordination may change
following release from the synaptic vesicles during neurotransmission has not been fully
elucidated. In fact, imaging and differentiating between the multiple chemical forms of Zn
that exist in brain tissue, has long been an unmet analytical challenge.
Several methods are currently available for studying Zn and are detailed in section 1.5. Briefly,
atomic absorption spectroscopy (AAS), inductively coupled plasma-mass spectrometry (ICPMS), and separation methods coupled with mass spectrometry (LC-MS, GC-MS) are useful for
studying bulk Zn content, while techniques such as laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS)

75-78,

scanning electron microscopy (SEM), secondary ion

mass spectrometry (SIMS) 79 and X-ray fluorescence microscopy (XRF, or XFM) can show the
distribution and relative concentration of Zn 20, 80-82. Histochemical methods and fluorescent
probes are also available for studying the distribution of specific chemical forms of Zn.
Although these methods are useful, they have limitations associated with sample preparation
requirements that can prevent spatially resolved studies and potentially alter Zn speciation
(see section 1.5 for further detail). Considering this, a method capable of showing the
concentration and distribution of a variety of chemical forms of Zn without the need for
extensive sample preparation steps, would be indispensable.
X-Ray spectroscopic techniques have the capacity to fill these requirements and were hence
a critical aspect of this study. X-ray absorption near edge structure (XANES) spectroscopy can
differentiate between various chemical forms of Zn since the K-edge is sensitive to the ligand
type and coordination geometry (see section 1.6 for further detail)

98-100.

It is possible to

elucidate the coordination environment in complex chemical samples such as brain tissue,
through comparison to spectral libraries that model different forms of metal ion coordination
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103, 133.

Coupling these XANES measurements with the imaging capabilities of X-ray

fluorescence microscopy (XFM) enables spatially resolved analysis of Zn speciation at the
micron level. Micron or sub-micron resolution XANES mapping/imaging could ultimately lead
to the development of spectroscopic imaging protocols to visualise the cellular distributions
of different chemical forms of Zn in the brain.
This chapter will discuss the development of a XANES Zn K-edge library of biologically relevant
standard solutions and its subsequent application in identifying the most abundant chemical
forms of Zn in the hippocampus and cerebellum. Preliminary results from XANES imaging
studies will also be described, along with the importance of sample preparation
considerations for both standard solutions and tissue sections. Specifically, the changes to Zn
speciation in the presence of glassing agents for standard solutions, and for air dried tissue
sections compared to frozen tissue sections will be described.
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3.2 RESULTS AND DISCUSSION
3.2.1 Interrogation of a XANES Spectral Library Prepared from Standard Solutions
To facilitate interpretation of the spectral differences observed in Zn K-edge XANES spectra
recorded from hydrated brain tissue, a spectral library from Zn2+ standard solutions was
constructed. Building a spectral library from standard solutions, as opposed to model
complexes, was chosen on the basis that spectra collected from model compounds measured
in the solid state differ (sometimes substantially) from spectra collected in solution 100, 182. As
the ultimate objective was to develop the imaging protocols to investigate Zn speciation in
situ within hydrated tissue sections, the XANES spectral library was constructed from
standard solutions, using a similar approach as applied by the environmental science
communities to study Zn speciation in plant tissues 136. A limitation to the approach of using
standard solutions is that the spectra are influenced by chemical equilibria and can not be
assumed to reflect a single chemical species, which will be discussed in more detail below.
The XANES spectral library (Figure 3.1) was developed from Zn2+(aq) in the presence of excess
amino acids (histidine, cysteine, or glutamate) or excess biologically relevant ions (Cl-, PO43-).
The amino acids and ions were chosen based on their known propensity to coordinate Zn2+.
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Figure 3.1: Bulk Zn K-edge XANES spectra of standard solutions. Spectra were recorded from
the addition of excess biological ligand to solutions of Zn2+. The spectra are presented
overlayed (A) and staggered (B). The spectral difference between solutions of Zn2+(aq) in the
presence of excess cysteine, histidine, or a mixture of the two is depicted in panel (C). The
effect of pH or adding excess sodium chloride (i.e., excess Cl- ligand) to the standard solutions
is depicted in panels (D) and (E), respectively. In all standard solutions, the source of Zn2+ was
zinc nitrate hexahydrate dissolved in H2O.
Remarkable variation in the position, intensity and shape of the K-edge white line are
observed across the spectra of the standard solutions, which confirm the exquisite sensitivity
of the Zn K-edge to coordination environment, as recently shown by others 134, 135, 137, 138, 141.
The white line position and normalised intensity for each standard solution are presented in
Table 3.1, in addition to the position and intensity of any other main features, secondary
“peaks” or shoulders in the absorption edge.
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Table 3.1: White line position and normalised intensity of Zn K-edge XANES spectra collected
from standards that model the coordination environment of Zn2+ in the presence of excess
amino acids or biologically relevant ions*.
Standard Solution

White Line

Secondary Peak

Position

Normalised

Position

Normalised

(eV)

Intensity

(eV)

Intensity

Zn2+ + Cysteine

9665.3

1.35

9670.7

1.17

Zn2+ + Cysteine + Histidine

9665.0

1.23

9671.1

1.19

Zn2+ + Histidine

9667.0

1.32

9671.8

1.35

Zn2+ + Glutamate

9667.3

1.80

-

-

Zn2+ + H2O (pH=2)

9670.4

2.40

9667.8 (sh)

2.10

Zn2+ + H2O

9670.4

2.39

9667.8 (sh)

2.10

Zn2+ + H2O (pH=13)

9665.9

1.24

9670.9

1.40

Zn2+ + Cl-

9665.0

1.90

9667.8

1.36

Zn2+ + PO43-

9666.5

1.61

9679.4

1.49

*In all cases, Zn2+(aq) was derived from dissolution of Zn(NO3)2 in H2O.
(sh = shoulder)
As the primary objective of these experiments was to demonstrate the capability of XANES at
the Zn K-edge to detect differences in Zn speciation within brain tissue, an exhaustive
explanation of the K-edge spectral features of the standard solutions will not be provided.
Indeed, elucidating the underlying electronic transitions that account for the spectroscopic
variation evident in Figure 3.1 is not trivial, as recently highlighted for model compounds 141.
Further, in this case it is complicated by the likely presence of chemical equilibria between
multiple Zn2+ coordination complexes that may be present in standard solutions (as opposed
to model complexes). Nonetheless, at a relatively superficial level, Figure 3.1 and Table 3.1
reflect known facets of Zn2+ coordination chemistry, which at this stage do enable chemical
information to be determined from Zn K-edge XANES spectra collected from brain tissue.
Spectroscopic features associated with Zn2+(aq) in solution at pH 2, pH 6 and pH 13
In the standard solution of Zn2+ with H2O at pH 6 it is reasonable to assume that H2O will be
the major ligand, and the octahedral hexaaqua [Zn(H2O)6]2+ complex the major coordination
complex formed. Some extent of chemical equilibria, at least between [Zn(H2O)6]2+ and
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[Zn(OH)(H2O)5]1+ cannot be ruled out though. At pH 13 -OH is assumed to be the dominant
ligand. It is well established in the literature that Zn(OH)2(s) is highly soluble at pH 13 (solubility
178 x 105 mol L-1), due to the formation of the [Zn(OH)4]2- coordination complex, however a
minor contribution from equilibria between [Zn(OH)4]2- and [Zn(OH)3H2O]- cannot be ruled
out entirely. Despite the possibility of chemical equilibria, the standard solutions at or below
pH 7, and at pH 13 can be viewed to reflect Zn2+ in an octahedral coordination through oxygen
atoms (at or below pH 7) and Zn2+ in a tetrahedral coordination through oxygen atoms (pH
13). As can be seen from Figure 3.1D and table 3.1, there is a substantial increase in white line
intensity for the standard solution of Zn2+(aq) at pH 2 and pH 6 relative to pH 13, which can be
attributed to the high degree of degeneracy of Zn 4p orbitals in the octahedral complex 99, 183.
Conversely, reduced white line intensity and the presence of two dominant features is
observed in the spectra of Zn2+ at pH 13, in which the tetrahedral complex Zn(OH)42- is
expected to be the dominant form 184. In the tetrahedral ligand field, the Zn 4p orbitals are
expected to split and lose degeneracy, which should result in reduced intensity of the white
line feature 99, 183. This reduced intensity could also be attributed to p and d orbital mixing,
which may occur in this lower symmetry state. Further, due to the splitting of the Zn 4p
orbitals in a tetrahedral field, multiple features or “peaks” in the white line might be expected,
and indeed this is observed.
Spectroscopic features associated with standard solutions of Zn2+(aq) in the presence of amino
acids (cysteine, histidine, glutamate) or biologically relevant ions (Cl-, PO43-)
It is well established that Zn2+ forms tetrahedral complexes through coordination with amino
acids such cysteine or histidine

185-187.

Indeed, the XANES spectra of standard solutions of

Zn2+(aq) in the presence of excess cysteine, histidine, or a 50:50 cysteine/histidine mixture
display reduced white line intensity (normalised absorbance < 1.5 ) with two distinct edge
features (“peaks”) (Figure 3.1C), which is consistent with a tetrahedral coordination geometry
141. The K-edge spectrum of Zn2+
(aq) + excess glutamate shows a single, relatively intense white

line feature, indicating a higher coordination number (possibly octahedral), which is
consistent with the studies by others investigating Zn2+ coordination in the presence of excess
COO- groups 134, 188. Again, it is important to emphasise that the XANES spectra recorded from
the standard solutions likely reflect chemical equilibria and in the case of Zn2+(aq) in the
presence of excess glutamate, the number of coordinating glutamate molecules is not known.
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In addition to the effects of coordination geometry, the position of the white line feature in
XANES spectra is influenced by the electronegativity of the bonded atoms, and oxidation
state, although the effect of oxidation state is not relevant for Zn, which exists exclusively as
Zn2+ in biological systems. It is well established that the energy of the white line is inversely
proportional to bond length 98. Coordination of Zn2+ to small electronegative atoms like O and
N is therefore, expected to shift the white line to higher energies, while coordination through
larger electron donating atoms such as Cl and S is expected to shift the white line to lower
energies 98, 100. These characteristic features of the XANES K-edge are observed in Figure 3.1A
and 3.1B, for the standard solutions, where the likely coordination through S or Cl results in
white line features to lower energies relative to standard solutions that likely contain the
dominant Zn2+(aq) species coordinated through O or N (as summarised in Table 3.1).
The spectra presented in Figure 3.1 also highlight the importance of considering counter ions
that are commonly present in many biological media, as competing coordination ligands. It
can be seen in Figure 3.1A and Figure 3.1B, that Zn2+ in the presence of Cl- or PO43- produces
distinctive XANES spectra, remarkably different from the Zn2+(aq) in water alone. This is not
unexpected as these ions are well established to participle in coordination with transition
metals 41. As these ions are commonly found in biological media and reagents (e.g., buffers,
cell culture medium), their effect on Zn2+ coordination can not be ignored. The ability of
counter ions, such as Cl- to compete for Zn2+ is demonstrated in Figure 3.1E, where Cl- was
added to the standard solutions of Zn2+(aq) pH 6, Zn2+(aq) + glutamate, or Zn2+(aq) + histidine. The
addition of Cl- produced dramatic spectral alterations in the first two cases, but no change in
the latter case (Zn2+(aq) + histidine). This could be attributable to the classification of Zn2+ as
an intermediate acid-base (opposed to hard or soft) which means it will preferentially bind to
the histidine imidazole ring (an intermediate ligand), compared to Cl- (a hard base ligand)41.
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Zn2+ coordination is perturbed by the use of glassing agents
In light of the dramatic changes to the K-edge XANES spectrum that can result from ligand
displacement in the presence of common ions (e.g., Cl-), the possibility of other chemical
additives competing with biological ligands for Zn2+ coordination was investigated.
Specifically, the Zn K-edge XANES spectra following the addition of a common glassing agent,
glycerol was tested. With multiple hydroxyl groups, glycerol could provide ample opportunity
to competitively coordinate Zn2+, and indeed Zn2+ - glycerol coordination complexes are
known to exist 189. Further, a recent study has highlighted that the use of glycerol as a glassing
agent can exacerbate photodamage, which emphasises the potential limitations of its use189.
The effect of glycerol on two standard solutions, Zn2+(aq) in the presence of excess cysteine or
histidine, was investigated. Substantial changes to the K-edge XANES following the addition
of glycerol was observed (Figure 3.2).

