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Abstract

Alzheimer's disease (AD) is pathologically characterised by neurofibrillary tangles
and amyloid-f oligomerisation, which may be instigated by transition metals dyshomeostasis
(Zn, Cu, and Fe). AD diagnosis is intricate, with physicians using expensive and invasive
methods, such as computed tomography (CT), magnetic resonance imaging (MRI), and
positron emission tomography (PET). Hence, significant demand exists for new research to
discover a non-invasive diagnostic technique for monitoring AD patients at an early stage.
There is growing evidence that monitoring changes in the eye may reflect brain alterations
in AD, making the eye a strategic roadmap for diagnosing AD early.
Hence, this thesis focused on the anatomical distributions and concentrations of transition
metals and zinc transporter proteins (ZnT3 and ZIP3) in the brains and eyes of AD and
healthy mice and human samples to investigate the correlation between pathological changes
in the eye and brain in AD.
Inductively coupled plasma-mass spectrometry (ICP-MS) and laser ablation-ICP-MS (LA-
ICP-MS) were used to investigate the age-related changes and anatomical distributions and
concentrations of metal ions in the brain and eye of WT and APP/PS1 mice models. The
abundance and expression of zinc transporters in the eye and brain of the mice models (WT
and APP/PS1) were measured using immunofluorescence (IF) and Western blot.
Transition metals and zinc transporters results demonstrated that there was a significant
difference between the metal concentrations and zinc transporters abundances in the WT and
APP/PS1 mice models (higher transition metals and zinc transporters in the WT than

APP/PS1).
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These results were compared to data collected from human samples (brain and eye). While
AD human samples possessed higher transition metal concentrations compared with healthy
samples, our protein study revealed that the AD patients had lower zinc transporters
abundance than healthy samples.

Finally, the use of quantum dot-labelled amyloid-beta as a multimodal imaging tag for high-
resolution immunofluorescent imaging followed by quantitative LA-ICP-MS imaging of
amyloid plaques in AD was determined to be unsuitable. A high Te background was observed
in the human samples which prevented the co-localisation of IF images with the quantitative
LA-ICP-MS data.

This thesis is the first to report on the distribution and concentration of transition metals and
zinc transporter proteins in mice and human eye retinas of individuals with AD.

These findings provide invaluable insights into a better understanding of AD pathogenesis
and introduce transition metals and proteins in the retina as potential biomarkers for early

AD diagnosis and disease progression monitoring.
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Chapter 1: Literature review

1: Literature review
1.1 Metals in biology

Metals play crucial roles in many cellular and subcellular functions, such as oxygen
formation to hypoxia sensing, with transition metals such as Fe, Cu, Mn, Zn, Co, and Ni have
dual roles due to their unique chemical and physical properties. Transition metals have
multiple valence states under physiological conditions, facilitating their involvement in
single electron transfer reactions, making them ideal for biological systems. For instance,
over 300 protein families have been identified that can exploit zinc.! Dyshomeostasis of
metals can cause cytotoxicity, which may result in several diseases ranging from
hemochromatosis and anemias to neurodegenerative disorders, including Alzheimer's and
Parkinson's.? Therefore, knowing chemical species, locations, and abundance of metals is the
key to realising their role in biological systems® and characterised diseases such as age-
related macular degeneration,* neurodegeneration, etc.
1.1.1 Sources of metals

The human body requires below 100 mg of trace elements to function daily, with their
perturbation negatively impacting the human body and, in the worst cases, resulting in death
as they directly impact metabolic and physiologic processes.> A broad and complex system
inside the human body is responsible for managing and maintaining essential trace elements
within a normal physiological range.
Essential micronutrients include almost 30 vitamins and minerals (Ca, P, Mg, Fe, Zn, Cu,

and Mn), which the human body cannot naturally produce.® These micronutrients are
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supplied from the diet and require transport via the blood. Uptake of transition metals from
the diet includes three steps.’
1. Moving metal ions from the environment towards the cell.
2. Carrying them into the cell through the cell membrane.
3. Transporting metal ions to the place of utilisation within a cell or other cells within the
organism.
The organism must absorb and concentrate environmental elements when their levels are too
low. In contrast, when experiencing high concentrations of essential elements, organisms
must reduce element uptake to evade toxic effects.
1.2 The role of metals in Alzheimer's disease

AD pathology is characterised by oxidative stress, neuroinflammation, calcium
dysregulation, mitochondrial malformation and altered distribution, neurofibrillary tangle
(NFT) formation, amyloid-f (AP) oligomerisation, synaptic toxicity, and metal
dyshomeostasis.® Increased knowledge of the distribution and concentration of transition
metals in different brain regions may be helpful for the early diagnosis of AD. Metals such
as Zn, Cu, and Fe greatly influence the precipitation of amyloid beta (AP) and its related
toxicity in AD.” However, agreement as to their location, concentration, and roles has not
been achieved.
It is well known that in the central nervous system (CNS), the copper concentration decreases
in the frontal, occipital, and parietal lobes in AD patients.!® In AD patients' brains, copper
levels also decrease in the amygdala and hippocampus.!! Another study reported the frontal
cortex of AD patients shows an increased tendency to bind exchangeable copper (loosely

bound to proteins and enzymes, which can be readily exchanged with other molecules).!> No
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significant changes in the Cu levels in the cerebral spinal fluid (CSF) of AD and healthy
controls were observed.'* '* There are many reports regarding the increased,'* !> decreased'®
17 or unchanged'® ' Cu levels in the serum or plasma in AD subjects. Moreover, many studies
also detected excess amounts of free Cu in the serum.?%-2¢ Several animal model studies have
revealed that copper accumulation around plaques in the brain is associated with AD.?”-28
Amyloid-beta precursor protein (APP) can reduce Cu?* to Cu” by its selective and high-
affinity Cu binding site in the extracellular domain.?>-*! There are three selective high and
low-affinity binding sites on the surface of AP (His6, His13, and His14) to bind with Cu,
which mediates toxicity.3> Cu®" plays a vital role in creating B-sheet structures, which are
believed to be an initial step of the toxic aggregation of the fibrillar form of Ap.
Consequently, the interaction of Af with Cu results in the fibril and free radical (oxidative
stress) formation, which are two of the hallmarks of AD pathogenesis.?”-33 Iron is critical for
maintaining neuronal tissue and synthesising myelin and neurotransmitters.’* However,
accumulation of Fe results in increasing AP production and tau dysfunction and in neuronal
cell death.?> Some studies claimed that iron levels increased in AD subjects' globus pallidus
and putamen.® 3739 Alternatively, research based on meta-analysis showed that the Fe level
was either reduced or unchanged in AD patients compared with healthy subjects.*® 4! It was
recently reported that APP could control the level of Fe in the brain by removing it from the
cells, similar to the ceruloplasmin enzyme.*? Interestingly, this phenomenon increased by 70
% in cortical tissue in AD samples.*>#* Conversely, iron increases APP processing, which
results in the formation of senile plaques and oxidative stress and, consequently,

oligomerisation and more AP generation.*’
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Finally, the disturbance of iron levels impacts neuronal populations within the
hippocampus (HPC) via Fenton and Haber-Weiss reactions,* creating oxidative lipids that
further increase neurotoxicity and AD pathogenesis.*’ Therefore, providing a metal-based
map of AD and healthy subjects would be beneficial for recognising the higher-risk regions
in AD brains.

Considerable research has shown that both high and low zinc concentrations might
cause neuronal death through the mechanisms summarised in Fig. 1.1.4% 4 According to
some studies, zinc levels significantly increase in AD patients' hippocampus, amygdala,
neuropil, and brain cortex.!!>3%3! In contrast, Schrag and his group reported, based on meta-
analysis, that there are no significant changes in zinc levels in the AD neocortex.> A further
three meta-analyses*? 33 3% were performed on the level of zinc in plasma and serum in AD
patients and healthy controls with conflicting results. The Zn levels in some patients
increased and in others decreased, while it did not change in others.

Zn can interact with proteins and enzymes which are involved in neurodegenerative
disease. Zn can also accept and donate electrons, leading to the formation of reactive

oxygen species (ROS).%% 57
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Fig.1.1 Different pathways of zinc concentrations contribute to AD progression.*’

There is a clear correlation between A toxicity and zinc concentration, with high A toxicity
occurring at high Zn concentration (~mM) while neuroprotection occurs at low zinc
concentrations (<50 uM).>%%0 Additional evidence for the impact of Zn on the
amyloid plaques is that using metal chelators to remove free Zn significantly enhances the
solubilisation of A deposits in both AD and controls.®' Human/clinical evaluations, rat/mice
models, and cell lines are the platforms for pharmacological studies of metal-chelating
agents.%! Moreover, Cuajungco and Lees®* 6 proposed that releasing Zn after increasing its
initial concentration in intracellular environments causes the precipitation of Af proteins and

compromises the viability of neurons. A greater understanding of the roles of these transition
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metals, and in particular Zn, will inform future diagnostic methods and therapeutic
treatments.
1.3 Biological functions of Zinc

It is estimated that the total amount of zinc in the human body is 1.4-2.3 g% with the
highest Zn concentrations located in the retina (464 pg/g) and choroid complex (472 pg/g)
compared to bone, muscle, liver, pancreas, and kidney tissue.®* 5 The average total of Zn in
the human brain is 150 mmol/L, about 10-fold serum zinc levels.% Zn absorption occurs in
the small intestine while it is excreted in the skin, sweat, via the kidneys, urine, and via the
large intestine/colon, in faeces.®’

Zinc in mammalian biological systems exists in three forms depending on its
molecular behaviour.®® First, non-exchangeable and non-reactive immobile zinc is tightly
bound to proteins, accounting for approximately 54 % of total zinc. Secondly, labile Zn
loosely bound to a ligand accounts for 44.7 %, while the third, reactive or free zinc, exists at
less than 1 %.