Figure 3.2: Bulk Zn K-edge XANES spectra of select standard solutions, showing that the
addition of glycerol glassing agents affects Zn2+ coordination. This can be seen in Zn K-edge
XANES spectra recorded for Zn2+(aq) in the presence of excess cysteine (10 mM), or Zn2+(aq) in
the presence of excess histidine (13 mM), both with and without the addition of the glycerol
glassing agent.
In both cases there was a shift of the white line feature to a higher energy, 9965.3 to 9669.2
eV associated with the displacement of cysteine, and 9667.0 to 9667.6 eV associated with the
displacement of histidine. There was also the disappearance of the distinctive “doublet”
feature in the absorption edge following addition of glycerol, concomitant with an increase in
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white line intensity. These spectroscopic changes are consistent with conversion of Zn2+ from
a tetrahedral coordination environment associated with cysteine or histidine ligands, and the
formation higher coordination number Zn2+ complexes, possibly octahedral, and most likely
through coordination with oxygen atoms of glycerol hydroxyl groups. These results further
emphasise the importance of considering all stages of sample preparation when undertaking
direct spectroscopic measurement and indicate that the use of glycerol glassing agents may
not be suitable for recording spectra of standard solutions in an aqueous environment. This
finding has important implications for collection of extended X-ray absorption fine structure
(EXAFS) spectra as a tool to determine the exact bonding environment of Zn2+. EXAFS
spectroscopy is well suited to reveal coordination number and determine average bond
lengths, and would have been an ideal tool to further characterise the standard solutions
analysed in this thesis

98, 100.

The EXAFS signal however, is much weaker and requires data

collection over a wider energy range relative to XANES. EXAFS is therefore, more prone to
interferences from ice crystal diffraction, and thus the use of glassing agents common practice
(often essential). Unfortunately, the results of this thesis have shown that glassing agents
such as glycerol easily perturb the coordination environment of standard solutions of Zn2+,
and therefore, although the EXAFS spectrum could be easily recorded, it would reveal
information on coordination complexes produced by mixing of the standard solution and
glassing agent, and not purely the standard solution. Consequently, detailed EXAFS
characterisation was not undertaken.
3.2.2 Application of XANES Spectroscopy at the Zinc K-edge to Reveal Differences in Zinc
Speciation between Two Brain Regions, the Hippocampus and Cerebellum
The spectral library of standard solutions was applied to fit the Zn K-edge XANES spectra
collected from flash frozen micro-dissected rat brain tissue, specifically the cerebellum and
hippocampus. These two regions were chosen as they are both enriched in Zn, reported to
contain 36 ± 8 µg/g Zn (dry weight, cerebellum) and 70 ± 10 µg/g Zn (dry weight,
hippocampus)18, but the cerebellum does not contain abundant labile Zn2+, while the
hippocampus does

45, 88.

A comparison of the Zn K-edge XANES spectra from both brain

regions would therefore, be expected to reveal differences in Zn speciation, on the
assumption that the labile Zn pool exists with different coordination environment relative to
non-labile pools. It is important to emphasise however, that the fitting results of this study
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reveal Zn coordination that resemble the coordination environment observed in standard
solutions, which may contain chemical equilibria, and should not be interpreted to represent
fittings of unique coordination compounds. The latter could only be obtained through using
a library of spectra from model coordination compounds, which as discussed already, has not
been undertaken due to the spectroscopic differences known to occur between the solid state
and in solution 100, 190.
Representative examples of Zn K-edge XANES spectra that were fit to linear combinations
from the library of standard solutions are presented in Figure 3.3A (hippocampus) and 3.3B
(cerebellum). Multiple fitting combinations were trialled, but the best fits (lowest residuals)
were obtained through fitting the tissue spectra to a linear combination of the spectra of
standard solutions from: Zn2+(aq) + histidine, Zn2+(aq) + glutamate, and Zn2+(aq) + co-added
histidine and cysteine (Figure 3.1C). The inclusion of the latter likely supports the existence of
Zn2+, in numerous proteins, coordinated through both histidine and cysteine amino acid
residues 39, 47, 58, 191. The average fits values (as % of total Zn pool) for each tissue region are
presented in Figure 3.3A (hippocampus) and Figure 3.3B (cerebellum) and the data suggest
the majority of Zn2+ is in a coordination environment indicative of mixed cysteine and histidine
coordination. This is not unexpected as Zn2+ is known to be coordinated through these amino
acids in many metalloproteins such as metallothionein, and Zn-finger proteins 39, 47, 58, 191. In
addition, on average in the cerebellum, there was increased coordination of Zn2+ in an
environment that resembled the standard solution of Zn2+(aq) with excess histidine (trending
towards significant, p = 0.0929). In the hippocampus there was increased coordination in an
environment that resembled the standard solution of Zn2+(aq) in the presence of excess
glutamate (statistically significant p = 0.0039).
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Figure 3.3: Results of fitting bulk Zn K-edge XANES spectra collected from the hippocampus
(A) and cerebellum (B), to a linear combination of standard solution spectra. Fitting results are
depicted as a graph showing the percentage proportion of Zn chemical form in each brain
region (C). p values were obtained using an unpaired Student’s t-test with a 95% confidence
interval. CA1 = cornus ammonis layer 1, CA3 = cornus ammonis layer 3, DG = dentate gyrus,
DCN = dentate nucleus, GL = granular layer, WM = white matter, ML = molecular layer. Scale
bars represent 500 𝜇m.
The results appear to indicate increased coordination of Zn2+ through histidine in the
cerebellum, which is not unexpected, due to the abundant white matter in the cerebellum
relative to the hippocampus (as shown in H&E images presented in Figure 3.3 D, E), which
contains histidine rich myelin proteins

192.

The cerebellum however, is a heterogeneous

structure and large variation is expected in the exact amounts of molecular layer, granular
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layer, and white matter structures that were analysed in the bulk micro-dissected brain
sample, which could account for the larger standard deviation in fitting results observed for
the cerebellum.
The significant increase within the hippocampus of Zn2+ coordinated in an environment
similar to that modelled by the standard solution of Zn2+(aq) + excess glutamate, suggests that
a high coordination number, possibly octahedral coordination of Zn2+ through carboxylate
ligands (COO-) contributes to the labile Zn2+ pool. Multiple authors have speculated on the
exact chemical form of Zn2+ that exists within the labile pool, which is detected by
histochemical stains such as the Timm’s stain. Commonly suggested chemical forms include
“free” Zn2+, low molecular weight Zn2+ + amino acid complexes, a specific Zn2+ - glutamate
complex, or Zn – glutathione complex. The first structure can be discounted, as Zn2+ will not
exist as the free ion, and at the very least will exist as an octahedral aquo-complex with a first
coordination shell containing six H2O ligands 184. However, given the abundance of biological
ligands it would seem highly unlikely that Zn2+ exists as the octahedral hexaaqua complex to
any appreciable extent in biological systems 184, 193. Indeed, the standard solution spectra of
Zn2+ in H2O at pH 6 was not found to contribute to any linear combination of fitting applied
to hippocampal or cerebellum tissue.
The results of this study could be taken to provide evidence that the labile Zn pool, or at least
a component of the labile Zn pool exists in a high coordination number, possibly octahedral
complex, coordinated through COO- residues. The ability of the addition of Cl- to drastically
alter the K-edge XANES spectra of Zn2+(aq) + excess glutamate (Figure 3.1 E), highlights that a
component of glutamate coordination to Zn2+ can be labile. Indeed, some authors have
argued for the existence of a specific Zn2+ – glutamate complex because Zn2+ and glutamate
are concomitantly released during neuronal activity 10, 13, 44. Others however, make convincing
cases that other chemical forms of labile Zn2+ must exist in addition to any potential Zn2+ –
glutamate complex, with the arguments based on the relative concentrations of Zn2+ and
glutamate found within the synapses 43. Although glutamate was used as the “model” ligand
for the standard solution in this study, coordination through the COO- group of other amino
acids (e.g., aspartate) is certainly possible, and still likely to be well modelled by, and therefore
potentially indistinguishable from glutamate in this study. Despite the existence of a chemical
form of Zn2+ in the hippocampus that resembles the standard solution of Zn2+(aq) + excess
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glutamate, by far the dominant chemical form of Zn2+ in the hippocampus resembles the
standard solution of Zn2+(aq) + cysteine and histidine. It is entirely plausible that the
hippocampus contains increased abundance of Zn2+ in an octahedral coordination, which is
separate from the labile Zn2+ pool, which could also account for these results. Clearly, further
studies at the cellular and subcellular level, with biological manipulations to increase or
decrease the labile Zn2+ may help aid elucidation of the specific chemical forms of Zn2+ within
the hippocampus.
Based on the fitting results, it may be viewed that only three distinct Zn2+ coordination
environments exist in cerebellum and hippocampus, which is almost certainly not the case. It
is clear from visual inspections of the residuals, that components of the white line are not
correctly modelled by this fitting process with the spectral library at hand. It is likely that
further expansion of the spectral library and refinement of the fitting process may identify
additional chemical forms of Zn2+ contributing to the average spectrum. Therefore, the results
of this study should be viewed with some caution and the knowledge that the fitting process
has likely only demonstrated the presence of the 3 major coordination environments of Zn2+
that dominate the average spectrum of brain tissue. Nonetheless, it is hoped that these
results provide the foundation for the field to further build from, opening new opportunities
to study Zn2+ speciation in biological systems.
3.2.3 Micro-XANES Analysis of Zinc Speciation in Hippocampal Neurons and Mossy Fibres in
Air Dried and Frozen Tissue Sections
To further investigate the chemical form of Zn2+, specifically the chemical form of labile Zn2+
that exists within the hippocampus, micro-XANES measurements were made. The
measurements were recorded through a XANES-imaging protocol at the XFM beamline of the
ANSTO-Australian Synchrotron, with 98 to 125 fluorescence maps collected at successive
incident energies scanned through the Zn K-edge (see Figure 1.5). This approach to data
collection enabled accurate definition of the sub-regions within the hippocampus, such as the
pyramidal cell layer (high Fe, low average Zn but localised Zn elevation in cell bodies) and the
CA3 mossy fibre region (moderate Fe, and high Zn). The identification of these sub-regions is
outlined in Figure 3.4.
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Figure 3.4: False colour XFM elemental maps showing the distribution of Zn and Fe in the
mossy fibres and pyramidal cells of air dried (10-μm thick) and frozen (14-μm thick)
hippocampus tissue sections. Panels A and B are total Zn images generated from the Zn map
collected at the highest incident energy (9803 eV). Panels C and D are total Zn images
generated from the sum of images representing different Zn coordination environments
(Zn2+(aq) with excess cysteine, Zn2+(aq) with excess histidine, Zn2+(aq) with excess PO43-). The Zn
and Fe overlay images (E, F) were collected at the highest incident energy (9803 eV) and
highlight the localisation of Zn to the mossy fibres and Fe to the pyramidal cells. All images
have 4x4 pixel binning applied. Scale bars = 100 𝜇m.
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Investigating Zn2+ speciation within the CA3 pyramidal cell layer and the CA3 mossy fibres was
of specific interest as the former does not appear enriched in a labile Zn pool (based on
histochemical studies 43, 45), while the latter is the brain region most enriched in labile Zn. For
simplicity and because successful elemental mapping had been completed in previous
experiments, initial analysis was carried out on air dried tissue sections. The average XANES
spectrum for both the mossy fibres and pyramidal cells (Figure 3.5), showed substantial
differences compared to the bulk XAS spectra collected from frozen hippocampal tissue
(Figure 3.3). These visual differences were supported by linear fitting to the spectral library of
standard solutions. The “best” fits (lowest residuals) were obtained from a linear combination
of 3 standard solutions: Zn2+(aq) + excess cysteine, Zn2+(aq) + excess histidine, and Zn2+(aq) +
excess PO43-.
As with the bulk XAS study, close inspection of the residuals indicates that other chemical
forms of Zn2+ are most likely contributing but are not completely modelled by the library of
standard solutions. These results should therefore be interpreted with some caution as they
likely only reflect the major chemical forms of Zn2+ present. Nonetheless, it is clear that Zn2+
coordinated in an environment modelled by the standard solutions of Zn2+(aq) + excess PO43-,
and Zn2+(aq) + excess cysteine, make major contributions to the spectra of air dried tissue
sections, but not spectra of flash-frozen tissue. These changes are not likely attributed to
species variation (i.e. rat vs mouse), as the labile Zn2+ pool is highly conserved across species
83, 89.