Free zinc ions (Zn?") are found in several locations in the central nervous system
(CNS), including the retina,%* hippocampus,® and other regions of the cerebral cortex.”® Zn
is involved in numerous biological functions divided into three main roles: catalytic,
regulatory, and structural.”! Approximately 10 % of human proteins have a zinc cofactor, and
their function highly depends on the Zn concentration.”?

Zn is an essential nutrient for the immune system since it is necessary to form
antibodies, white blood cells, thyroid gland, and hormone function.”373 Zinc is also required

for the catalytic activity of more than 200 enzymes,”®”” wound healing,”” immune function,””>
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78 protein and DNA synthesis, and cell division.” Furthermore, Zn is needed for the sense of
taste and smell®% 8! and the growing process during pregnancy till adolescence.3?%>

Zinc is necessary to produce neurotransmitters in the brain. Zinc deficiency in the
brain results in behavioural changes and brain functions by activating the hypothalamic-
pituitary-adrenal axis, the excitability of glutamatergic neurons, impairment of CaMKII,
CREB, and BDNF, and alterations in GPR39 Zn?" sensing receptor.®¢
Zn is an essential metal for vision and eye health. It helps convert vitamin A, involved in
visual phototransduction, where it serves as the crucial part of photopigment, into the form

that enables low-light vision in the eyes.?’> 88

. Additionally, Zn is necessary for releasing
vitamin A from the liver.?>-% Zn has the highest volume (464 pg/g) in the retina, controls
communication between retinal cells and governs channels that enable ions to flow in and
out of cells.®>°! Transporting nutrients into the retina via pigment epithelium is only possible
in the presence of zinc-dependent proteins.”? Akagi et al. reported that while Zn is present in
various parts of the retina, including pigment epithelial cells (PE), the inner segment of
photoreceptors (IS), the outer nuclear layer (ONL), the inner nuclear layer (INL), the outer
plexiform layer (OPL) and the inner plexiform layer (IPL), and the ganglion cell layer (GCL),
PE and IS have the highest Zn concentrations.”® They also report that Zn is involved in neural
processes in the OPL and IPL, while in the Golgi apparatus, it is assumed to catalyse
metalloenzyme reactions in the retinal pigment epithelium (RPE), IS, INL, and GCL. Zn
initiates biochemical reactions in the nerve cells in the eye and controls neurotransmitters
that move between retinal nerve cells.**

Zinc levels during pregnancy (1.1 to 2.0 mg/day) are essential for developing the

typical palate, lip, brain, eyes, heart, bones, lungs, and urogenital system in infants.” Its
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antioxidant properties are assumed to act against accelerated aging, which hastens the
recovery process after an injury.®* There is also some evidence that the combination of Zn
with antioxidant vitamins results in the slowing progression of age-related macular
degeneration, which changes eyesight with aging.”® Even at low levels, Zinc is an efficient
antimicrobial agent. For instance, zinc supplementation can help treat acute gastroenteritis in
children.®” %% Zinc can be used as a communication signal by the salivary gland, prostate,
immune system, and intestine with other cells.!% Zinc plays a fundamental role in synaptic

plasticity, which is essential in memory storage.'%!-103

Carbonic anhydrase and
carboxypeptidase are two examples of more than 200 enzymatic reactions containing Zn,
which are necessary for regulating carbon dioxide and protein digestion.! An
overabundance of zinc suppresses copper absorption, causes the malfunction of antibiotics,
and creates an upset stomach.>- 103106
1.4 Consequences of zinc deficiency and overload

Zinc is an essential trace metal playing vital roles in numerous biological functions.
At the same time, high Zn concentration results in toxicity, as shown in Fig.1.2.'%7 The signs
of acute Zn toxicity include nausea, vomiting, stomachache, diarrhoea, and headaches. %% 1%
Chronic zinc toxicity from exposure to high levels of zinc (>40 mg/day)''° may lead to low
levels of high-density lipoprotein or good cholesterol, reducing immune system function and
copper shortage.!!!> 112 In enterocytes lining the intestines, zinc regulates the expression of
metallothioneins (MTs),'!3 which act as intracellular ligands and stop the absorption of

metals into the bloodstream, preventing metal toxicity.!'!4-116
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Fig.1.2. Comparison of the impact of zinc excess versus deficiency.!?

Exposing cortical cell culture to 300-600 uM of Zn for 15 minutes causes extensive neuronal
death.!!” Since high amounts of free Zn, stored in neurons' terminals, can be released by
depolarisation,''® Zn may have an influential role in neuronal injury. Moreover,
depolarisation of the membrane resulting in brain injury increases the Zn capability to act as
a neurotoxin.'1%122 Zn is a crucial part of the excitotoxic cascade after ischemia, seizures, and
head trauma.!?2-124

The first study by Tonder and colleagues in 1990 showed that Zn accumulation might play a

role in the selective degeneration of dentate hilar neurons after cerebral ischemia.!?’
31



Meanwhile, in dying or dead neurons, Zn accumulation occurs in the hippocampal hilar
region and other damaged areas of the brain, including hippocampal CA1, neocortex,
thalamus, and striatum.!?¢
1.5 Zinc homeostasis in the brain

Understanding the mechanisms related to metal sensing and regulation is vital to
comprehending their biological roles. Zinc homeostasis in the brain is very complicated,
depending on its life cycle, including acquisition, distribution, and usage. Changing the
homeostasis of zinc in the brain contributes to neurological diseases such as Alzheimer's
disease, Parkinson's disease, and amyotrophic lateral sclerosis.*® 2 Intracellular zinc
homeostasis is achieved by metallothioneins (MTs)'?” and effluxing of Zn?" into extracellular
space by vesicles,'?® 12 Zn?" transporters, and Zn>" permeable ion channels, as shown in Fig.

1.3.
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1.5.1 Metallothioneins (MTs)

The MTs (MT-I, MT-II, and MT-III) family is involved in intracellular zinc
homeostasis and can bind up to seven zinc ions.!3!"13% Metals such as zinc and copper
stimulate MT-I and MT-II in astrocytes.'3! MT-III is a vital regulator of neuromodulatory
zinc in the brain and is highly expressed in zinc-containing glutamatergic neurons.!'3>137
Previous investigations on MT-III in Alzheimer's disease have reported contradictory

findings. Some studies show MT-III malfunction in AD.!3% 13° In contrast, others indicate

normal MT-III function in AD.'4% 4! In mammals, the metal-responsive transcription factor-
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1 (MTF-1) regulates zinc levels by activating the expression of genes that maintain several
copies of the metal-responsive element in their promoters.'4?
1.5.2 Zinc transporters

Zinc transporter proteins in the cell membranes are responsible for trafficking Zn into
the cells and then carrying it into and out of intracellular organelles.!43143 Zinc transporters
include at least six different transporter groups. Three are involved in transporting Zn in
bacteria but not in eukaryotes: the ABC transporters, the RND transporters, and the CorA
proteins. 143 146

Some of the E1-E2 ATPases proteins, which act as the ion and lipid pumps in
eukaryotes, have a role as the Zn transporter.'#” These Zn transporters are mainly from two
groups of proteins: ZRT or IRT-like proteins (ZIP, SLC39A) and cation diffusion facilitators
(CDF/ZnT, SLC30A)'48151 152 which have an opposite function of maintaining cellular Zn
homeostasis and was produced genetically in 1996 based on a mouse genomic A library

screening.%® Until now, at least 14 ZIPs and 10 ZnTs have been reported. Figure.1.4 shows

the subcellular localisation of ZnT and ZIP transporters and zinc transport direction.!>
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Fig.1.4 Subcellular localisation of ZnT and ZIP transporter proteins, and zinc transport

direction.!3

1.5.2.1 SLC30A (ZnT3) family of transporters

The SLC30 proteins, mammalian transporters, are part of a vast family of cation
diffusion facilitator transporters which comprise Zn transporters with similar topology
among bacteria, fungi, nematodes, insects, plants, and mammals.'** In addition to Zn, ZnT

transporters can also transport other cations, such as Fe, Mn, and Cd.'>
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The ZnT3 protein is localised on the membrane of intracellular organelles.'>® It
adjusts the level of Zn by secreting cytoplasmic zinc into various compartments, storing or
delivering it to the proteins that require zinc for their activities (Fig. 1.5).

Cole et al.!*¢ developed ZnT3 knockout mice and proved that these mice do not have
histochemically detectable zinc, inferring that the ZnT3 protein serves as a zinc transporter.
According to the zinc transporter function in yeast, the ZnT3 protein works via an

electrogenic antiport, exchanging one hydrogen ion for one zinc ion.!7- 158
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Fig. 1.5. Cellular localisation of ZnT3 transporters in an axon terminal.'>®

The position of ZnT3 in the brain has been shown by electron microscopy to be at the
membranes of glutamatergic and tyrosine hydroxylase-positive synaptic vesicles in the zinc-

enriched terminals in neural tissue.!®® 161 Epithelial cells of the choroid plexus,'®? the
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Bergmann glial cells in the cerebellar cortex,'®® and the postganglionic neurons of mouse
superior cervical ganglia'é! are additional locations of ZnT3 expression.