Rather, these drastic changes in speciation could have been introduced through sample

preparation, specifically tissue sectioning and air drying. It is possible that as the tissue
sections dry, local concentrations of Zn2+ ions and ligands increase far above that encountered
in vivo, altering coordination equilibria and disturbing competitive ligand binding
environments. It would appear that coordination to PO43- is favoured during the air drying
process. To further investigate this, XANES imaging was repeated using frozen tissue sections
with analysis completed under a cryostream. It was apparent that there was still contribution
from PO43- with the best fit for both the mossy fibres and pyramidal cells still obtained from
a linear combination of Zn2+(aq) + excess cysteine, Zn2+(aq) + excess histidine, and Zn2+(aq) +
excess PO43- (Figure 3.5).
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Figure 3.5: Results of fitting Zn K-edge XANES spectra collected from the pyramidal cells (A, B)
and mossy fibres (C, D) of air dried (A, C) and frozen (B, D) SAMP8 12m tissue sections to a
linear combination of standard solution spectra. Fitting results are depicted as a graph
showing the percentage proportion of Zn chemical form in each brain region. p values were
obtained using a two-way ANOVA with multiple comparison testing with comparisons made
between air dried and frozen tissue for both regions (E, F), in addition to a regional comparison
for each tissue type (air dried and frozen) (G, H). *p≤0.05, **p≤0.01, ***p≤0.001.
Interestingly, the percentage contribution of PO43- to the fit was less in the frozen tissue
compared to the air dried tissue with an average of 11% and 22% for frozen pyramidal cells
and mossy fibres, respectively, and an average of 32% and 53% for air dried frozen pyramidal
cells and mossy fibres, respectively. When considering that the air drying process is likely
promoting the coordination of Zn to PO43-, it suggests that the “frozen” tissue sections
experience thawing and drying during the sectioning, mounting, and analysis process, albeit
to a lesser extent than the completely air dried samples. Evidently, the “frozen” sections
imaged using the XFM beamline do not reflect the same Zn environment that was observed
73

in the bulk flash frozen “blocks” of tissue measured using XAS, and rather reflect a partially
frozen tissue state somewhere between completely frozen and completely air dried. This
partial thawing can likely be attributed to the difficulty in maintaining low temperatures for
the complete duration of the sample mounting and analysis process. For example, the
mounting of silicon nitride onto the carbon fibre rods is a challenging process that must be
completed over dry ice, and once mounted, the sample must be immediately moved into the
cryostream. Any delays to these processes or removal of the samples from dry ice has the
potential to cause thawing/drying and alter Zn coordination.
These findings make it clear that the in vivo Zn coordination environment can not be studied
directly in air dried or partially frozen tissue sections. Interestingly however, although
coordination of Zn2+ with PO43- may be an artifact of sample preparation, a significant
difference was observed with respect to the % of Zn2+ in a coordination environment
modelled by the standard solution of Zn2+(aq) + excess PO43-, between the pyramidal cell layer
(32 %) and the mossy fibre region (53 %), p = 0.0007 (Figure 3.5). A similar trend is also
observed in the frozen (partially frozen) tissue sections, however, it is not statistically
significant, likely due to variations in the extent of air drying across sections. Based on these
results, it is possible that coordination of PO43- to Zn2+ in tissue sections is influenced by the
availability of labile Zn2+ in vivo. Therefore, the increased coordination of Zn2+ to PO43observed in the mossy fibres relative to pyramidal cells, likely reflects a greater in vivo
abundance of labile Zn in the mossy fibre region (which is to be expected). Although Zn
speciation is altered in air dried and partially frozen tissue sections, it may be possible to infer
information about the abundance and distribution of labile Zn2+ or overall alterations to Zn
homeostasis, based on XANES analysis of Zn speciation in these tissue sections. However, it is
clearly preferable moving forwards to undertake Zn K-edge micro-XANES and XANES-imaging
analysis in completely frozen tissues.
Differences were also observed in the % of Zn2+ in a coordination environment modelled by
the standard solution of Zn2+(aq) + excess cysteine, between the pyramidal cell layer and the
mossy fibre region in both air dried and partially frozen tissue. Specifically, in both tissue
types, the contribution from Zn2+(aq) + excess cysteine was significantly greater in the
pyramidal cell layer compared to the mossy fibres. This is unsurprising when considering the
abundance of cysteine rich proteins in cell bodies (such as those found in the pyramidal cell
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layer) that readily bind Zn, such as metallothioneins or Zn-finger proteins. There was also a
significantly elevated contribution from Zn2+(aq) + excess histidine in the mossy fibres
compared to the pyramidal cell layer in partially frozen tissue. When this is considered along
with the differences in speciation in the mossy fibres of air dried compared to frozen tissue
(reduced contribution from PO43- and increased contribution from histidine in frozen tissue)
it could be inferred that the labile Zn that is proposed to coordinate with PO43- during the air
drying process, is coordinated (at least partially) to histidine when frozen. This requires
further analysis of completely frozen tissue to confirm but would make sense given Zn’s
affinity for binding histidine residues in many proteins.
A comparison of Zn speciation in 5m and 12m SAMP8 mice was also carried out to gain
preliminary insights into whether age appears to alter Zn speciation. Interestingly, there was
no statistically significant differences in Zn speciation between time points in either the air
dried or the frozen tissue sections (Figure 3.6). However, this experiment did have low
statistical power (<50%), with only n = 3 biological replicates. It is interesting to note that
although not statistically significant, the % of Zn2+ coordinated to PO43- was greater in all 3
animal replicates of SAMP8 mice aged 12m, compared to all 3 animal replicates of mice aged
5m in air dried tissue. Further analysis with a greater number of animal replicates is required
before any definitive statements can be made. Likewise, as stated previously, ideally this
experiment should be repeated for completely frozen tissue sections to reflect the in vivo Zn
environment more accurately. Additionally, if differences in the extent of tissue thawing and
drying could be minimised (i.e. all tissue remains completely frozen), variation in data points
could potentially be minimised and more accurately reveal whether there is an age
dependent change in Zn speciation.
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Figure 3.6: Results of fitting Zn K-edge XANES spectra collected from the mossy fibres of 5m
(A, B) and 12m mice (C, D) (air dried (A, C) and frozen (B, D) tissue sections), to a linear
combination of standard solution spectra. Fitting results are depicted as a graph showing the
percentage proportion of Zn chemical form in each brain region. p values were obtained using
a two-way ANOVA with multiple comparison testing. No statistically significant differences
were observed across time points in either air dried (E) or frozen (F) tissue.
In addition to enabling spectra from specific regions to be extracted and compared as
demonstrated above, another advantage of XANES imaging is the ability to generate
76

chemically specific maps to visually show the distribution of various chemical species. MANTiS
software enables spectra to be fitted to XANES image stacks using inbuilt single value
decomposition and the standard solution spectra, allowing the distribution of each chemical
species to be viewed. Unfortunately, the signal-to-noise ratio per pixel in the frozen tissue
images was not sufficient to enable accurate representation of the spectral fitting results
(likely due to differences in experimental set up and the detector used for those
measurements), therefore, only an example of the air dried tissue XANES images is provided
as proof of concept (Figure 3.7). The total Zn maps and the multi-element composite images
help to highlight key regions in and around the hippocampus including the corpus callosum,
mossy fibres, and pyramidal cells. It is evident based on visual inspection of the fitted XANES
images (Cys, His, PO43-) that Zn coordination does vary across hippocampal sub-regions. For
example, the spectrum of the standard solution of Zn2+ with excess PO43- shows the biggest
contribution in the mossy fibres which is visible in both the XANES image and the spectral fit.
Additionally, while the solution of Zn2+ with excess histidine does not make the largest
contribution to the spectral fit in the corpus callosum compared to other standard solution
spectra, this region does contain the highest level of Zn2+ with excess histidine compared to
any other sub-region, which is evident in the image. Finally, the standard solution of Zn2+ with
excess cysteine makes the largest contribution to all sub-regions except for the mossy fibres,
and its predominance in the cell bodies compared to other regions is particularly emphasised
in the XANES image. Overall, while these images and spectral fits are not likely reflecting the
in vivo Zn coordination environment, they are a valuable proof of concept for this imaging
protocol and highlight the information that can be obtained when adequate signal-to-noise
ratios are achieved. Future experiments should be completed for frozen tissue and the
experimental set up optimised to ensure the signal-to-noise ratio will enable generation of
XANES images that accurately reflect the Zn coordination environment.
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Figure 3.7: False colour images showing the distribution of Zn, Cu, Fe and K in the hippocampus
of an air dried tissue section. The total Zn images were generated from the Zn map collected
at the highest incident energy (9803 eV) (A) or from the sum of images representing different
Zn coordination environments (Zn2+(aq) with excess cysteine, Zn2+(aq) with excess histidine,
Zn2+(aq) with excess PO43-) (B). The composite elemental maps (C, D) were collected at the
highest incident energy (9803 eV) and highlight the elemental distribution in different
hippocampal sub-regions. The Cys, His, and PO43- images show the distribution of Zn in
different coordination environments (Zn2+(aq) with excess cysteine (E), Zn2+(aq) with excess
histidine (F), Zn2+(aq) with excess PO43- (G)) and are normalised to total Zn (B). Panel H shows a
composite of each Zn coordination environment. The results of fitting Zn K-edge XANES
spectra collected from three hippocampal sub-regions to a linear combination of the standard
solution spectra are shown on the right, along with spectra from each region highlighting the
subtle spectral differences in the white line feature. Fitting results are depicted as a graph
showing the percentage proportion of Zn chemical form in each brain region. All images have
4x4 pixel binning applied. Scale bars = 500 𝜇m.
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3.3 CONCLUSION
In this study, common counter ions in biological systems and reagents (e.g., Cl-), common
glassing agents used to prepare samples (e.g., glycerol), and common sample preparation for
biological tissues (sectioning and air drying) have been shown to dramatically alter the
chemical form of Zn2+. Such findings emphasise the importance of careful experimental
planning, consideration, and investigation of the effects of sample preparation for ex vivo in
situ spectroscopic analysis. With the knowledge of these experimental limitations, a XANES
spectral library developed from standard solutions was applied to reveal differences in Zn2+
speciation between the cerebellum and hippocampus. The results indicate that the
hippocampus contains increased abundance of Zn2+ in a chemical form that resembles an
octahedral coordination complex. This finding could not be confirmed through micro-XANES
analysis however, due to the use of air dried and partially frozen sections that appear to alter
the chemical form of Zn2+ from that observed in vivo. Differences in Zn speciation were
however, observed between hippocampal sub-regions that contain primarily either neurons
or mossy fibres, and the differences support the existence of a labile Zn pool in the mossy
fibres. Future experiments should focus on expanding and further characterising the spectral
library of standard solutions. Additionally, in situ XANES imaging of flash frozen tissue that
remains completely frozen for the duration of the experiment to study Zn2+ speciation within
tissue that has not been sectioned or air dried, should be carried out.
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Chapter 4: Age-Related Changes to the Subventricular Zone of
Senescence Accelerated Mouse Prone 8 (SAMP8) Mice
ABSTRACT
Cu is a vital cofactor and structural component for a number of enzymes, and its redox activity
is essential for multiple biological processes. While an essential micro-nutrient, unregulated
levels of Cu have the potential to catalyse the generation of ROS, causing subsequent
oxidative stress and damage. Oxidative stress has been implicated in the ageing process and
elevated markers of oxidative stress have been detected in AD brains. Consequently, altered
homeostasis or accumulation of metals such as Fe and Cu that can induce oxidative stress
have gained attention in age-related studies of brain health. Several studies report increases
to these metals during ageing, and one such example is the age-dependent accumulation of
Cu in the subventricular zone of rodent models. While it is well established that the redox
active metal accumulates in this region, there is limited knowledge on whether its presence
actually induces significant levels of oxidative stress. Therefore, this study investigated
whether the increased Cu content in old SAMP8 mice was accompanied by an elevation in key
spectroscopic markers of oxidative stress. Specifically, XANES spectroscopy was used to
investigate whether disulfide concentration increased as a result of thiol oxidation, and FTIR
microscopy was used to measure whether lipid peroxidation products or protein aggregates
were elevated in old (12m) compared to adult (5m) mice. Surprisingly, elevated spectroscopic
markers of oxidative stress were not detected in 12m SAMP8 tissue sections, however, they
were detected in follow up in vitro “test tube” experiments that involved addition of Cu to
brain homogenates (at a concentration equivalent to the magnitude of the Cu increase
observed across 5m to 12m old mice). While the results of this study can not conclusively rule
out increased levels of oxidative stress in 12m SAMP8 tissue, they do suggest that there are
protective mechanisms in place to supress Cu mediated generation of ROS and minimise
subsequent oxidative damage. This chapter will further discuss the results, their potential
implications to brain biochemistry during ageing, and finally, provide suggestions for further
work.
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4.1 INTRODUCTION
Mild cognitive decline is associated with natural ageing, however, severe loss of cognitive
function and memory is associated with neurodegenerative diseases such as AD. As described
previously, AD is the most common form of dementia and ageing is the biggest risk factor for
its onset

2, 6.