During ageing, the human brain, in the cerebral cortex, will face decreasing
expression levels of ZnT3.® This downward expression is more evident in AD 3% or
Parkinson's disease.!®* In agreement with decreasing the ZnT3 expression in AD or
Parkinson's disease, aged ZnT3-KO mice show deficiencies in learning and memory.>% 165
166 The ZnT3 expression levels may affect Zn concentration and nutrients, so that omega-3

acid decreases the ZnT3 gene expression in the human neuroblastoma cell line M17.167

1.5.2.2 SLC39A (ZIP3) family of transporters

ZIP superfamily transporters (ZIP1-14) are found in all organisms from bacteria to
mammals. They transport metals, including Zn, Fe, Mn, and possibly others, by transporting
them into the cytoplasm across cellular membranes by influx or efflux from the extracellular
space or intracellular, respectively ( ).168 Three members of the ZIP superfamily
(ZIP1-3) have been identified in mice and humans. The ZIP3 protein is localised on the

plasma membrane and lysosomes.'6®
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Fig.1.6 Subcellular localisation of human ZIP transporter proteins. '

The mouse ZIP3 gene (SLC39A3) encodes an eight-transmembrane-domain protein
responsible for Zn uptake by mammary epithelial cells and is controlled by prolactin.!®® Mice
with ZIP3 knockdown show a decreased Zn?" uptake due to ZIP3 malfunction in importing
Zn?*.1%-172 Shannon L. Kelleher proposes that in ZIP3-null mice, !7*> while ZIP3 protein is
not necessary for adjusting the level of Zn, it is vital when dietary Zn becomes limited. In
another study, Jodi Dufner-Beattie et al. found that while Zn seems to be the favoured metal
for ZIP3, the Zn uptake process by ZIP3 was suppressed by all metals (Cu, Cd, Mn, Co, Ag,

Mg, and Ni except Fe), inferring that ZIP3 transports other metals.!”*
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1.6 Zinc in the eye
Galin's research on ocular tissues in 1962% revealed that the retina and choroid have
the highest zinc concentration. In contrast, the cornea, iris, and sclera have the lowest amount,

as shown in Table. 1.1.

Table.1.1 Total zinc concentration in tissues

Ocular tissues Parts Per Million Reference
Cornea 25-35 64
Iris 17-26 64
Ciliary Body 189-288 64
Retina 385-571 64
Choroid 419-562 64
Optic Nerve 67-161 64
Sclera 47-52 64
Lens 17-29 64
Bone 218 64
Muscle 197 64
Liver 179 64
Pancreas 115 64
Kidney 194 64

Most of the intracellular Zn in the eye is bound to zinc-binding proteins.!”5-177 93

However, a considerable amount of Zn is exchangeable because of its dynamic nature and

178,179

participation in different biological processes , as shown in Fig. 1.7.

39



Total zinc

i
i

ow (OO0

O B
D= =
® =2 O » O O - 5 )
Exchangeable zinc

Fig.1.7 The cellular organisation of the retina. The shaded bar on the bottom!7% 180 181 and

top shows exchangeable zinc and total zinc level in the different layers.'82-13> (Note: Darker

shading indicates higher zinc concentration)

1.6.1 Zinc in retinal cellular function

A functional retina is necessary for vision. Zinc is fundamental to retinal operation
since many enzymes essential for retinal function are zinc-binding proteins (Fig. 1.8).87 Zn
participates in retinal functions via interaction with taurine and vitamin A, modifies plasma

membranes in the photoreceptors, regulates the light-rhodopsin reaction within the

40



photoreceptor, modulates synaptic transmission, and acts as an antioxidant in both the retinal

pigment epithelium and retina.!3¢

Zinc modulates retinal
synaptic transmission

Zinc regulates the
| light - rhodopsin reaction

>

Zinc modifies plasma
membranes in the
photoreceptors

Zinc interacts with
taurine and Vitamin A
in the photoreceptors

Zinc acts as an
antioxidant in the
retina and RPE

(© Juliane Deubner 2000

Fig. 1.8. Functions of zinc in the retina and retinal pigment epithelium.?’

Protein aggregation found in sub-RPE deposits between the RPE cell and Bruch's
membrane may indicate the malfunction of several zinc-dependent proteins.'®” While low
concentrations of Zn have been reported to be neuroprotective, high concentrations have

adverse outcomes.!$8
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The activity of phagocytosis enzymes in photoreceptor outer segments is highly
dependent on the Zn level. For instance, Wyszynski and colleagues reported that the function
of o-mannosidase enzyme found in RPE cell lysosomes which degrade the outer
photoreceptor segment, relies on zinc concentration.'®® Still, many ocular functions and
degenerative eye diseases related to Zn concentrations need further investigation.

1.7 Alzheimer's Retinopathy: Observing Disease in the Eye

Recently, investigating Alzheimer's disease and other dementias has evolved to
consider the eye-brain connection due to difficulty accessing the brain structure.!*® 1°! The
brain-eye tissue relationship has become an area of high interest among ophthalmologists
and neurologists. Studies on the brain and eye demonstrate that diseases and conditions of
the brain impact the eye, mainly because the optic nerve and retina of the eye are brain tissue
that exists outside the brain.!”> Alzheimer's disease and dementia from brain cell damage
appear to impact the retina.'*3

The retina's primary role is to convert light signals into decodable neuronal impulses
for transmission to the brain, enabling visual perception. The retina consists of two main
structural components, light-sensitive neurosensory retina and retinal pigment epithelium

(Fig. 1.9).194
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Fig.1.9 Schematic representation of the retina.'*

The neuroretina is part of the brain's central nervous system (CNS) that is not
protected by bone and is easily accessible for non-invasive high-resolution imaging.!*> Many
structural and functional characteristics of the retina are identical to the brain, including the
blood barrier and populations of neurons and glial cells responsible for secreting proteins
related to the amyloid, such as beta-secretase 1 (BACE1), gamma-secretase, apolipoprotein
E, and clusterin.!”®2% Their microvasculature is also morphologically and physiologically
alike. The retina is physically connected to the brain via the optic nerve axons, with efflux

and the influx of the as-synthesised amyloid beta-protein precursor from retinal ganglion

cells 196, 204
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Studies have revealed that patients with cognitive decline, mild cognitive impairment

(MCI), and AD frequently suffer from visual impairments, abnormal electroretinogram

patterns, and circadian rhythm disturbances, which could be attributed to retinal damage.?%>
210 Additionally, a growing body of evidence demonstrates the presence of neural

degeneration'®"-2!! and AP in the retinal tissue of AD patients.!!:207-212 Fig | 10 illustrates

the retinal pathology in AD patients.!*®

Human Retina
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Fig.1.10 Schematic illustration of retinal pathology in AD patients.!®>

Although surveying changes related to AD in the retina are a beneficial strategy for
its early diagnosis, obtaining high-quality images for analysis can be restricted by, for
example, pupil size, formation of senile cataracts, and media opacities. While the retina may
be modified by other diseases, such as diabetes and age-related degenerative conditions, the

anterior eye is more accessible for imaging and less affected by the factors listed above.?!3
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Overall, the potential for non-invasive retinal imaging, the close relationship between
the retina and brain and their anatomical sub-structures, represents a new and unique window
towards more comprehensive studies of neurodegenerative diseases such as Alzheimer's and

Parkinson's.

1.8 In situ imaging of metals in tissues

Identifying and quantifying trace metals in their native physiological environment is
necessary to understand their role in neurodegenerative processes better. Early histochemical
methods, such as Turnbull's blue, dithizone, and rhodanine, were developed for the
microscopic identification of Fe, Zn, and Cu in tissues, facilitating the representation of
transition metals.?!% 215 A wide variety of highly sensitive instruments and microanalytical
techniques have since been developed for the in situ analysis of transition metals. Table 1.2
shows some of the currently available microanalytical methods for the in situ detection of
trace metals in cells and tissues.?!6-2!8
Depending on the task, each of these microanalytical technique (Table.1.2) has advantages
and disadvantages. For instance, MRI and PET suffer from common drawbacks, including
high costs, low spatial resolution, limited accessibility, poor sensitivity and specificity,?!® and
the absence of standardisation and scalability. Fluorescence microscopy-based methods are
highly sensitive in live cell and tissue studies. However, they have some limitations such as
scattering, narrow penetration depth, photobleaching, phototoxicity, lack of external
calibration standards, and inaccurate data interpretation resulting from interfering probes and
dyes with the lipid vesicles, etc.??° Synchrotron and focused ion-beam-based microscopes

offer the best combination of sensitivity and spatial resolution; however, due to their ionizing

high-energy excitation beam are not ideal for studying live organisms.?!®

45



Metal concentrations of anatomical regions have been measured through various
analytical techniques, such as flame-induced atomic absorption spectrometry, electrothermal
atomic absorption spectrometry, and optical emission spectrometry with excitation in

221 However, these techniques result in losing spatial

inductively coupled plasma.
information, which is vital when disease states being assessed involve small, well-defined
regions or specific cell types. Laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) has received much attention for visualising metals in biological systems due

to its advantages, such as higher sensitivity, lower matrix effect and less sample

preparation.??
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Table.1.2 Microanalytical techniques for in situ imaging of trace metals in biology.

Analytical method Detection Spatial Analytical Quantification Ref
limit resolution depth (nm)
(nm)
Electron Probe X- 100 (uLXAS) 0.03 0.1-1 Semi-quantitative 210
ray
Microanalysis ug/g
Proton Beam 1-10 0.2-2 10-100 Quantitative 210
Microprobe pg/g (PIXE-RBS)
(PIXE, RBS, &
STIM)
X-ray Microprobe 0.1-1 0.03-0.2 > 100 Quantitative 210
(SXRF, uXAS, (SXRF)
100 (uXAS)
UXANES)
Laser Ablation- 0.01 pg/g 15-50 200 quantitative 210
Inductively coupled
plasma - mass
spectrometry
(LA-ICP-MS)
Positron Emission high pM 1000-2000 no limit Semi-quantitative 211
Tomography
(PET)
Magnetic mM —low 25-100 no limit Semi-quantitative 211
Resonance nM
Imaging
(MRI)
Optical pM to nM 2000-3000 <lcm Semi-quantitative 211
Fluorescence (in vivo)
Microscopy 0.2-0.5
(in vitro)
Visible Light Low-uM 0.2-0.5 0.01-1 Semi-Quantitative 212
Microscopy

1.9 Aims of this thesis
This thesis aims to investigate the concentrations of transition metals (Cu, Zn, and

Fe) and zinc transporter proteins (ZnT3 and ZIP3) in the brain and eye of mice and human
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samples (AD and healthy) to explore their role in AD, defining any correlations between the
eye and brain tissues that occur in AD.

This aim will be addressed by the specific objectives:

Visualising anatomical distributions and concentrations of transition metals (Zn, Fe, and
Cu) in the cross-sectional slices of the brain and eye of mouse model (WT and APP/PS1,
9-month) by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-
MS).

Investigate the age-related changes in transition metal concentrations in the eye and brain
of mice models (WT and APP/PSI, 9-and 18-month old) by solution nebulisation-
inductively coupled plasma-mass spectrometry (SN-ICP-MS).

Assess the abundance and expression of ZnT3 and ZIP3 in the eye and brain of mice
models (WT and APP/PS1, 9-and 18-month old) by immunofluorescent imaging and
Western blot, respectively.

Examine the role of ZnT3 as the Zn transporter in the eye and brain of the mice model
(knockout and WT, 3, 11, and 14 months) using SN-ICP-MS.

Study the concentrations of transition metals and zinc transporters proteins in the human
brain and eye (9 cases with AD and 6 controls) by LA-ICP-MS and immunofluorescence.
Identify the amyloid plaques in the mice and human samples (control and AD, eye and

brain) using Quantum dot labelled amyloid-beta.

48



Chapter 2: Materials and Methods

2. Materials and Methods

All experiments were conducted within the Graduate School of Health (GSH) at the
University of Technology Sydney (UTS).
2.1 Sample preparation
2.1.1 Mice sample preparation
APP/PS1, a double transgenic mouse expressing a chimeric mouse/human amyloid precursor
protein (Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9), and age-matched
C57BL6 littermate WT were received from the University of Melbourne (Florey Institute,
19-060-FINMH). A previous study conducted by our group investigated the behavioural
phenotype of APP/PS1 and WT mice. Their findings showed a non-significant decline in the
displacement index (novel object recognition) in APP/PS1 mice, along with a non-significant
increase in the displacement index among WT mice from 6 to 12 months. 22> Upon removing
brains and eyes, they were placed in the solution consisting of paraformaldehyde (4 % w/v)
and phosphate-buffered saline buffer (PBS) (0.1 M, pH 7.4) and stored at 4 °C overnight.
Then, they were transferred into a 30 % sucrose solution (PBS) for three days to cryoprotect
the tissue. Next, the sucrose solution was removed, and the left sagittal side of the brain was
placed with the tweezers in the side of the embedding mould. Specifically, the brain's flat
side was oriented so that it lay flat against the inner surface of the embedding mould. This
ensured proper contact and alignment of the brain with the embedding mould for further

processing. It is worth noting that the whole eye sample was placed in the middle part of the
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embedding mould. Afterward, embedding mould was filled with optimal cutting temperature
compound (OCT) while bubbles were removed with tweezers and kept at -80 °C.
2.1.2 Human sample preparation

The human eyes and brains were collected from the Netherlands Brain Bank and
processed under the same protocol. We received human eye and brain tissues embedded in
paraffin blocks, not as sections. All ethical requirements in relation to tissues obtained from
the Netherland Brain Bank (NBB) were covered by NBB’s ethical guidelines and processes.
A biosafety approval was sought and obtained from UTS prior to commencement of
experiments: "(2016-05-R-G) Implications of retinal neurodegeneration in Alzheimer’s

Disease. Fig.2.1 represents the Paraffin-embedding process for human tissues.??*
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Fig.2.1 Schematic diagram for the entire experimental procedure. (A) Flowchart for
the all steps of the protocol. (B) Schematic diagram illustrating the procedure for
embedding brain tissue.??*

2.2 Instrumentation
2.2.1 Cryosectioning
All frozen tissue sectioning was performed using Leica CM1950 (Leica

biosystem).??> The specimen and blade holder temperature were set to -20 °C to keep the
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structure of embedded OCT samples during the sectioning. The thickness of each slice was
set to 10 um. Each specimen is positioned and sectioned at the same angle to the blade to
achieve consistency in the sectioning process. A few initial slices are cut from the sample to
remove excess OCT to section from the fresh sample. Four and three slices of eye and brain
samples were placed on the surface of microscope slides, respectively. Finally, all sectioned
slides were stored at -80 °C.
2.2.2 Microtome paraffin sectioning

All paraffin tissue sectioning was performed using MICROM HM 325 (Thermo
Scientific Microtome).?2
1: Cooling paraffin-embedded tissue blocks with ice before sectioning. It helps to have
thinner sections; the small amount of moisture penetrating the block makes cutting easier.
2: Fill a water bath with ultrapure water and heat to 40-45 °C.
3: Place the blade in the microtome holder, ensure it is secure and set the clearance angle.
The clearance angle prevents contact between the knife facet and the face of the block.
4: Insert the paraffin block and orientate so the blade will cut straight across the block.
5: Embellish the block by cutting a few thin sections (30-50 um) to cut a representative
section.
6: Cut sections at a thickness of 10 um, then pick up the sections and float them on the water's
surface in the water bath, so they flatten out.

7: Use microscope slides to pick the sections out of the water bath and allow sections to dry

overnight.
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2.2.3 Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)

LA-ICP-MS was applied to measure the concentration of Zn, Fe, and Cu and their
distribution in the WT and APP/PS1 mice model (9 month) and human samples.??’ This
research was carried out on a Teledyne Cetac LSX-213 G2+ laser hyphenated to an Agilent
Technologies 7700 ICP-MS, with argon used as the carrier gas. LA-ICP-MS conditions were
optimized on NIST 612 Trace Element in Glass CRM. The human samples were ablated
under 50 pm spot size and a scan speed of 200 pm/s at a frequency of 20 Hz. The mice
samples were ablated under 50 um spot size and a scan speed of 100 um/s at a frequency of
20 Hz. Quantification was performed via external, matrix-matched six-point calibration
standards containing differing concentrations of Zn, Fe, Cu, and Mn in gelatine as per the
method by Westerhausen et al.?*® The data were collated into a single image file using in-
house developed software and quantified and visualized using ImagelJ.

2.2.4 Solution nebulisation-inductively coupled plasma-mass spectrometry (SN-ICP-
MS)

Solution nebulisation-inductively coupled plasma-mass spectrometry (SN-ICP-MS)
was used to analyze digested ZnT3-knockout, WT, and APP/PS1 mice models and digested
standards. SN-ICP-MS was performed using 7700x series ICP-MS (Agilent Technologies,
Waldbronn, Germany), which is equipped with a micromist™ concentric nebuliser (Glass
Expansion, West Melbourne, Australia) and a Scott type double pass spray chamber. All
experiments used 99.9995 % ultra-high purity liquid argon (Argon 5.0, Coregas Pty Ltd,
Yennora, NSW, Australia). Solution-based samples were transferred to the I[CP-MS using a
1.02 mm internal diameter Tygon tubing and a three channels peristaltic pump. The solutions

were pumped at a continuous flow rate of 1.0 mL/min. Then, they were delivered to the
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plasma of the ICP via a Micromist nebulizer and Scott type double pass spray chamber. It is
worth mentioning that a 100 ppb Rhodium solution in 1 % HNOs was used as an internal
standard and introduced into the analyte flow via a T connector post-pump.
2.2.5 Microscopy

Zeiss Axioscan slide-scanning microscope, high-throughput, was used for
fluorescence imaging. It has two light sources, including the super-fast 7 wavelengths LED
light source Zeiss Colibri 7 and the white light LED light source X-Cite Xylis, allowing the
selection of the appropriate wavelengths. It is equipped with Peltier-cooled cameras from the
Zeiss Axiocam portfolio to support brightfield and fluorescence applications with state-of-
the-art imaging performance.
2. 3 Immunofluorescence and Hematoxylin and Eosin (H&E)
2.3.1 Materials

1: Phosphate-buffered saline (PBS) (137 mM NacCl, 2.7 mM KCIl, 10 mM Na;HPO4,
1.76 mM KH>POy4, pH 7.4) was purchased from Sigma Aldrich (P4417-50TAB).
2: Rehydration reagents: xylene (534056-4L) and Ethanol (95 %, 64-17-5) were purchased
from Sigma Aldrich.
3: Heat-induced epitope retrieval reagent: Sodium citrate buffer was purchased from Sigma
Aldrich (pH 5.5, P4922).
4: Endogenous peroxidase blocking solution: 3 % H>O> was purchased from Sigma Aldrich
(88597).
5: Blocking reagent: Bovine Serum Albumin was purchased from Sigma Aldrich (A3059).
6: Primary antibody: Anti-ZIP3 antibody (GenTex, GTX85133) and Anti-ZnT3 antibody

(Merck, SAB2105534).
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7: Secondary antibody: Anti-Goat 1gG (whole molecule)-Cy3 antibody produced in rabbit)
was purchased from Sigma Aldrich (C2821-1ML).
8: Thioflavin S was purchased from Sigma Aldrich (T1892-25G).
9: Triton™ X-100 was purchased from Sigma Aldrich (X100-1L).
Before tissue staining, all counterstains, primary and secondary antibody concentrations,
fixation, blocking, and washing steps should be optimized.
2.3.2 Immunofluorescence staining protocol of mice frozen tissue

First, the eye/brain tissues were permeabilized with Triton X-100 (1 %, 0.1 M PBS)
and incubated at room temperature for 30 min, followed by washes with phosphate-buffered
saline (PBS, 0.1M) (3 x 5 minutes). Next, tissues were blocked with PBS-BSA (5 %, 0.1 M)
for 2 h at room temperature. Tissues were incubated with primary antibody dilution (1/1000)
(Anti-ZIP3 antibody or Anti-ZnT3 antibody) in PBS-BSA (0.1 M, 1 %) overnight at 4 °C in
a sealed and moist environment. The following day, the primary antibody solution was
removed and washed with Triton X-100 (0.1 %, 0.1 M PBS) (5 x 4 minutes). Next, tissues
were incubated with the secondary antibody dilution (1/1000) (Anti-Goat IgG (whole
molecule)-Cy3 antibody produced in rabbit) in PBS-BSA (0.1 M, 1 %) at room temperature
for 2 h. After incubation, the tissue was washed with PBST (0.1 %) (5 x 4 minutes) and
incubated with Thioflavin S 1 % (brain) or 2 % (eye) for 1 min. Then, the tissue was washed
thrice with 80 % ethanol, 95 % ethanol, and milli-Q water. One drop of 4', 6-Diamidino-2-
Phenylindole (DAPI) was added to the surface of the tissue, covered with a coverslip, and
air-dried (4 °C, 12 h). Eventually, the coverslip was sealed with nail polish and imaged by

fluorescence microscopy (Zeiss Axioscan slide-scanning microscope).??’