With an ageing population and the significant social and economic burdens

associated with the disease, it is vital that mechanisms contributing to natural brain ageing
and the switch to AD are elucidated so that preventative or treatment options can be
established.
A chemical pathway likely to be involved in the transition from healthy brain ageing to
neurodegeneration and AD, is oxidative stress

23, 24, 194.

Markers of oxidative stress are

observed to increase in the brain during ageing and senescence, with significantly elevated
levels of oxidative stress observed during AD

24, 194, 195.

Whether this role is cause or

consequence is yet to be confirmed, highlighting the need for further research. A variety of
factors can trigger oxidative stress, including redox active metals such as Cu and Fe

23-26.

Specifically, they have the capacity to catalyse the production of ROS through Fenton and
Fenton-like chemical pathways (see section 1.2), which can subsequently trigger lipid
peroxidation processes, and oxidative damage to nucleic acids and proteins if they are not
adequately regulated 27-29.
Fe and Cu levels are established to increase in the ageing brain

17, 65, 196-198,

and during

neurodegenerative disease which has given rise to the “metal hypothesis of ageing”, which
essentially attributes heightened levels of oxidative stress that are observed during ageing to
the elevated levels of redox active metals commonly observed when comparing aged brains
to non-aged brains. In the specific case of Cu (the focus of this chapter), Cu has been reported
to increase in several brain regions during ageing, particularly in the SVZ 65, 197. The SVZ and
the ventricles it surrounds hold important roles for the production and transport of CSF
(which acts to cushion and provide nutrients to the brain) 199, 200. Brain ventricles, cells within
the ventricles (choroid plexus), and the SVZ (region along the outside wall of the ventricle)
have also been proposed to have critical roles in helping maintain brain-metal homeostasis 9,
70, 115.

Interestingly, multiple authors have observed highly enriched Cu deposits within the

SVZ, across multiple animal models

65, 197, 200, 201.

Pushkar et al (the first to make this

observation) has studied the cell location of the Cu in detail, revealing localised, punctate
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increases of Cu within glial fibral acidic protein (GFAP) positive cells (astrocytes) in Sprague
Dawley rats 65. Interestingly, astrocytes have been proposed as the cell type with the largest
influence on Cu 9, 65. The abundance of the Cu deposits was observed to increase during ageing
in rats, as well as in wildtype mice 65, 197, 200, 201. Given the propensity for Cu ions to catalyse
free radical production, an association between age-related SVZ Cu increases and heightened
oxidative stress seems likely. This is further supported by results from Pushkar et al that reveal
that the Cu accumulated in the SVZ is predominantly in its reduced form (Cu+) 65.
The primary aim of this chapter has been to determine if there is an association between agerelated Cu accumulation in the SVZ and markers of oxidative stress. To avoid the possibility
for confounding interpretation that can occur when using indirect markers, this study utilised
direct spectroscopic analysis. Specifically, X-ray fluorescence microscopy was used to evaluate
Cu levels, X-ray absorption spectroscopy was used to evaluate disulfide levels (as a marker of
oxidative stress), and Fourier transform infrared spectroscopy was used to evaluate levels of
unsaturated lipids, aldehyde functional groups, and aggregated β-sheet proteins (also as
markers of oxidative stress). The analysis has been undertaken in adult (5m) and aged (12m)
senescence accelerated mouse prone 8 (SAMP8) mice. As outlined in section 1.8, the SAMP8
mouse strain is a widely accepted model for studying accelerated brain ageing and agerelated cognitive decline and has been shown to suffer heightened levels of oxidative stress
202, 203.

Given that the existence of Cu enriched deposits within the SVZ has been previously

established, the aim of this study was to determine whether an age-related increase in Cu
occurs within the SVZ of SAMP8 mice, and if so, whether it is associated with elevated markers
of oxidative stress.
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4.2 RESULTS AND DISCUSSION
4.2.1 Copper Accumulates Within the Subventricular Zone in SAMP8 Mice During Ageing
As described in section 1.6, and demonstrated in chapters 3, XFM is capable of mapping the
concentration and distribution of a wide variety of elements with sub-micron spatial
resolution 102. This is particularly useful for biological samples as it enables elemental analysis
at a cellular level, and of relevance to this particular study, was used by Pushkar et al to
observe the age-dependent Cu increase in astrocytes of the SVZ 65. XFM elemental mapping
analysis of SAMP8 lateral ventricles, and specifically assessment of Cu maps from the lateral
ventricles of ≈1, 5, 9, and 12 month old SAMP8 mice highlighted an age-dependent
accumulation of Cu in the SVZ, which was confirmed by statistical analysis (Figure 4.1).

Figure 4.1: XFM elemental maps of Cu in the SVZ of representative 1 month, 5 month, 9 month,
and 12 month samples. False colour images were generated on the same scale to depict the
increase in Cu over time from 1 month to 9 months, with a plateau at 12 months. This trend is
also depicted in the plot on the right which indicates the statistically significant differences
between regions of interest along the medial wall of the ventricle based on a one-way ANOVA
(*** indicates p<0.001 and **** indicates p<0.0001). Scale bar = 200 𝜇m.
Interestingly, the increases in Cu content appeared to plateau during senescence and
although Cu levels were significantly elevated in 12m mice relative to 1 and 5m mice, no
difference in mean Cu content was observed between 9 and 12m time-points. There is a
possibility that this increase in Cu from 1-9 months is developmental and the plateau with
senescence is contributing to cognitive decline, however, considering its redox activity and
the implication of oxidative stress in the ageing process, this study focussed on first
investigating whether the excessive accumulation of Cu between 5m and 12m in this region
is inducing oxidative stress.
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4.2.2 XANES Analysis at the Sulfur K-edge Does Not Show Age-Related Elevation in Disulfide
Levels Within the Subventricular Zone
Analysis of disulfide levels is a common approach for assessing oxidative stress in biological
tissues. Thiol groups can be oxidised to disulfides via equation 4.1, so the abundance of thiol
containing molecules and proteins within cells mean disulfide levels are expected to increase
during oxidative stress.

Equation 4.1: Simplified mechanism for the free radical mediated oxidation of thiols to
disulfides. Two thiol radicals generated from the first step can form a disulfide bond. R ̇
formation is promoted by metal ions through Fenton chemistry. It should be noted that
stereochemistry is not accurately depicted.
Cells typically contain high levels of glutathione as part of their antioxidant defence system 9,
with the thiol group in the cysteine residue of glutathione reversibly oxidising to a disulfide
during conditions of oxidative stress 204. Additionally, the thiol group of cysteine residues in
proteins is prone to oxidise and form disulfide bridges, often irreversibly during oxidative
stress. XANES spectroscopy at the S K-edge is well suited to studying disulfide levels given its
sensitivity to oxidation state, speciation, and geometry of S molecules 205. This approach has
previously been demonstrated for semi-quantitative determination of disulfide levels in
animal tissues and cells (e.g., analysis of increased disulfide levels in the hippocampus after
ischemic stroke), and a reference library of XANES spectra from biologically relevant S
compounds has been developed by Hackett et al 103, 117, 127.
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Micro-XANES spectra acquired from single points along the SVZ of 5m and 12m SAMP8 mice
were fitted (least squares fitting) to the reference library of S model compounds, which
revealed that for both age groups, S was predominantly in the form of thiols which is
consistent with the abundance of cysteine residues and glutathione in the brain. This was
followed by sulfonic acid in the form of taurine, then disulfides, and to a lesser extent, Olinked sulfate esters and sulfoxides. Interestingly, there was little to no contribution of
thioethers to the fit suggesting that proteins in this region have a limited number of
methionine residues. Further analysis using a one-way ANOVA surprisingly revealed no
statistically significant differences in disulfide concentration between time points (figure 4.2).

Figure 4.2: Panel A shows S K-edge XANES spectra from model compounds that were collected
previously by Hackett et al 103, 117, 127. Spectra are staggered in the y axis for ease of viewing.
Panels B and C show spectral fitting results of representative 5m (B) and 12m (C) spectra
extracted from the medial wall of the lateral ventricles. Fitting was completed using EXAFSPAK
software which uses least squares fitting. Panel D shows two-way ANOVA results comparing
the percentage abundance of each model compound between the two time points based on
the least squares fitting results. No statistically significant differences (p<0.05) between time
points were observed for any of the compounds. Panel E depicts the relative abundance of
disulfides (the key marker of oxidative stress) for the two time points.
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The use of 𝜇XAS is useful for obtaining full XAS spectra from specified sample regions,
however, as outlined in table 1.3 of section 1.6.5, the time constraints associated with full
spectrum collection per point, mean only a small region of the total sample is analysed.
Specifically, if the length of the wall of the SVZ is approximately 900 𝜇m (based on length
measurement of a ventricle image), with a width of approximately one cell (20 𝜇m), then
collection of 5 𝜇XAS spectra per animal, with a beam-spot size of 10 x 10 𝜇m, equates to
analysis of only 0.3 % of the tissue region of interest. Therefore, chemically specific XFM was
used to image the relative abundance of disulfides across a larger sample region. This
approach involved collecting a single image at the white line feature of specific S species (e.g.,
thiols, disulfides.etc), to show their distribution and abundance across a larger area of the
ventricle. While collecting images from only single energy points can increase potential error
associated with background interference and fluctuations in beamline energy calibration, the
results from analysis of the fluorescence intensity agreed well with 𝜇XAS analysis and
demonstrated no statistically significant differences in disulfides between time points (Figure
4.3).

Figure 4.3: S XANES maps of the lateral ventricles showing the distribution of disulfides in
representative 5m and 12m samples. False colour images were generated on the same colour
scale for direct visual comparison of disulfide concentration. The similarity in images does not
indicate any significant differences which was supported by the statistical analysis depicted
on the right. For the left plot, the fluorescence intensity was extracted from a region of interest
along the wall of the ventricle in the disulfide image and compared using a Student’s t-test to
confirm there was no statistically significant difference (p<0.05) between the two age groups.
The normalised values were obtained by dividing the disulfide XANES image by the total S
XANES image, then extracting the fluorescence intensity from regions of interest as described
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above. The normalised data also displayed no statistically significant differences between age
groups based on a Student’s t-test. Scale bar = 200 𝜇m.
The lack of increase in disulfides was surprising when considering the substantial increase of
Cu in this region during ageing. While there does appear to be a subtle (but not significant)
increase in mean disulfide content at 12m based on both the 𝜇XAS, and normalised chemically
specific XFM data, the results are not consistent with the level of Cu induced oxidative stress
expected with respect to the magnitude of Cu increase observed across the 5m – 12m mice.
To specifically quantify the expected increase in disulfide content, the equivalent
concentration of Cu (equivalent to the magnitude of Cu increase observed across 5m to 12m
old mice) was added to brain homogenates and the disulfides measured using a glutathione
detection assay. The magnitude of the Cu increase across mice aged 5m – 12m was
determined using the average Cu areal density calculated for the SVZ, tissue section thickness,
and assuming a density similar to that of water (in frozen tissue). Using these criteria, the
magnitude of the Cu increase from mice aged 5m to 12m in the SVZ was calculated to be ≈3
mM. If the region of interest was restricted to specific cellular Cu accumulations (Cu “hot
spots”), the magnitude of the Cu increased was determined to be ≈17 mM. When these levels
of Cu (3 mM or 17 mM) were added to brain homogenates, there was a drastic disulfide
increase, which supports the known propensity for Cu ions to catalyse free radical production
and drive molecular oxidation. Interestingly, a significant difference in disulfide levels was not
observed between addition of 3mM or 17 mM Cu (Figure 4.4), possibly indicating rapid
depletion of oxidative substrate (e.g., thiols) occurs with a 3 mM increase in Cu. On average,
the addition of 3 mM Cu resulted in a ≈33% average increase in disulfides in brain
homogenates, which is in stark difference to the lack of significant change in disulfide levels
observed when Cu increases to a similar magnitude in brain tissue.
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Figure 4.4: Results from a one-way ANOVA comparing the percentage increase in disulfides
relative to the control (0 mM) based on a glutathione detection assay (* indicates p<0.05, **
indicates p<0.01). The decrease in glutathione relative to the control was attributed to the
formation of disulfides.
4.2.3 FTIR Analysis of Lipid Unsaturation, Aldehydes, and Protein Aggregates Does Not
Support an Association Between Age-Related Subventricular Copper Increase and
Oxidative Stress
As described in section 1.7.1, Fourier transform infrared microscopy is advantageous for the
analysis of biological tissues given the wide variety of functional groups it can detect. Of
interest to this study is its ability to measure markers of oxidative stress. Oxidative stress can
induce lipid peroxidation resulting in reduced unsaturation of lipids and the formation of
short chain aldehydes 27, 206. This can be monitored in an FTIR spectrum using the olefinic CH
stretching peak (3012 cm-1), and the carbonyl stretching of aldehydes (1715cm-1). Protein
aggregation and formation of aggregated 𝛽-sheets can also occur during oxidative stress 207,
208