54



2.3.3 Immunofluorescence staining protocol of paraffin embedded tissue

I: Human Paraffin-embedded eyes and brains are cut (10 um) and mounted on
Superfrost plus slides. Slides are placed in plastic vertical slide holders and heated for 60
minutes at 50-60 °C in a dry oven to facilitate tissue attachment and soften the paraffin.
2: Remove paraffin and rehydrate tissues using the following slide wash/incubation
sequences: xylene (2 x 2 minutes), 100 % ethanol (2 x 2 minutes), 90 % ethanol (2 x 2
minutes), 70 % ethanol (2 x 2 minutes), ddH>O (1 x 2 minutes).
3: Wash slides with PBST (0.5 % Triton X100) (3 x 5 minutes).
4: Antigen retrieval was performed by submerging slides in excess antigen retrieval buffer
and boiling them in a microwave using a microwave-safe container for 10 minutes. Then,
allow slides to cool to room temperature (about 40 minutes).
5: Wash slides with PBST (0.5 % triton) (3 x 5 min).
6: Peroxidase blocking: To block endogenous horseradish peroxidase activity, slides are
incubated in 0.3 % (v/v) hydrogen peroxide solution for 10 min at room temperature.
7: Wash with PBST (0.5 % triton) (3 x 5 min).
The rest of the procedure is the same as frozen tissue (see section 2.3.2 for details).?*°
2.3.4 Hematoxylin and Eosin (H&E)

Paraftin slides were placed in a slide holder and washed with Xylene (3 x 3 min), 100
% ethanol (3 x 3 min), 90 % ethanol (1 x 3 min), 70 % ethanol (1 x 3 min), and deionized
water (1 x 3 min). Afterward, for hematoxylin staining, slides were incubated with
Hematoxylin (1 x 3 min), followed by washing with tap water (1 x 3 min). Then, slides were
dipped in acid ethanol (8-12 times), followed by washing with tap water (1 x 3 min). In the

following, for eosin staining and dehydration, slides were incubated with eosin (1 x 30 sec)
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and washed with 95 % ethanol (3 x 5), 100 % ethanol (3 x 5), and Xylene (3 x 5). Finally,
slides were covered by glass coverslips and dried overnight in the hood.??!

2.4 Western blot

APP/PS1 and normal-aged mice (9-and-18-month) brains were dissected on ice and
processed immediately. Briefly, hippocampus tissues were homogenized in ice-cold
radioimmunoprecipitation assay buffer [SO mM, Tris-CL, pH 7.5, 150 mM NaCl, 1 % NP-40,
0.5 % sodium deoxycholate, and 1 % sodium dodecyl sulfate], supplemented with a protease
inhibitor cocktail (Sigma-Aldrich P8340) and phosphatase inhibitors (50 mM NaF, 1 mM
Na3VOys, and 30 mM NasP207) (Sigma Aldrich PO001), using an ultrasonic probe. Then, the
above-mixture protein solutions were centrifuged at 12000 G at 4 °C for 30 min. Afterward,
the supernatants were collected, and total protein concentrations were determined using the
BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). Hippocampal samples
(40 pg) were separated by 12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(140 V, 45 min) and transferred to a nitrocellulose membrane by iBlot®2 Dry Blotting
System. Then, the nitrocellulose membrane was blocked by the blocking buffer, followed by
incubation with primary antibodies overnight at 4 °C. The dilutions of primary antibodies
were 1:1000 for ZnT3 and ZIP3 and 1:10000 for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The following day, the membrane was washed with tris-buffered saline solution
with the 0.1 % Tween 20 (TBST) and incubated with 20 mL buffer (10 mL blocking buffer
+ 10 mL TBST) containing 1.5 pL of secondary goat Ab (925-32211) for 1.5 h at room
temperature. Then, gently shake with 10 mL of TBST, TBS, and water for 5 min. Finally,

read with Odyssey® DIx Imaging System.?3?

56



2.5 Data processing

The ICP-MS provides the data of each raster line in a numbered folder containing a
correspondingly numbered comma separated values file (CSV), including the time-resolved
elemental data. The structure of the CSV is in the form of the first column time in seconds.
Each consecutive column is the signal of one of the measured elements in counts per second,
starting from the lowest mass and ending with the highest mass. With the help of ImalJar
(Masslamger Version 3.62b), developed by Robin Schmid, University of Munster, each CSV
file was separated into individual elements followed merged into a single element image
(Fig.2.2). The hippocampus and cortex regions of the brain were demarcated based on The
Allen Mouse Brain Atlas.>*? The retina was demarcated using published papers that present

Hematoxylin and eosin (H&E) images of retina structure. 23423
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Fig.2.2 Graphic user interface for ImaJar software.
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Chapter 3: Transition metals in Mice

3. Evaluation of Fe, Cu, and Zn in the eye and brain (WT and APP/PS1 mice models)
3.1 Introduction

The distribution and homeostasis of metal ions such as iron (Fe), copper (Cu), zinc
(Zn), and calcium (Ca), which are crucial for maintaining normal physiological functions in
the AD brain, have been discussed for almost six decades.??’
The brain concentrations of Mn, Fe, Cu, and Zn range from 1.3-2.72, 21-120, 5.0-10.6, and
33-47 ng/g, respectively.?*® The deposition of Ap within the neocortex, followed by oxidative
stress and neuronal demise, is the hallmark of AD. There are many reports regarding the
metallochemistry of AP, in which Fe, Zn, and Cu bind to AP and precipitate it into
aggregates.?37-239-241 On the one hand, low physiological concentrations of Zn?" result in AR
precipitation.’? In addition, Cu?* and Fe*" have a higher impact on AP aggregation under
mildly acidic conditions (e.g., pH 6.8-7.0) as compared to the Zn ion.?*> On the other hand,
the high concentrations of Fe, Zn, and Cu in amyloid plaques suggest that oxidative stress
generated from their dyshomeostasis and metal-protein interactions may be the mechanism
underlying the aggregation and toxicity of senile plaques, which eventually results in AD.**
30,243 Evidence suggests that removing (chelating) Fe, Cu, and Zn from amyloid plaques can
reduce their toxicity and consequently, increase their solubility, which further demonstrates
the impacts of Fe, Cu, and Zn in AD.3% 244,245

There are several controversial reports regarding possible associations between age-
related macular degeneration (AMD) and AD; these studies are based on mental state
examination or word fluency scores.?*6-24° Depleting intracellular Zn in the eye's retinal cells

causes the caspase-dependent death of photoreceptors and other retinal neurons. As a result,
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this Zn deficiency leads to the pathogenesis of AMD.?** Furthermore, Age-Related Eye
Disease Studies (AREDS) and several other research groups argue that dietary
supplementation with Zn is an efficient strategy against AMD.?3!1-253

Here, laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
and solution nebulisation-inductively coupled plasma-mass spectrometry (SN-ICP-MS) were
applied to study the transition metals (Cu, Fe, and Zn) anatomical distribution in cross-
sectional slices and assess age-related changes in their concentrations in both the brain and
the eye mouse model (WT and APP/PS1, 9-and 18-month old), respectively.

To the best of the author's knowledge, this is the first report investigating the
concentrations and distributions of transition metals (Cu, Fe, and Zn) in the eye's retina AD
mouse model.

3.2 Results

3.2.1. Visual distribution of transition metals in the brain and the eye of APP/PS1 and
WT mice.

The first aim was to visualize the anatomical distributions of metal ions in the cross-sectional
brain and eye slices obtained from 9-month old APP/PS1 and WT mice. LA-ICP-MS was
used (see Section 2.2.3 for details) to produce a calibrated representative image of each
metal’s distribution (i.e., Cu, Fe, Zn). Image analysis was then performed to objectively
quantify the concentrations of transition metals in the various regions of interest (i.e.,
hippocampus, cortex, retina). While the one-way ANOVA test and t-tests could be used to
compare the concentrations of transition metals between the WT and APP/PS1 groups, we
used t-tests to compare the metal levels between two groups (WT vs. APP/PS1) separately

for each region of interest (retina, hippocampus, and cortex). We are more interested in
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pairwise comparisons between individual groups. The metal levels in the hippocampus are
significantly higher than in the retina, which could lead to a significant overall difference
when we compare all three regions together using one-way ANOVA. As a result, it might
not provide us with detailed information about which specific groups are driving the
difference.
Copper (Cu)