when amino acid side chains are oxidised. Relative abundance of protein secondary

structures can be inferred through inspection of the amide I band (1600-1700cm-1),
specifically examining the amide-carbonyl stretch of α-helices and aggregated β-sheets at
≈1656 cm-1 and ≈1627 cm-1, respectively. Given the surprising failure of XAS at the S K-edge
to detect an increase in markers of oxidative stress (e.g., disulfides) in association with
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substantial brain Cu increases, FTIR microscopy was used to test for the presences of
additional markers of oxidative stress (lipid oxidation products and protein aggregates).
Synchrotron FTIR mapping was undertaken across a cross-section of the lateral ventricles
from SAMP8 mice aged 5m and 12m. Spectra were extracted from the SVZ of the medial and
lateral side of the ventricles and a comparison of the IAUC for the three peaks of interest
were compared across time points. Results are summarised in figure 4.5, and interestingly,
show no significant elevation in any markers of oxidative stress. The olefinic CH stretching
peak was in fact observed to increase in the 12m mice, and although there was an increase in
the overall area of the carbonyl band (integrated band area from 1710 – 1755 cm-1) in 12m
mice, the increase was shown to be the result of increased abundance of lipid esters (carbonyl
band centred at 1735 cm-1), and not the aldehyde carbonyl functional group (centred at 1715
cm-1).
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Figure 4.5: Panel A depicts representative FTIR images showing the IAUC for 3 markers of
oxidative stress. 5m and 12m comparisons are set to the same colour scale. Panel B shows
results of unpaired Student’s t-tests comparing the IAUC for spectra from the medial wall of
the lateral ventricles between time points (* indicates 0.01<p<0.05). Panel C displays
normalised (1600-1700 cm-1), second derivative spectra of key regions of interest, and panel
D outlines the results of unpaired Student’s t-tests comparing second derivative intensities for
key peaks of interest (* indicates 0.01<p<0.05). Given that lower values in second derivative
spectra indicate a higher concentration, the intensity values have been inverted (multiplied by
-1 then added 3) for ease of viewing.
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While these results could suggest altered lipid metabolism from 5m to 12m, they do not
support elevated levels of lipid peroxidation. Interrogation of the amide I band showed
increased intensity at 12m for 𝛼-helix protein structure, and no significant difference in the
abundance of protein 𝛽-sheet aggregates between time points. Therefore, while there does
appear to be an altered biochemical profile between the 5m and 12m SAMP8 mice, the results
are not consistent with elevated levels of oxidative stress in the SVZ.
Similar to the strategy used to study disulfides, in addition to FTIR analysis of tissue sections,
bulk ATR-FTIR analysis was undertaken for brain homogenates with and without the addition
of Cu that matched the Cu concentration increase in brain tissue (average increase of 3 mM
in SVZ, and 17 mM in hotspots). Consistent with what was observed when the same
experiment was completed for disulfide analysis, the FTIR results demonstrated the
propensity for this level of Cu to catalyse free radical production, resulting in lipid
peroxidation (increased aldehydes), and protein aggregation (increased protein 𝛽-sheet
aggregates). In contrast to the disulfide analysis, the magnitude of increase in oxidative stress
markers appeared to reflect the magnitude of increase in Cu, with the 17 mM addition causing
significantly elevated levels of aldehydes and aggregated proteins compared to both the
control (0 mM Cu) and 3 mM Cu additions (Figure 4.6). Interestingly, the amide I band
revealed that with a 3 mM Cu addition the 𝛼-helix protein structures (1656 cm-1) appear to
be converted to unordered protein structures (1631 cm-1), but with a 17 mM addition, the 𝛼helix protein structures appear undisrupted. The absence of a significant signal from
unordered protein structures in the spectrum following addition of 17 mM Cu suggests that
it is likely these structures that are converted to protein aggregates (1627 cm-1) in the
presence of higher Cu concentrations rather than the 𝛼-helix structures. These results could
also suggest that during oxidative stress, unordered proteins may increase prior to complete
aggregation. In addition to the aldehydes and protein aggregates, the unsaturated lipids also
appeared to increase significantly with additional Cu, and while oxidative stress typically
reduces lipid unsaturation, it is possible that unsaturated short chain aldehyde products of
lipid peroxidation can be attributed to the increase. Overall, it was evident that the presence
of Cu in equivalent concentrations to the increase observed in the SVZ of tissue sections
during ageing, was sufficient to increase markers of oxidative stress in brain homogenates.
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Figure 4.6: Panel A shows results of unpaired Student’s t-tests comparing the IAUC from ATRFTIR spectra from brain homogenates with varying concentrations of Cu. Panel B displays
normalised (1600-1700 cm-1), second derivative ATR-FTIR spectra from brain homogenate
samples, and panel C outlines the results of unpaired Student’s t-tests comparing the second
derivative intensities for key peaks of interest. Given that lower values in second derivative
spectra indicate a higher concentration, the intensity values have been inverted (multiplied by
-1 then added 0.01) for ease of viewing.
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4.2.4 Age-Related Brain Copper Increase Does Not Associate with Increased Markers of
Oxidative Stress in SAMP8 Mice
This study has unexpectedly shown that the significant age-related accumulation of Cu in the
SVZ of SAMP8 mice does not occur concomitantly with elevation in spectroscopic markers of
oxidative stress (increased total disulfides, lipid oxidation products, or β-sheet aggregates).
The possibility that oxidative stress was present in vivo however, can not be ruled out. It is
possible that elevated markers of oxidative stress were present in 12m samples but were
below the detection limits of the chosen techniques (on the order of 𝜇M to hundreds of 𝜇M
for FTIR and XANES). The potential impact of sample preparation on results should also be
considered, such as the possibility for air dried sections to have increased markers of oxidative
stress. Although the detection limits and sample preparation are important factors to
consider, FTIR and XANES spectroscopy have been used previously on air dried tissue sections
for successful detection of markers of oxidative stress associated with ischemic stroke,
haemorrhagic stroke, AD, and brain ageing in white matter 81, 113, 171, 209. Furthermore, when
Cu at a concentration equivalent to the increase observed from 5m to 12m was added to brain
homogenates, significant elevation in disulfides, aldehydes, and 𝛽-sheet aggregates was
observed. Therefore, although this study can not conclusively conclude that the age-related
Cu increase has not resulted in heightened oxidative stress, it can conclude that a significant
proportion of the accumulated Cu is not actively driving oxidative stress in the SVZ.
The lack of oxidative stress observed in this study could be attributed to antioxidant defences
present within tissue, including enzymes and proteins such as catalase, glutathione
peroxidase, SOD, and metallothionein, that can scavenge oxidants and minimise production
of the measured oxidative stress markers 30, 210-212. Alternatively, the findings may also suggest
that the Cu is in a chemical form that does not readily induce oxidative stress. Pushkar et al
completed XANES analysis and identified that the Cu is likely in a Cu(I) oxidation state bound
to cysteine in an environment similar to that modelled by Cu-metallothionein (a Cu(I)-thiolate
multimetallic cluster) 65. Metallothioneins are capable of reversibly binding up to 7 divalent
metals, or up to 12 monovalent metals via cysteine residues, and are secreted by astrocytes
9.

Interestingly, metallothionein expression increases with increasing Cu concentration 9 and

it is possible that this is a protective mechanism to prevent Cu mediated oxidative stress or
non-specific protein binding. Specifically, while the binding is generally reversible, the Cu may
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become less exchangeable as its concentration increases, thereby preventing redox reactions
that produce ROS and trigger oxidative stress. Metallothioneins have been proposed to play
an important role in controlling Cu homeostasis 9, which agrees with the lack of evidence to
support Cu induced oxidative stress demonstrated in this study, taken with the Cumetallothionein complexation identified by Pushkar et al 65.
Although the work by Pushkar et al suggested that the speciation of Cu within Cu
accumulations of the SVZ is likely from Cu complexed to metallothionein, this was based on
the resemblance of the Cu K-edge XANES spectra to Cu(I)-thiolate multimetallic complexes.
Although consistent with metallothionein, multimetallic thiolate complexes could also be
indicative of other metalloproteins, such as the Cu chaperone Cox17 to provide one example
65.

The effect of sample preparation should also be considered when taking into account Cu

K-edge XANES that are reported in the literature. As stated previously, Pushkar et al

65

suggests Cu coordinated to thiolates, which is highly plausible, but it is also possible that the
air drying process has resulted in altered coordination environments. Change in metal ion
speciation during air drying was observed for Zn, when comparing Zn K-edge XANES spectra
between air dried and flash frozen tissue analysed with a cryostream, and a similar effect can
not be ruled out for Cu 169.
To further investigate the possibilities, it would be worth repeating the Cu XANES studies not
only to confirm that the coordination in the SAMP8 model is consistent with what was
observed by Pushkar et al in the Sprague Dawley rats, but to follow from their work and
further characterise the proposed Cu binding environment. Comparison of SAMP8 Cu XANES
spectra to an extensive library including Cu bound to S in other proteins or complexes would
be useful to identify the percentage contribution of each of these biologically relevant Cu
complexes. Additional studies should also include subcellular elemental mapping to identify
the exact subcellular location of the Cu accumulations within the SVZ. There is strong evidence
in the literature supporting mitochondria in a role for maintaining Cu homeostasis, specifically
through Cytochrome c oxidase and SOD1

213.