The anatomical distributions of Cu in the brain and eye are shown in Fig. 3.1 (A and
B, respectively). Visual assessment of the calibrated quantitative images demonstrated
greater Cu enrichment in the hippocampus and cortex of WT mice compared with APP/PS1
mice (Fig.3.1 A). A similar pattern was also observed in the eye, with the retina of WT mice
harbouring higher concentrations of Cu compared to the APP/PS1 mice (Fig.3.1 B). The
image analysis results were consistent with the visual assessment, with higher concentrations
of Cu observed in the brain and retina of WT mice compared with APP/PS1 mice (Fig.3.2).
We excluded the ciliary body region in our image processing, and we believe that the area
with high copper expression is part of the retina. Furthermore, we looked at the correlation
between the retina and the brain- not the front of the eye. More specifically, retinal Cu
concentrations (ng/g) were significantly higher in WT mice compared with APP/PS1 mice
(18.2£0.9 vs 16.2 £ 1.2, p<0.001). In the hippocampus and cortex, Cu levels (ng/g) were
also significantly higher in WT mice compared with APP/PS1 mice (20.3 £ 1.4 vs 19 £0.5,

p<0.05 for the hippocampus; 14.4 £ 1.2 vs 13 £ 1.5 p<0.05 for the cortex).
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WT

APP/PSI

Fig.3.1 Spatial distribution of Cu in the brain (A) and eye (B). In each panel: sample map
of 63Cu in sagittal brain/eye sections of 9-month-old WT (upper row) and APP/PS1 (lower
row) mice. The scale represents calibrated Cu in ppm. HPC, hippocampus; CX, cortex. Side
by side images of the brain and retina belong to two different animals
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Fig.3.2. Metal quantification analysis. Cu
levels in the retina, hippocampus, and
cortex of 9-month old APP/PS1 and WT
mice (n=10 mice in each group). Error bars
represent Standard Error of the Mean
(SEM). (*p <0.05, ***p <0.001, Student's
t-test, unpaired). HPC, hippocampus; CX,
cortex
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o Iron (Fe)
The spatial distributions of Fe in the brain and eye sections of a representative WT and
APP/PS1 mouse is shown in Fig. 3.3 (A and B). Visual assessment of the brain calibrated
quantitative images shows that the hippocampus and cortex of WT mice possess higher
concentrations of Fe compared with APP/PS1 mice (Fig.3.3 A). The retina of WT mice
displayed a similar pattern (higher Fe content) relative to the age-matched APP/PS1 mice
(Fig.3.3 B). The image analysis also confirmed these observations: the brain and the retina
of WT mice had higher Fe concentrations than APP/PS1 mice (Fig.3.4). In the retina and
hippocampus, Fe concentrations (ng/g) were significantly higher in WT mice compared with
APP/PS1 mice (82.5+6.3 vs 73.1 £5.5, p<0.01 for retina, 53.5+ 3.6 vs 37.3 £ 5.7, p<0.0001
for hippocampus). In the cortex, while Fe concentration (pg/g) in the WT mice was 1.13
times higher than that of APP/PS1 mice, the difference was not statistically significant (40.4

+5.3vs36.4+6.3,p:0.18).
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Fig.3.3 Spatial distribution of Fe in the brain (A) and eye (B). In each panel: sample map
of 56Fe in sagittal brain/eye sections of 9-month-old WT (upper row) and APP/PS1 (lower
row) mice. The scale represents calibrated Fe in ppm. HPC, hippocampus; CX, cortex.
Side by side images of the brain and retina belong to two different animals.
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o Zinc (Zn)
The quantitative images of Zn distribution in the eyes and brains are shown in Fig. 3.5

(A and B). Surveying the calibrated quantitative images, illustrate higher Zn concentration
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in the hippocampus and cortex of WT mice compared with in APP/PS1 mice (Fig.3.5 A).
Similarly, the retina of WT mice also displayed the same trend harbouring higher zinc than
the APP/PS1 mice (Fig.3.5 B). The image analysis demonstrated higher concentrations of
zinc in the brain (HPC and cortex) and retina of WT mice compared with APP/PS1 mice
(Fig.3.6). In summary, Zn concentrations (ng/g) were significantly higher in WT mice
compared with APP/PS1 mice (59.8 + 6 vs 52.3 £2.2, p<0.01 for the retina; 52.5 +£ 8 vs 43.3

+ 2.7, p<0.01 for the hippocampus; 20.4 + 0.9 vs 17.5 £ 1, p<0.0001 for the cortex).
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Fig.3.5 Spatial distribution of Zn in the brain (A) and eye (B). In each panel: sample map
of 66Zn in sagittal brain/eye sections of 9-month-old WT (upper row) and APP/PS1 (lower
row) mice. The scale represents calibrated Zn in ppm. HPC, hippocampus; CX, cortex.
Side by side images of the brain and retina belong to two different animals.
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Fig.3.6. Metal quantification analysis. Zn
levels in the retina, hippocampus, and
cortex of 9-month old APP/PS1 and WT
mice (n=10 mice in each group). Error
W wr bars represent Standard Error of the Mean
(SEM) (**p < 0.01, ****p< 0.0001,
Student's  t-test, unpaired). HPC,
hippocampus; and CX, cortex.
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3.2.2. Age-associated changes in the transition metal concentrations of the brains and
the eyes of APP/PS1 and WT mice.

To investigate age-related changes in transition metal concentrations, in both the
brain and the eye, SN-ICP-MS was employed (see section 2.2.4 for details). The total
concentration of each metal in the hippocampus, cortex and retina (per dry tissue weight) of
9- and 18-month old APP/PS1 and WT mice was measured. APP/PS1, a double transgenic
mouse expressing a chimeric mouse/human amyloid precursor protein (Mo/HuAPP695swe)
and a mutant human presenilin 1 (PS1-dE9) and age-matched C57BL6 littermate WT mice
were used in our experiments. We chose to examine animals at 9 and 18 months of age, as
this reflects a deposition in the hippocampus, cognitive impairment, and also impaired long-
term potentiation (LTP) in the CAl region of the hippocampus.>** In addition to a
comparison of the absolute concentrations between the two strains, a comparative analysis
was performed by normalising the metal concentration in the retina of each animal to its

corresponding concentration in the hippocampus. This was performed to ensure an accurate
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and consistent interpretation of the transition metal concentrations in the retina and to remove
any unknown biological bias (e.g., gender).
. Copper (Cu)

The Cu concentrations in the retina, hippocampus, and cortex of 9- and 18-month old
mice (APP/PS1 and WT) are summarised in Fig.3.7. The overall trend of higher Cu
concentrations in the WT mice compared to the APP/PS1 mice (observed also on LA-ICP-
MS images) was extended from 9 to 18 months of age. In both animal groups, retinal Cu
concentrations (ng) were significantly higher at 18 months compared to 9 months of age
(8871 + 4134 vs 28871 £ 5071, p<0.0001 for APP/PS1, 21903 + 6513 vs 32149 + 7959,
p<0.05 for WT). Comparison of the retinal Cu concentrations (ng/g) between the APP/PS1
and WT mice revealed a significant difference only at 9 months of age (21903 + 6513 vs
9585 + 3348, p<0.01).

Assessment of the normalised retinal Cu concentrations showed a 1.14 and 1.1 increase in
WT (0.5+0.8vs 0.6 £0.3, p: 0.98) and APP/PS1 (0.6 £ 0.6 vs 0.6 £ 0.2, p: 0.99) mice from
9 to 18 months of age, respectively. In the brain, a 1.33-fold increase in the hippocampus Cu
concentration (ng/g) of WT mice was observed from 9 to 18 months of age (33690 + 25638
vs 45049 £ 14385, p: 0.39). The only statistically significant change in the brain was observed
between the hippocampus Cu levels (ng/g) of 9- and 18-months old APP/PS1 mice (13389 +
8023 vs 40470 £+ 7275, p<0.01). Levels of total Cu (ng/g) in the hippocampus and retina of
9- and 18-month-old APP/PS1 and WT mice are as follows: retina of 9 months-old WT
(21903 + 6513) and APP/PS1 (8871 £ 4134), retina of 18 months-old WT (32149 + 7959)
and APP/PS1 (28871 + 5071), hippocampus of 9 months-old WT (33690 + 25638) and

APP/PS1 (13389 + 8023), and hippocampus of 18 months-old WT (45049 + 14385) and
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APP/PS1 (40470 £ 7275). Furthermore, the levels of total Cu (ng/g) in the normalised retinal

are as follows: retina of 9 months-old WT (0.5 £+ 0.8) and APP/PS1 (0.6 + 0.6), retina of 18

months-old WT (0.6 + 0.3) and APP/PS1 (0.6 £+ 0.2). In the cortex, the Cu concentration

(ng/g) of WT mice 9 months of age is 1.33-fold higher than 18-month WT (36565 + 29319

vs 27396 + 6559, p: 0.55). Further, there was a 1.21-fold increase in the Cu concentrations

(ng/g) of APP/PS1 mice from 9 to 18 months of age (19452 + 3454 vs 23553 £ 7601, p: 0.93).
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Fig. 3.7. Copper levels in the brain and retina of 9- and 18-month old APP/PS1 and WT
mice. Upper left) Cu levels in the retina, Upper right) Cu levels in the retina,
normalized to hippocampus levels, Lower left) Cu levels in the hippocampus, Lower
right) Cu levels in the cortex. n=10 mice in each group. Error bars represent the
Standard Error of the Mean (SEM) (*p < 0.05, **p < 0.01, ****p < (0.0001, Student's
t-test, unpaired). HPC, hippocampus; CX, cortex.
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o Iron (Fe)