Within the mitochondria these enzymes are

localised to the intermembrane space, so given that the majority of Cu in the mitochondria is
stored within the matrix, transporters are required to deliver it to the intermembrane space
and subsequently to the enzymes 213. Interestingly, given the lack of Cu-proteins localised to
the matrix based on previous studies, it is proposed that the matrix stored Cu is exchangeable
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and bound to currently unidentified low molecular weight ligands, that also deliver the Cu to
the intermembrane space 213, 214. Importantly, the matrix Cu pool has been shown to increase
with higher Cu concentrations in cultured cells 215. It is therefore worth considering that the
Cu accumulation around the lateral ventricles may be occurring within the mitochondrial
matrix, with an elevated load of Cu coordinated to thiol-containing ligands. If this is the case,
the lack of oxidative stress markers observed in this study, could be explained by increased
expression of mitochondria metalloproteins and low molecular weight Cu complexes in
sufficient abundance to ensure the Cu remains bound and unable to react to form ROS. Future
elemental mapping and XANES studies at subcellular resolution, in flash frozen tissues are
now needed to explore this area further.
Another important observation in this study was that the Cu concentration did not increase
between 9 and 12m, indicating that the difference observed between adult (5m) and old
(12m) mice may be from Cu accumulation during brain development (1-5 months) and
adulthood (5-9 months). This highlights the importance of time course studies that consider
multiple senescence points for gaining an overall understanding of the processes occurring
during ageing. Specifically, they can help to ensure that biochemical and metallic alterations
are more accurately attributed to either natural ageing and development, or disease. For
example, when considering only the 5m and 12m time points, one could conclude that the
accumulation of Cu seen in 12m samples is contributing to cognitive decline. However, when
one considers the full time course, it becomes evident that Cu actually increases at earlier
time points, and it is entirely possible that the plateau effect and a deficiency of Cu (relative
to the increasing trend) at 12m is what is contributing to age-related cognitive deficits. Future
studies should therefore consider the role that Cu has in brain development, and ideally,
multiple time points should be used for thorough analysis.
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4.3 CONCLUSION
In summary, this chapter has confirmed that the age-dependent accumulation of Cu in the
SVZ that has been observed in other rodent strains is also evident in SAMP8 mice. Specifically,
the accumulation occurs during brain development and adulthood, and interestingly,
plateaus from 9 to 12m. Surprisingly, the significantly elevated levels of Cu at 12m do not
appear to elevate spectroscopic markers of oxidative stress in the SVZ, as there was no
apparent increase in thiol oxidation products (XANES analysis), lipid peroxidation products, or
protein aggregates (FTIR analysis). While these findings do not conclusively rule out the
possibility of Cu causing increased oxidative stress in the SVZ, they do suggest that there are
mechanisms in place to minimise or prevent Cu mediated generation of ROS and subsequent
oxidative damage. When considering that elevations in redox active metals are often linked
with heightened oxidative stress, this finding is significant and should be considered when
interpreting elevations in both Cu and Fe. Evidently, increases in redox active metals may not
always lead to oxidative damage which is important in the context of ageing and
neurodegenerative disease. Further studies are required to identify the exact subcellular
location, and specific chemical forms of Cu in this region, and additional mechanistic studies
to identify whether the Cu accumulation is natural, protective, or has pathological
consequences should be considered. Further understanding the cause and consequences of
altered Cu homeostasis during ageing, may help to reveal mechanisms contributing to
cognitive decline, and in turn reveal pathways for improving brain health during ageing.
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Chapter 5: Development of a Multi-Modal Microscopy Approach for
the Analysis of Neurons and Glia
ABSTRACT
An understanding of brain biochemistry at a cellular level is vital for determining mechanisms
that may contribute to brain disease and neurodegeneration. This requires suitable methods
capable of revealing a wide range of chemical information. Multi-modal imaging approaches
are promising, because techniques that are typically suited for detecting specific markers can
be used in combination with others to expand the information obtained from a single sample.
A challenge in developing such approaches often lies in the different sample preparation
requirements for each technique. For example, immunohistochemistry, an invaluable
technique for detecting antigens and proteins within tissue structures, requires chemical
fixation techniques that are known to alter the distribution and chemical state of some
species in tissue, and increase propensity for tissue fluorescence. Fortunately, spectroscopic
methods enable direct detection of a range of chemical species (depending on the incident
wavelength) with minimal sample preparation requirements. Raman microscopy using UV or
visible lasers is particularly useful for cellular and subcellular analysis because it enables
imaging with sub-micron diffraction limited spatial resolution. Unfortunately, fluorescence
signals can interfere with Raman spectra, so the natural autofluorescence of tissue has limited
widespread adoption of this technique for in situ analysis. This chapter will describe an
investigation into the effect of sample preparation protocols on tissue autofluorescence and
describe a method for minimising autofluorescence in Raman spectra allowing for analysis of
subcellular organelles. Additionally, it will describe a method that enables spectroscopic and
immunohistochemical analysis of the same tissue section using immersion fixation, which is
demonstrated for tissue imaged by Raman microscopy, and X-ray fluorescence microscopy.
In summary, this chapter describes a unique multi-modal workflow that enables visualisation
of endogenous tissue autofluorescence, Raman or XFM biochemical/metal images, and
specific immunofluorescence markers of cell type.
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5.1 INTRODUCTION
The study of brain biochemistry is important not only for understanding the processes
associated with healthy brain function, but also alterations that occur during brain disease
and neurodegeneration. Better understanding of the processes that occur at a cellular level
in healthy and diseased brain states could pave the way for development of targeted
therapeutics and preventative measures for various brain disorders. While there are several
useful methods available for studying cell biochemistry, they are typically suited for detecting
specific markers. Ideally, multi-modal approaches that enable a wider scope of information
to be obtained should be developed. A challenge with developing such approaches is the
variation in sample preparation protocols required for each technique.
Immunohistochemistry, as described in section 1.7.2, is a technique that can identify specific
cell types or subcellular organelles based on antigen and antibody binding 142, 157. Successful
immunofluorescence staining requires chemical fixation to ensure proteins (antigens) are
immobilised and that the integrity and morphology of tissue structures (i.e., cells) is
maintained 157. Unfortunately, chemical fixation steps are known to alter the natural chemical
environment, meaning techniques that analyse specific biochemical markers may provide
misleading results when applied to fixed tissue. For example, chemical fixation of brain tissue
is known to redistribute labile pools of Zn and perturb Zn speciation, impacting techniques
such as XFM and XAS 169, 170, 172, 216. This makes coupling immunohistochemical methods with
direct techniques challenging and indicates the importance of analysing unfixed tissue when
trying to probe cellular biochemistry.
Spectroscopic imaging techniques are advantageous as they enable direct, typically nondestructive analysis of biological tissue with minimal sample preparation requirements (i.e.,
analysis of unfixed tissue is possible). Raman microscopy is particularly suited to studying
subcellular biochemistry because the use of UV and visible lasers offers direct biochemical
detection with sub-micron diffraction limited spatial resolution. These capabilities have been
utilised by numerous research groups to study the biochemical composition of subcellular
organelles such as the nucleus 217, nucleolus 218, and mitochondria 219, including applications
to cultured brain cells 220, 221. Unfortunately, while it is a powerful technique, there are much
fewer reported applications of Raman microscopy to study brain cells in situ within brain
tissue sections.
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One possible reason for this is the autofluorescence from endogenous fluorophores in tissues
that have been considered to prevent or hinder the collection of Raman data using shorter
wavelength lasers. Longer wavelength lasers in the red or near-infrared have been used to
combat tissue autofluorescence, however these provide weaker Raman scattering signal and
poorer diffraction limited spatial resolution

222-224.

Despite the limitations associated with

tissue autofluorescence, endogenous fluorophores can be chemically and anatomically
informative. Several studies have used differences in tissue autofluorescence for preliminary
differentiation of healthy tissue from cancerous tissue, which then enabled specific regions
of interest to be defined for subsequent Raman analyses

225, 226.

In addition, the strong

autofluorescence of amyloid-β plaques has been previously used to define plaque location in
AD brain tissue prior to Raman analyses 81, 146.
Some common sources of endogenous fluorophores in brain tissue include NADH, flavins,
heme-moieties, phospholipids, and collagen

227-229.

In addition, lipofuscin, a cellular waste

product that has been implicated in disease and neurodegeneration processes, displays
strong autofluorescence across a broad range of wavelengths

227, 230, 231.

Unsurprisingly,

sample preparation steps such as chemical fixation can also hinder Raman measurements by
increasing propensity for fluorescence

227, 229, 231.

Interestingly, the extent to which sample

preparation may influence tissue autofluorescence signals in Raman spectra collected with
green light excitation from brain tissue has not been extensively studied. Additionally, there
has been limited investigation into whether suitable sample preparation may enable both
endogenous autofluorescence and Raman signals to be measured simultaneously.
This chapter identifies that tissue autofluorescence increases as a function of time post tissue
sectioning and describes an optimised protocol to minimise autofluorescence for Raman
analysis and enable complementary fluorescence microscopy of the same cell. This protocol
was subsequently combined with post-fixation to allow immunohistochemical analysis,
leading to a workflow that includes Raman analysis, fluorescence microscopy, and
immunohistochemistry of the same tissue section. The transferability of this protocol was
then confirmed after successful application to tissue that had been imaged using XFM. In
summary, this chapter describes a unique multi-modal workflow that enables visualisation of
endogenous tissue autofluorescence, Raman or XFM biochemical/metal images, and specific
immunofluorescence markers of cell type.
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5.2 RESULTS AND DISCUSSION
5.2.1 Raman Microscopy and Fluorescence Microscopy Demonstrate Tissue Autofluorescence
Increases as a Function of Time After Tissue Sectioning
5.2.1.1 Fluorescence Microscopy

Fluorescence microscopy was used to monitor tissue autofluorescence in the granular layer,
molecular layer, and white matter of rat cerebellum tissue, following excitation with UV, blue,
and green light. These experiments were prompted by previous time-dependent observations
of tissue autofluorescence observed from green light excitation of brain tissue

81.

Fluorescence images were collected across three excitation/emission ranges, UV/blue,
blue/green, green/red, as shown in Figure 5.1.

Figure 5.1: Fluorescence microscopy images of endogenous tissue autofluorescence captured
from the same 10-μm thick cerebellum tissue over a 9 day time course post tissue sectioning.
Images were captured with 10x magnification with 3 different excitation energies and
emission filter pairings: UV λex=375/28 nm (LP λem=435 nm), blue λex=465/15 nm (LP λem=515
nm), green λex=530/40 nm (LP λem=590 nm). All images along a row have been thresholded to
the same min and max fluorescence intensity value, to highlight the quantitative increase in
fluorescence that occurs as a function of time post tissue sectioning. Scale bars represent 200
𝜇m.
It would be expected that the fluorescence images collected with green excitation and red
emission, would mirror the data obtained via Raman microscopy with excitation using green
lasers at 514 nm or 532 nm (discussed in next section). As can be seen in the fluorescence
images (Figure 5.1) and statistical analysis (Figure 5.2, p-values in appendix tables 1, 2, and 3)
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a strong time-dependent increase in tissue autofluorescence was observed across all
excitation / emission pairings, and for all three tissue regions (granular layer, molecular layer,
and white matter).

Figure 5.2: Quantitative analysis of the increase in fluorescence intensity that occurs as a
function of time post tissue sectioning, in specific regions of interest (white matter, granular
layer and molecular layer). Statistically significant differences based on repeated measures
one-way ANOVAs, with multiple comparison testing are indicated with asterisks (*p≤0.05,
**p≤0.01, ***p≤0.001).
Interestingly, the relative distribution of tissue autofluorescence differs as a function of time
after tissue sectioning. Specifically, in freshly cut tissue sections (i.e. day 1 samples) numerous
small subcellular deposits that show strong autofluorescence can be observed in the Purkinje
neurons of the cerebellum (Figure 5.1 A, F, K, white arrows). These subcellular
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autofluorescent deposits are attributed to lipofuscin based on their broad-band emission 232,
233.

Further, the Purkinje neurons of the cerebellum are excitatory neurons that are post-

mitotic (i.e. do not undergo cell division) and known to readily accumulate lipofuscin 233-239.
The lipofuscin deposits become increasingly difficult to observe in tissues imaged at
subsequent times post-tissue sectioning (e.g., Day 2 to Day 9) due to the pronounced overall
increase in autofluorescence across all tissue regions.
5.2.1.2 Raman Microscopy

Raman spectroscopic analysis of biological tissue often utilises visible lasers to enhance spatial
resolution and increase signal to noise, but often this is at the expense of increased
autofluorescence compared to data collected at longer excitation wavelengths (e.g., red,
near-infrared)

222.

This study examined the autofluorescence signal that is obtained from

three different regions of brain tissue (white matter, granular layer, molecular layer)21, and
determined how the autofluorescence signal changes as a function of time after tissue
sectioning. Two sets of measurements were completed, using a confocal Raman microscope
with excitation at 532 nm, and a dispersive Raman microscope with excitation at 514 nm. As
can be seen from Figure 5.3, there is a dramatic time-dependent increase in tissue
autofluorescence that occurs in all tissue regions as a function of time after tissue sectioning
(p-values in appendix tables 4 and 5). The magnitude of the time-dependent increase in
autofluorescence was less severe in tissues collected with excitation at 532 nm (confocal
Raman microscope, Figure 5.3A-F) when compared to excitation at 514 nm (dispersive Raman
microscope, Figure 5.3G-L).
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Figure 5.3: Quantitative analysis of the increase in autofluorescence intensity measured with
confocal Raman microscopy (532 nm excitation, A-F) or dispersive Raman microscopy (514 nm
excitation, G-L) that occurs as a function of time post tissue sectioning, for specific regions of
interest within cerebellum tissue: granular layer (A,B,G,H), molecular layer (C,D,I,J), and white
matter (E,F,K,L). Representative Raman spectra showing the time dependent increase in
fluorescence intensity are shown for tissues on day 1 and day 9 post tissue sectioning
(A,C,E,G,I,K). The relative autofluorescence was measured by integrating the autofluorescence
baseline (2000-2500 cm-1), which corresponds to a fluorescence emission of 595.3-613.6 nm
(for 532 nm excitation) and 572.9-589.8 nm (for 514 nm excitation). Statistically significant
differences (B,D,F,H,J,L) between the IAUCs based on repeated measures one-way ANOVAs
with multiple comparison testing are indicated with asterisks (*p<0.05, **p< 0.01 >, ***p<
0.001).
These differences could be explained by the different excitation wavelengths used, which
possibly excite different fluorophores, however, it is most likely the result of the difference in
laser power between the two instruments and the presence of photo-bleaching occurring on
the confocal Raman microscope, which used high photon flux. Further, although the
fluorescence signal is retained on the dispersive Raman microscope, the fluorescence signal
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is rapidly photobleached (within seconds) on the confocal Raman microscope as shown in
Figure 5.4).