The iron concentrations in the retina, hippocampus, and cortex of 9- and 18-months
old APP/PS1 and WT mice are shown in Fig.3.8. The higher Fe concentration in the WT
compared to the APP/PS1 mice was quite evident at both 9 to 18 months of age. Nevertheless,
overall, the Fe levels appeared to decline with ageing. In the eye, the retinal Fe levels (ng/g)
were higher at 9 months of age compared with 18 months of age (317173 + 64669 vs 64821
+ 22674, p<0.01 for APP/PS1, 372418 + 275448 vs 189435 + 57588 p<0.05 for WT). The
normalised retinal Fe levels (ng/g) showed a 1.16 increase and 1.76 decrease in WT (3.3 +
2.1vs3.94+1.3,p:0.93) and APP/PS1 (4.8 £3 vs 2.7+ 0.7, p: 0.12) mice from 9 to 18 months
of age, respectively. Comparing hippocampus Fe levels (ng/g) of APP/PS1 with WT mice
revealed a significant difference at 9 months of age (101734 + 58281 vs 50405 + 9580,
P<0.01). The hippocampus Fe levels (ng/g) were significantly higher in the 9 months-old
WT mice compared with 18 months-old (101734 + 58281 vs 50593 + 12567, p<0.01).
Similarly, the Fe levels (ng/g) in the cortex were significantly higher in the 9 months-old WT
and APP/PS1 mice compared with 18 months-old (65828 + 14723 vs 45528 £ 10853, p<0.05

for WT, 61330 £ 15166 vs 40695 + 16743, p<0.05 for APP/PS1).
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Fig. 3.8. Iron levels in the brain and retina of 9- and 18-month old APP/PS1 and WT mice.
Upper left) Fe levels in the retina, Upper right) Fe levels in the retina, normalized to
hippocampus levels, Lower left) Fe levels in the hippocampus, Lower right) Fe levels in
the cortex. n=10 mice in each group. Error bars represent Standard Error of the Mean
(SEM) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < (0.0001, Student's t-test, unpaired).
HPC, hippocampus; CX, cortex.

e Zinc (Zn)

Zinc concentrations in the retina, hippocampus, and cortex of 9- and 18-month-old
APP/PS1 and WT mice are presented in Fig.3.9. Similar to Cu and Fe, WT mice possess
higher Zn levels than APP/PS1 mice at both 9 to 18 months of age. Comparing eye Zn levels
(ng/g) of APP/PS1 with WT mice revealed significant differences at 9 and 18 months of age
(254879 + 65664+ vs 155452 + 63148, P<0.05 for 9 month, 221208 + 112841 vs 124765 +
23418, P<0.05 for 18 month). Assessment of the normalised retinal Zn levels (ng/g) revealed
that 18-month old WT and APP/PS1 mice hold 1.2 and 1.65-fold higher Zn level (ng/g) than

9 months old (2+0.7 vs 2.4+ 1.4, p: 0.76 for WT, 1.3+ 0.9 vs 2.2+ 0.5, p: 0.17 for APP/PS1).
69



Comparing hippocampus Zn levels (ng/g) of APP/PS1 with WT mice revealed significant
differences at 9 and 18 months of age (129776 + 26015 vs 90260 + 32474, P<0.05 for 9
month, 95707 + 31509 vs 57336 + 13008, P<0.05 for 18 month). The hippocampus Zn levels
(ng/g) were significantly higher in the 9-month old WT and APP/PS1 mice compared with
18-month old (129776 + 26015 vs 95707 + 31509, p<0.05 for WT, 90260 + 32474 vs 57336
+ 13008, p<0.05 for APP/PS1). In the cortex, we observed a decline in Zn levels from 9 to
18 WT, mice display 1.26-fold higher Zn level than older mice. Furthermore, a significant
difference was observed between Zn levels (ng/g) of 18-month old WT and APP/PS1 mice

(63050 % 7659 vs 96328 + 11446, p<0.001).
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Fig. 3.9. Zinc levels in the brain and retina of 9- and 18- month’s old APP/PS1 and WT
mice. Upper left) Zn levels in the retina, Upper right) Zn levels in the retina, normalized
to hippocampus levels, Lower left) Zn levels in the hippocampus, Lower right) Zn levels
in the cortex. n=10 mice in each group. Error bars represent Standard Error of the Mean
(SEM) (*p < 0.05, ***p < 0.001, Student's t-test, unpaired). HPC, hippocampus; and
CX, cortex.

3.3 Discussion
In this chapter, we applied LA-ICP-MS to study the anatomical distribution of Cu,
Fe, and Zn in cross-sectional slices obtained from the brain and the eye of APP/PS1 and WT

mice (9 months). Calibrated image-based intensity analysis was also employed to quantify
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transition metals levels in each of these organs. Furthermore, we used SN-ICP-MS to
examine age-related changes in transition metal concentrations in both the brain and the eye.

Our findings showed that WT samples possess higher Cu, Fe, and Zn (except the
cortex) than APP/PS1 mice at both 9 and 18 months of age. Moreover, whilst we observed
an age-associated increase in Cu, the concentration of Fe and Zn declined over the same time
period (i.e., 9 to 18 months of age). Collectively, our findings support the notion that metal
dyshomeostasis plays a critical role in the AD pathology.2 23

Previous studies that have investigated Cu concentration in AD and WT samples have
reported contradictory findings with some studies showing Cu deficiency in AD,>% 25725
while others have reported higher Cu content in AD.?%° Our results have been consistent with
the former with lower cerebral and retinal Cu volumes observed in the APP/PS1, compared
with WT mice.

Cu ions,?®! through reduction from Cu?* to Cu'", play a protective role against free
radicals, an underlying cause for mitochondrial oxidative damage. Lower Cu content leads
to higher levels of free radicals, as observed in amyloid plaques,?®? a hallmark pathology of
AD.

Investigating age-dependent Cu levels showed an increase in Cu content, in both
animal strains, from 9 to 18 months of age; however, Cu levels remained lower in APP/PS1
mice compared with WT mice at each time point. This is consistent with a previous study
which showed an age associated rise in the Cu volume of the hippocampus.?%3 A likelihood

explanation for this phenomenon is the rising expression of Cu transporters or intracellular

binding proteins, which leads to an increase in Cu uptake or Cu intracellular binding.
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Alternatively, a decrease in cellular Cu efflux can also lead to an increase of intracellular Cu
content.?63

High levels of Fe have been reported in the cortical, hippocampal, and cerebellar
neurons during the early stage of AD.* 264266 Qur results are in-line with previous studies
with both cerebral and retinal WT samples depicting higher Fe volume than APP/PS1.23 High
levels of the carboxyl-terminal fragment of APP in the AD mouse brain, can lead to a
reduction in Fe levels.® In addition, the lower level of iron regulatory proteins, including
hepcidin, iron-homeostatic peptide, and ferroportin in AD, result in lower Fe levels.?¢’
While we observed an age-associated decrease in Fe levels, 9-month old retina and
hippocampus possess higher Fe levels than 18-month old in both the WT and APP/PS1 mice.
This is in contrast to previous studies that have reported an age-dependent increase in Fe
content.?%%: 26 This inconsistent finding could be due to age-associated overexpression of
AP42 and lower expression of iron regulatory proteins in AD, leading to decreased Fe
content.’* An age-dependent increase in brain hepcidin levels, which leads to a reduction in
ferroportin-1 (FPN1) levels and subsequent iron accumulation, could be a possible reason for
the lower iron concentrations observed in WT mice samples. 2’° Published studies have
reported conflicting findings with regard to the concentrations of Zn in AD and WT samples,
with some studies showing Zn deficiency in AD?7!-272 whilst others have reported higher Zn
volumes in AD.'273 QOur results have been compatible with the former, with lower cerebral
and retinal Zn volumes observed in the APP/PS1, compared with WT mice. Lower Zn level
in AD could be due to low-level expression of ZnT3, or Zn sequestration in senile plaques
leading to a smaller pool of synaptic zinc.*’ A significant decline in Zn content was observed

from 9 to 18 months of age in both animal strains. This is consistent with a similar study,’!
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which demonstrated that an age-dependent increase in the Metallothionein-3 (MT3),274275 a

7 77

predominant zinc-binding protein in the brain,?’® may lead to a reduction in the Zn volume.?

Despite the current study being the first to visualise and objectively quantify
transition metal levels in the eye and brain of APP/PS1 of WT mice, our study has several
limitations which should be noted. First, analysis of metal ion concentrations in eye and brain
tissues has various challenges. There is always the possibility of contamination during the
multiple steps of sample preparation which could hugely impact the metal concentration.
Second, since samples are cut at an angle to the blade, it is possible that images are not truly
representative, and thus, the quantified metal levels may not mirror the actual physiological
metal content.?’® Third, transgenic animal models are artificially modified at a genetic level;
hence, they may not represent the complex multifactorial origin of the most common form
of AD, the sporadic variant.?”> AD progression in TG animal models happens in a very
different time window than in AD patients.?®° Nevertheless, given that we had a control group
in our study, the limitations described above should not alter the overall findings of our study.
3.4 Conclusion

This chapter demonstrated age-associated changes in the transition metal levels of the
brain and eye mouse model (WT and APP/PSI, 9-18-month) through the solution
nebulisation-inductively coupled plasma-mass spectrometry (SN-ICP-MS). In addition, eye
and brain cross-sectional images of mouse model (WT and APP/PS1, 9-18-month) obtained
from laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) provided
us with an anatomical distribution of metal ions. Our findings showed that WT samples
portray higher Cu, Fe, and Zn (except the cortex) than APP/PS1 mice over the same age

progression (i.e., 9 to 18 months of age). Moreover, whilst we observed an age-associated
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increase in Cu, the concentration of Fe and Zn declined over the same time period (i.e., 9 to
18 months).

Zn is known to impact the concentration of Cu and Fe in AD.?3! Further, zinc therapy
has been shown to have potential beneficial effects in preliminary AD clinical trials,?3? 283
which makes it more desirable for further AD research. In addition, compared with other
transitional metals (Cu and Fe), Zn extensively is participated in cell signaling, particularly
because it can act as a neurotransmitter.’®* Furthermore, zinc is critical in the retina's
functioning and antioxidant defense mechanisms.!8* Additionally, among the three transition
metals examined in the current study, Zn (130000 ng/g) was found to be the most abundant
metal in the brain (compared to Cu (45000 ng/g) and Fe (100000 ng/g). Based on these

findings, the next aim is to explore the potential roles of ZnT3 and ZIP3, as two main Zn

transporters, in the eyes and brains of model mice (WT and APP/PS1, 9 to 18 month of age).
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Chapter 4: Zinc transporter proteins in Mice
4. Evaluation of Zinc transporter proteins (ZnT3 & ZIP3) in the eye and brain (WT
and APP/PS1 mice models)
4.1 Introduction

Zinc is a metal required for normal cell function and a structural element in
proteins.?®> Monitoring in vivo and in vitro research on neurodegenerative diseases has
highlighted that the level of zinc ions is critical to initiating or suppressing the A aggregation
in AD processes. The free zinc ion can be adjusted by metallothionein, superoxide dismutase,
or other Zn-binding proteins. Mobilizing zinc across biological membranes is vital to keep
cellular and subcellular Zn balance. Zn?", due to its hydrophilic nature, cannot pass through
membranes via passive diffusion; hence, it needs active transport proteins.'®!