Figure 5.4: Representative spectra collected from cerebellum tissue using a confocal Raman
microscope showing the difference in fluorescence signal before and after photobleaching.
The fluorescence signal is reduced within 6 seconds of the laser shutter opening.
For both data sets (excitation at 532 nm and 514 nm), the most pronounced differences were
observed in the granular and molecular layers, relative to the white matter layer. As a
consequence of the large autofluorescence increase in the granular and molecular layers,
Raman scattering peaks in the fingerprint region are almost completely masked in spectra
from these regions 9 days after sectioning when using 514nm excitation. The difference in
response between the granular and molecular layers relative to the white matter could be
attributed to the inherently different biochemical composition of these layers. The granular
layer of the cerebellum is rich in cell bodies (soma), and the dendrites of the neurons project
into the molecular layer 240. Therefore, both the granular layer and molecular layer contain a
substantial amount of molecules involved in neuronal activity, some of which may be
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endogenous fluorophores. In contrast, the white matter is less chemically complex,
containing mainly myelinated axons 240.
Taken together, the results of fluorescence microscopy and Raman microscopy clearly
indicate that a strong time-dependent increase in tissue autofluorescence occurs after tissue
sectioning. Indeed, the increased autofluorescence in Raman microscopy data collected with
514 nm excitation occurs to such an extent that Raman scattering is completely masked.
Somewhat surprisingly though, relatively minimal autofluorescence is observed in freshly cut
tissue sections, permitting straight forward observation of Raman scattering bands. Further,
although the autofluorescence signal is not completely absent in freshly cut tissues, its
presence appears to offer the capability to localise lipofuscin deposits, which are often used
as a marker of cell ageing or oxidative damage. At this stage, the exact identity of the
endogenous fluorophore(s) responsible for autofluorescence is(are) not known, and this
would be exceedingly difficult, if not impossible, to determine from fluorescence microscopy
alone. It is likely that common fluorophores such as NADH, flavins, collagen, elastin, lipofuscin
deposits, and aromatic amino acids are all contributing, at least in part to the fluorescence
signal. Although only speculation, it is possible that tissue oxidation occurs as a function of
time since tissue sectioning, and this increases the fluorescent propensity of the brain tissue
(e.g., increasing conjugation through oxidation of hydroxyl moieties to aldehydes or ketones
is one possible pathway). There is evidence in the literature to support time-dependent tissue
oxidation following tissue sectioning, which may account for the time dependent increase in
autofluorescence 117.

105

5.2.2 Endogenous Tissue Autofluorescence Combined with Raman Microscopy Analysis of
Fresh (< 24 hours) Flash Frozen Brain Tissue Sections Provide Subcellular Neuron
Biochemical Insight
Following the Raman and fluorescence microscopy experiments, a series of Raman analyses
of a specific cell type, Purkinje neurons from rat cerebellum, were carried out. To minimise
autofluorescence, flash-frozen, unfixed tissue samples were analysed with confocal Raman
microscopy on the day of sectioning, and fluorescence microscopy data was collected within
24 hours of sectioning. Immediately following fluorescence microscopy analysis of the
unstained tissues, the tissue sections were immersion fixed for routine histology (H&E)
staining. Representative bright field optical microscopy images of a Purkinje neuron in
unstained tissue, a confocal Raman microscopy image of the same neuron in unstained tissue,
a fluorescence microscopy image of the same neuron in unstained tissue, and the optical
microscopy image of the same neuron following fixation and H&E staining are presented in
Figure 5.5. Although the general location of the neuron can be seen in the optical image of
the unstained tissue (Figure 5.5B), the H&E image from the stained tissue (Figure 5.5A, C) is
required for identification of neuron cytoplasm and nucleus. Comparison of the Raman
microscopy image (Figure 5.5D), with the H&E stained images (Figures 5.5A, C) enables
features such as the cell body, nucleus, and cytoplasm to be identified in the Raman image.
The autofluorescence signal in the Raman data (Figure 5.5D) and the fluorescence microscopy
images (green emission in Figure 5.5E, red emission in Figure 5.5F) provide visualisation of
lipofuscin deposits.
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Figure 5.5: Multimodal Raman microscopy,
fluorescence

microscopy,

and

H&E

histology on the same brain cell (cerebellum
Purkinje neuron). Overview H&E histology
of the analysed neuron and surrounding
tissue structures (A), bright field image of
the unstained tissue prior to Raman
analysis (B), H&E histology of the exact
tissue

region

analysed

with

Raman

microscopy (C), Raman signal across 28003030 cm-1 without background subtraction,
which

is

largely

dominated

by

autofluorescence (D), and fluorescence
microscopy

measurements

with

blue

excitation (λex=465/15 nm) / (LP λem=515
nm) (E) and green excitation (λex=530/40
nm) / (LP λem=590 nm) (F). Representative
Raman spectra from different subcellular
compartments: cytoplasm (1 in panel D),
fluorescent lipofuscin deposits (2 in panel D), nucleus (3 in panel D) are also shown. Order of
analysis was Raman microscopy of unstained and non-fixed tissue, autofluorescence analysis
of unstained and non-fixed tissue, and lastly H&E staining of formalin-fixed tissue. Scale bars
represent 25 𝜇m.
The multi-modal combination of Raman microscopy, fluorescence microscopy, and histology,
performed on the same tissue section enabled comparison of Raman spectra extracted from
different subcellular regions of Purkinje neurons (nucleus, cytoplasm, and lipofuscin), as
shown in Figure 5.5. The ability of Raman spectroscopy to study subcellular biochemistry is
already well established in the field 218, 241-248. Despite the subcellular imaging capability being
well established, examples of Raman spectroscopy applied to neurons, in situ in brain tissue
are scarce (although applications to other brain structures, such as white matter tracts 242-244,
and amyloid-β plaques can be found) 249, 250. This is likely due to past difficulties in overcoming
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tissue autofluorescence, which can now be overcome by minimising the time between tissue
sectioning and Raman analyses. Not unexpectedly, significant differences were observed in
spectra extracted from different subcellular compartments of neurons. Although an
exhaustive multi-variate analysis has not been undertaken in this study, the Raman spectra
clearly reveal a) low total lipid content in the nucleus as demonstrated by reduced Raman
scattering in the methylene C-H stretching region (2830-2900 cm-1) 81, 223, 251 (Figure 5.6C); b)
a relative increase in methyl groups (2900 – 3000 cm-1) and N-H stretching vibrations (30353090 cm-1) in the nucleus (Figure 5.6C), similar to previous reports 252; c) elevated signal from
the pyrimidine ring breathing region of DNA and RNA bases 218 (750 cm-1) in the nucleus and
cytoplasm compared to lipofuscin (Figure 5.6A), and of note, d) a relative increase in
scattering across 1633 – 1692 cm-1 in spectra extracted from lipofuscin (Figure 5.6B). Raman
scattering across 1633 – 1692 cm-1 could be attributed to the amide I band of proteins 251, 253
(a relatively weak Raman scatterer), or C=C stretching in unsaturated lipids 251, 253, 254. Due to
the absence of an increase in other typical protein bands in the lipofuscin spectra (e.g.,
phenylalanine or tyrosine modes), the increased scattering could be attributed to unsaturated
lipids or lipid-oxidation products in the lipofuscin aggregates 254.
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Figure 5.6: Confocal Raman spectroscopic analysis of chemical differences between different
subcellular compartments in Purkinje neurons (cytoplasm, autofluorescent lipofuscin deposits,
nucleus). Representative Raman spectra are shown for 3 specific spectral regions: 700 – 800
cm-1 (A), 1510 – 1810 cm-1 (B), and 2800 – 3100 cm-1 (C). Spectra have been vector normalised
to the ν(C-H) region (2800 – 3100 cm-1) and baseline corrected. Due to the relatively low signal
to noise, a 17 point smoothing function has been applied to the raw spectra. Statistically
significant differences between the relative IAUCs for Raman scattering peaks shown in panels
A-C, were evaluated using a repeated measures one-way ANOVA with multiple comparison
testing (D). Significant differences are indicated with asterisks (*p<0.05, **p< 0.01 >, ***p<
0.001).
5.2.3 Multi-Modal Raman Microscopy and Immunofluorescence Microscopy Analyses on the
Same Tissue Section Associates Subcellular Biochemical Imaging with Cell Type Specificity
H&E histology is a useful method to confirm the location of cell bodies and major organelles
(e.g., nucleus) however, to determine more cell- or organelle-specific information requires
the use of immunohistochemistry or immunofluorescence microscopy. Therefore, this study
investigated the capability of immunofluorescence microscopy to be performed on the same
tissue sections analysed with Raman microscopy, and fluorescence microscopy of unstained
tissues. Unfortunately, the recommended sample preparation for immunofluorescence,
tissue fixation, is now known to produce numerous chemical and elemental artefacts in
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subsequent spectroscopic analyses

117, 172, 222, 255, 256.

In order to prevent such chemical

artefacts, Raman microscopy and endogenous fluorescence microscopy analyses were
performed on unfixed tissue sections. Following spectroscopic and endogenous fluorescence
analysis,

tissue

sections

were

immersion

fixed

in

formalin

and

underwent

immunofluorescence analysis for the presence of a neuronal protein marker (MAP2) and a
glial cell marker (GFAP). As can be seen in Figure 5.7, unfixed, flash frozen tissue sections are
compatible with a multi-modal microscopy workflow incorporating Raman microscopy
analysis (Figure 5.7A), endogenous autofluorescence microscopy analysis (Figure 5.7B green
emission, Figure 5.7C red emission), and immunofluorescence (Figure 5.7D, E).

Figure 5.7: Multimodal Raman microscopy, endogenous fluorescence microscopy, and
immunofluorescence microscopy performed on the same tissue section. Raman microscopy
autofluorescence image generated from intensity across 2800-3030 cm-1 showing lipofuscin
deposits (A) and fluorescence microscopy imaging of lipofuscin deposits recorded with blue
excitation (λex=465/15 nm) / (LP λem=515 nm) (B) and green excitation (λex=530/40 nm) / (LP
λem=590 nm) (C). The same tissue was stained for immunofluorescence to localise cell nuclei
(DAPI, blue), proteins in neuron cytoplasm (MAP2, green), and glial cells (GFAP, red) (D). An
expanded view of the immunofluorescence image is also shown (E). Order of analysis was
confocal Raman microscopy (unstained, non-fixed tissue), fluorescence microscopy of
unstained and unfixed tissue, immunofluorescence microscopy following formalin-fixation of
the tissue section.
This workflow enables specific confirmation that the cell imaged by Raman microscopy is in
fact a neuron (presence of positive MAP2 antigenicity within cytoplasm, Figure 5.7D-arrows
1 and 2). The multi-modal Raman and immunofluorescence imaging also allows the proximity
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of other cell types to be viewed in relation to the neuron e.g., an astrocyte process running
parallel to the neuron (as shown in Figure 5.7D-arrow 3). Due to the growing recognition of
the important physical and chemical connections between neurons and glia, the application
of a multi-model workflow such as reported here, may enable greater insight into the
chemical interactions (revealed by Raman microscopy) between different cell types (revealed
by

immunofluorescence).

Although

multi-modal

Raman

microscopy

and

immunofluorescence (or immunohistochemistry) has previously been reported multiple
times in the literature, such studies used either serial tissue sections 113, or chemically fixed
tissues for both spectroscopic and immunofluorescence measures 250. The protocol reported
here offers a significant advantage as it makes possible association of biochemical data
collected free of the chemical-fixation artefacts, while still offering the benefits of subsequent
immunofluorescence microscopy. Further examples of successful immunofluorescence
staining of tissue that was immersion fixed post-sectioning are provided in Figure 5.8.

Figure 5.8: Immunofluorescence images of the granular layer, molecular layer, white matter
(A, B), and dentate nucleus (C, D, E) of the cerebellum in air dried tissue sections. Cell nuclei
(DAPI, blue), proteins in neuron cytoplasm (MAP2, green), and glial cells (GFAP, red) are all
fluorescently stained. Images were captured with 10x or 20x magnification with 3 different
excitation energies and emission filter pairings: UV λex=375/28 nm (LP λem=435 nm), blue
λex=465/15 nm (LP λem=515 nm), green λex=530/40 nm (LP λem=590 nm). Scale bars represent
200 𝜇m.
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5.2.4 Flash-Frozen Unfixed Tissue Sections can be Analysed with XFM, and then ImmersionFixed for Successful Immunofluorescence
To demonstrate the transferability of the tissue preparation principles observed in the work
with Raman microscopy, similar techniques were used to develop a multi-modal imaging
strategy using XFM followed by immunofluorescence. Rapidly frozen, unfixed tissues were
sectioned with a cryo-microtome and maintained at cryogenic temperatures until XFM
analysis (storage in – 80°𝐶 freezer, and transport to synchrotron facility on dry ice). XFM
analysis was undertaken at cryogenic temperature, using a liquid nitrogen cryostream, which
kept the sample surface at – 40°𝐶. Following XFM elemental mapping, the tissue sections
were air dried, immersion-fixed, and then subjected to routine immunofluorescence analysis.
To demonstrate the wide-spread applicability of this protocol, experiments were undertaken
on brain tissue performing immunofluorescence detection of GFAP.
GFAP antibodies localised to the astrocytes and a DAPI counterstain was used to identify cell
nuclei. Astrocytes are the most abundant cell type in the central nervous system, and there
are high levels of Cu containing astrocytes in the SVZ 65, 197 near the hippocampus. This meant
using GFAP antibodies was useful for the method development process since there would be
strong positive staining expected to correlate with XFM imaged regions. Figure 5.9 shows the
XFM elemental maps, and the immunofluorescence stained tissue with indications of where
the XFM and XANES maps were collected from. It is evident based on changes to tissue
fluorescence in the immunofluorescence image, that the X-rays caused photodamage,
indicated by the increased fluorescence for the XFM imaged region, and reduced fluorescence
in the XANES imaged region. The reason for this difference in photodamage for the two
regions is a result of X-ray exposure time with the XANES imaged region exposed to X-rays for
significantly longer than the XFM region (~ 50x longer, e.g., 98 images collected with 0.2 ms
dwell for XANES rather than just 1 image collected at 0.4 ms for XFM), resulting in more severe
tissue damage, rather than just increased fluorescence. Analysis of the fluorescence intensity
from the non-irradiated, XFM imaged, and XANES imaged regions from 4 tissue sections
demonstrated that for most samples, there was increased fluorescence for the XFM imaged
region, and reduced fluorescence for the XANES imaged region, relative to the non-irradiated
region as indicated in the figure. For one sample however, the XANES imaged region was
significantly photobleached with very high fluorescence signals relative to the non-irradiated
112

region. This could be further indication that prolonged exposure to X-rays will cause
fluorescence to increase, but continued exposure will result in complete damage as was
observed for one sample in which the tissue was burnt through and there was almost no
fluorescence signal from the XANES region. The wide range of fluorescence signals from the
XANES imaged regions can therefore be attributed to different phases of photodamage. While
there were no statistically significant differences between the XANES imaged and the nonirradiated regions due to the variability in data, it was evident, based on visual inspection,
that immunofluorescence staining post XANES imaging is not possible at this stage. While
there is increased fluorescence in the XFM imaged region relative to the non-irradiated
region, it was not statistically significant, and though clearly visible in some images, it did not
appear to hinder the efficiency of immunofluorescence staining. This enabled generation of
an overlay image (figure 5.9, panel G) showing the co-localisation of Cu and astrocytes, which
demonstrated the validity of this multi-modal imaging strategy and its potential application
in future studies.
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Figure 5.9: Multimodal XFM and immunofluorescence microscopy of brain tissue. Frozen, 10
μm SAMP8 mouse sections mounted on 1 μm thick silicon nitride windows were used to collect
XFM maps of Cu (A), Fe (B) and Zn (C) under a cryostream. Maps were generated
simultaneously in one pass at 9803 eV, 4 µm step size and 0.4 ms dwell time. XANES data was
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then collected from a sub-region in 98 passes using energies between 9630 and 9803 eV, with
a 2 µm step size and a 0.2 ms dwell time. The same tissue section was subsequently air dried,
fixed and stained with GFAP (yellow, D) antibodies to identify astrocytes, and DAPI (blue, E)
was used as a counterstain to indicate cell nuclei. An overlay of the GFAP and DAPI stains is
shown in panel F along with indications of the XFM (large rectangle) and XANES (small
rectangle) imaged regions. Fluorescence increased with exposure to X-rays at each
wavelength observed, however, prolonged exposure to X-rays during XANES image collection
caused tissue damage and reduced fluorescence in most cases (H, I). The wide spread of
fluorescence values across samples resulted in no statistically significant differences between
irradiated regions, however, visual inspection demonstrates that immunofluorescence
following XANES imaging is not practical due to the extent of beam damage, but,
immunofluorescence following XFM imaging is achievable. An Fe (red), Cu (blue), and GFAP
(yellow) overlay image of the ventricle has been included as a proof of concept (G). One
representative image is shown in panels A-G. n=4. All scale bars represent 250 𝜇m.
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5.3 CONCLUSION
This chapter has outlined a multi-modal protocol that minimises sample preparation-induced
autofluorescence while preserving (at least in part) endogenous tissue autofluorescence. This
enables subsequent direct label-free subcellular biochemical Raman imaging, measurement
of endogenous tissue autofluorescence, and the ability to stain the exact same tissue sections
with routine histological stains, or immunofluorescence. The major advantage of this protocol
over previous reports in the field, is that it demonstrates the collection of spectroscopy data
on flash frozen un-fixed tissues, prior to subsequent immersion fixation for
immunohistochemical analysis. There are numerous examples in the literature highlighting
the benefit of multi-modal spectroscopic and immunofluorescence imaging, however the
conventional approach is to use chemically fixed samples for both spectroscopic and
immunofluorescence measures, thereby most likely introducing chemical artefacts into the
spectroscopic data – such issues can now be avoided using the protocol highlighted in this
study. Furthermore, this principle is transferrable, and evidently, unfixed tissue can also be
exposed to X-ray fluorescence microscopy followed by fixation and immunofluorescence,
thereby multiplying the value of information extracted from each sample. This multi-modal
approach can hopefully be applied in future studies of brain disease and neurodegeneration
to assist in understanding the various cellular mechanisms that may be involved.
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Chapter 6: Conclusions and Suggestions for Further Work
This thesis has described the development and application of multiple spectroscopic
techniques to study metals and altered brain biochemistry during ageing. The development
of a Zn XANES spectral library not only enabled identification of the most abundant chemical
forms of Zn in the hippocampus and cerebellum, but also highlighted the effect that factors
such as common counter ions (e.g., Cl-) and changes in pH have on Zn speciation in solution.
Additionally, it highlighted some of the limitations associated with certain sample preparation
protocols and confirmed that glycerol, a common glassing agent, alters the Zn coordination
environment so careful consideration should be made when using glassing agents and
interpreting results.
The development of a Zn XANES imaging protocol has further emphasised the importance of
careful sample preparation considerations, revealing that the tissue sectioning and air drying
processes disturb the in vivo Zn coordination environment. Although the in vivo Zn
environment was not accurately reflected by the results presented in this thesis, the data
provides a proof of concept for the protocol which should be applied in future studies of flash
frozen tissue. Additionally, the method that was developed for Zn should be transferable to
other transition metals such as Fe and Cu, so the development of spectral libraries and XANES
imaging of frozen biological tissues to investigate Fe and Cu speciation during ageing and
disease should be considered.
The application of spectroscopic techniques to study the potential consequences of altered
metal homeostasis during ageing was also demonstrated. Specifically, a combination of
XANES and FTIR imaging revealed that the age-related accumulation of Cu in the SVZ does not
likely cause an elevation in markers of oxidative stress, suggesting that either the Cu is not a
chemical form that readily drives oxidative stress, or that there are sufficient antioxidant
defences in place to buffer Cu mediated production of ROS. In addition to expanding
knowledge of the biochemical processes that may be occurring during ageing, this
investigation has revealed the need for further studies to identify the exact subcellular
location, and specific chemical forms of Cu in this region. Additional mechanistic studies to
identify whether the Cu accumulation is natural, protective, or has pathological consequences
are also recommended.
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Finally, the development of a protocol that can couple spectroscopic imaging with
immunohistochemistry on the same tissue sections is promising for future studies not only
relating to brain ageing, but hopefully to many studies involving biological tissue sections. The
ability to correlate biochemical changes with particular cell types or subcellular regions could
be invaluable to expanding knowledge of the various cellular mechanisms that may be
involved in health and disease.
In summary, this thesis has emphasised the importance of careful sample preparation
considerations when using direct spectroscopic imaging techniques, and suggested protocols
for XANES imaging of brain tissue, in addition to correlative spectroscopic imaging and
immunohistochemistry. Furthermore, it has demonstrated the application of spectroscopic
techniques to investigate the potential consequences of altered metal homeostasis during
ageing. The insights provided in this thesis will hopefully assist in future studies relating to
altered metal homeostasis and brain biochemistry during ageing, potentially enabling the
mechanisms contributing to cognitive decline to be further understood. Greater
understanding of the pathways or mechanisms contributing to memory loss and the onset of
neurodegenerative disease are vital for the identification of targets for therapeutic or
preventative intervention.
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APPENDIX
Table 1: p-values from repeated measures one-way ANOVAs comparing the fluorescence intensity over
time in three cerebellar sub-regions. Measurements were taken using fluorescence microscopy with
blue excitation.

Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9

Fluorescence Microscopy (blue excitation) Granular Layer
Day 1
Day 2
Day 3
Day 5
0.0570
0.0022
0.0026
0.0072
0.0079
0.3024

Molecular Layer
0.0449
0.0063
0.0037

White Matter
0.0584
0.0092
0.0092

Day 9
0.0007
0.0012
0.0057
0.0011

0.0002
0.0010
0.3831

0.0004
0.0020
0.0383
0.0079

0.0019
0.0012
0.0853

0.0002
0.0005
0.0055
0.0029

Table 2: p-values from repeated measures one-way ANOVAs comparing the fluorescence intensity over
time in three cerebellar sub-regions. Measurements were taken using fluorescence microscopy with
green excitation.

Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9

Fluorescence Microscopy (green excitation) Granular Layer
Day 1
Day 2
Day 3
Day 5
Day 9
0.0047
<0.0001
<0.0001
<0.0001
0.0342
0.0058
0.0023
>0.9999
0.0019
0.0086
Molecular Layer
0.0127
0.0001
0.0297

White Matter
0.0254
0.0014
0.0581

<0.0001
0.0127
0.8455

<0.0001
0.0097
0.0817
0.0055

<0.0001
0.0050
0.2427

<0.0001
0.0022
0.0112
0.0014
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Table 3: p-values from repeated measures one-way ANOVAs comparing the fluorescence intensity over
time in three cerebellar sub-regions. Measurements were taken using fluorescence microscopy with
UV excitation.

Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9

Fluorescence Microscopy (UV excitation) Granular Layer
Day 1
Day 2
Day 3
Day 5
0.0013
0.0002
0.0003
>0.9999
>0.9999
0.3608

Molecular Layer
0.0213
0.0086
0.7480

White Matter
0.0083
0.0016
>0.9999

Day 9
<0.0001
0.0010
<0.0001
0.0004

0.0037
0.1235
0.0094

0.0001
0.0003
<0.0001
0.0008

0.0012
>0.9999
0.0453

0.0001
0.0028
<0.0001
0.0002

Table 4: p-values from repeated measures one-way ANOVAs comparing the fluorescence signal over
time in three cerebellar sub-regions. Measurements were taken using a dispersive Raman microscope
with green excitation.

Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9

Dispersive Raman Microscopy Granular Layer
Day 1
Day 2
Day 3
Day 5
0.0158
0.0174
0.0028
0.3504
0.0132
0.0124

Molecular Layer
0.0051
0.0002
0.0601

White Matter
>0.9999
0.6781
0.5961

Day 9
0.0004
0.0017
0.0024
0.0037

0.0001
0.0001
0.0036

<0.0001
<0.0001
0.0003
0.0044

0.0156
0.0209
0.0355

0.0073
0.0034
0.0043
>0.9999

120

Table 5: p-values from repeated measures one-way ANOVAs comparing the fluorescence signal over
time in three cerebellar sub-regions. Measurements were taken using a confocal Raman microscope
with green excitation.

Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9
Day 1
Day 2
Day 3
Day 5
Day 9

Confocal Raman Microscopy Granular Layer
Day 1
Day 2
Day 3
Day 5
0.2683
0.0508
0.0394
>0.9999
0.0591
0.9813

Molecular Layer
0.3779
0.0416
0.2944

White Matter
0.0018
0.0052
0.4782

Day 9
0.0008
0.0136
0.0532
>0.9999

0.0003
0.0090
0.0646

0.0011
0.0012
0.0211
0.0812

<0.0001
<0.0001
0.0007

<0.0001
0.0001
0.0022
>0.9999
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