Two Zn transporter groups responsible for modulating the zinc concentration in the
cytoplasm are ZnT (SLC30) and ZIP (SLC39) proteins.?®® These transporter proteins
demonstrate tissue-specific expression, are located on plasma and vesicular membranes and
have unique behaviour towards dietary zinc, hormones, and cytokines.?%’

ZIP transporter proteins increase Zn concentration in the cytoplasm by transporting
zinc from intracellular organelles or the extracellular space to the cytoplasmic
environment.?®” Jeffrey L. Noebels and colleagues examined the role of ZIP1 and ZIP3 on
neurodegeneration, observing reduced neurodegeneration in the CA1 pyramidal cell in the
ZIP1 and ZIP3 knock-out mice, validating the role of ZIP1 and ZIP3 as Zn transporter
proteins.?%® Kar Wah Leung and colleagues reported the expression of ZIP3 transporter in a

human RPE cell line.?%°
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ZnT proteins, abundant in the hippocampus and cortex, modulate the cytoplasmic Zn
concentration by increasing cellular zinc efflux or suppressing zinc in subcellular
compartments.'>® Within the ZnT family, ZnT3 is in charge of adjusting the zinc ions
concentration within synaptic vesicles. Consequently, ZnT3 malfunction causes vesicular
zinc dyshomeostasis, which is associated with neurodegenerative diseases, including
Parkinson's disease,””® Alzheimer's disease,*? and amyotrophic lateral sclerosis.?!

In the eye, ZnT3 is present in several retinal layers, including the outer plexiform,
inner nuclear, inner plexiform, and ganglion cell layers.2? 293294

Zinc levels in the ZnT3 knock-out mice are almost untraceable in brain synaptic
vesicles, confirming the transporter role of ZnT3.15%2952% 7ZnT3 knock-out mice (developed
by Cole et al.) demonstrated a lack of histochemically detectable zinc in either their mossy-
fiber pathway or other zinc-secreting routes.!>® In 2008, Frederickson and colleagues
reported that Zn levels in the hippocampal mossy fibres of ZnT3 knock-out mice were 2- to
3-fold lower than in age-matched wild-type (WT) mice, which further supports the role of
ZnT3 protein as the brain zinc transporter protein.?®” Zn?* has a critical role in learning and
memory due to its function as a neuronal messenger and modulator of synaptic transmission
and plasticity.?®: 2% Therefore, ZnT3 knock-out (KO) mice fail to express a cognitive
phenotype.

In the current study, the abundance of zinc transporters (ZnT3-ZIP3) in the eye and
brain of mice model (WT and APP/PSI, 9-18 months) is measured using
immunofluorescence and Western blot. Furthermore, to validate the role of ZnT3 as a Zn
transporter protein, zinc concentrations in the eye and brain of mice model subjects (knock-

out and WT, 3, 11, and 14 months) are measured using solution nebulisation-inductively
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coupled plasma-mass spectrometry (SN-ICP-MS) analysis. This study is potentially the first
investigation of the distribution and concentration of the zinc transporter proteins (ZnT3 and
ZIP3) in the eye and retina of mice model subjects with Alzheimer's disease.

4.2 Results

4.2.1 Evaluation of Zinc transporter proteins (ZnT3 & ZIP3) in the brain and eye
tissues (WT and APP/PS1 mice models)

. ZnT3

The abundance levels of the ZnT3 transporter in the retina and hippocampus for 9- and 18-
month old APP/PS1 and WT mice are shown in Figs. 4.1. Visual assessment of
immunofluorescence images of ZnT3 of 9 and 18-month old APP/PS1 and WT demonstrates
high protein levels of ZnT3 in the hippocampus and retina of the WT samples compared with
the APP/PS1. Figs. 4.2 show high-resolution micrographs of ZnT3 retinal staining for 9- and
18-month-old APP/PS1 and WT mice to distinguish genuine staining from potential
background artifacts. As evidenced by Figs. 4.2, the staining is localized in various retinal
layers (OS, IS, ONL, OPL, INL, IPL, and GCL), confirming the specificity and relevance of
the staining procedure. Levels of ZnT3 in the hippocampus and retina for 9- and 18-month
old APP/PS1 and WT mice are summarised in Fig. 4.3. Results from the intensity-based
analysis (Fig.4.3) were in accordance with the visual assessment (Fig.4.1) with higher levels
of ZnT3 abundance in the WT samples (brain and retina) compared with APP/PS1 mice
samples. Retinal ZnT3 levels in WT mice are significantly higher at 9- and 18-month old of
age compared with APP/PS1 mice (1.4 = 0.1 vs 1.1 + 0.09, p<0.05 for 9-month old, 1 + 0.3
vs 0.7 £ 0.1, p<0.05 for 18-month old). Comparing the two timepoints, ZnT3 levels are

significantly higher in the 9-month old WT and APP/PS1 mice compared with the 18-month
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old mice (1.4£0.1vs 1 £0.3, p<0.01 for WT, 1.1 £0.09 vs 0.7 + 0.1, p<0.0001 for APP/PS1).
In the hippocampus, ZnT3 levels in WT mice were significantly higher at both 9 and 18
months of age compared with APP/PS1 mice (1.8 + 0.3 vs 1.3 = 0.1, p<0.001 for 9-month
old mice, 1 £0.3 vs 0.7 £ 0.1, p<0.05 for 18-month old). The inter-age comparison reveals
significantly higher levels of ZnT3 in both strains at 9-month of age compared with 18-month

(1.8+0.3 vs 1+£0.3, p<0.0001 for WT, 1.3 £0.1 vs 0.7 £ 0.1, p<0.0001 for APP/PS1).

APP/PS1 / APP/PS1

9 month >

2 mm

WT APP/PS1
18 month>
2 mm

Fig.4.1 Representative immunofluorescence images for ZnT3 in the eye (Scale bar: 500 um)
and hippocampus (Scale bar: 2 mm). In each panel: abundance of ZnT3 transporter of 9-month
old (upper row) and 18-month old (lower row).
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APP/PS1

APP/PS1

Fig. 4.2 Representative high-resolution immunofluorescence images of ZnT3 in the eye
(Scale bar: 50 um). In each panel: Abundance of ZnT3 transporter of 9-month old (upper
row) and 18-month old mice (lower row).
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Fig. 4.3. ZnT3 levels in the retina and brain of 9- and 18- month APP/PS1 and WT mice.
left) ZnT3 levels in the retina, right) ZnT3 levels in the HPC (n=10 mice in each group).
Error bars represent Standard Error of the Mean (SEM) (****p< 0.0001, ***p< 0.001,
and **p < 0.01, *p < 0.05, Student's t-test, unpaired). HPC, hippocampus.

80




o ZIP3

ZIP3 abundance levels in the retina and hippocampus for 9- and 18-month old
APP/PS1 and WT mice are demonstrated in Figs. 4.4. The surveying of immunofluorescence
images of ZIP3 of 9 and 18-month old APP/PS1 and WT illustrates that the HPC and retina
of the WT samples have higher levels of ZIP3 than the APP/PS1.

Fig. 4.5 presents ZIP3 expression levels in the hippocampus and retina for 9- and 18-
month old APP/PS1 and WT mice. The intensity-based analysis results (Fig.4.5) are
consistent with the visual assessment (Fig.4.4), with higher levels of ZIP3 expression in the
brain and the retina of WT samples compared with APP/PS1 mice samples. Retinal ZIP3
levels were significantly higher only in 18-month old WT compared with APP/PS1 mice (1
+0.2 vs 0.5 £ 0.09, p<0.0001). Additionally, ZIP3 levels were significantly higher in the 9-
month old WT and APP/PS1 mice compared with 18-month old (2.4 + 0.2 vs 1 £ 0.2,
p<0.0001 for WT, 2.1 £ 0.2 vs 0.5 = 0.09, p<0.0001 for APP/PS1). In the hippocampus, and
similar to the retina, ZIP3 levels were significantly higher only in 18-month old WT mice
compared with APP/PS1 mice (1.9 £ 0.3 vs 1.5 + 0.1, p<0.05). Comparing the two time
points, 9-month old WT and APP/PS1 mice expressed significantly higher ZIP3 levels
compared with the 18-month old (2.3 £0.3 vs 1.9 + 0.3, p<0.01 for WT, 2.1 £ 0.2 vs 1.5 +

0.1, p<0.001 for APP/PS1).
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Fig. 4.4 Representative immunofluorescence images of ZIP3 in the eye (Scale bar: 500
um) and hippocampus (Scale bar: 2 mm). In each panel: Abundance of ZIP3 transporter
of 9-month old (upper row) and 18-month old mice (lower row).
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Fig.4.5. ZIP3 levels in the retina and brain of 9- and 18- month old APP/PS1 and WT
mice. left) ZIP3 levels in the retina, right) ZIP3 levels in the HPC (n=10 mice in each
group). Error bars represent Standard Error of the Mean (SEM) (****p< 0.0001, ***p<
0.001, and **p < 0.01, *p < 0.05, Student's t-test, unpaired). HPC, hippocampus.
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4.2.2 Quantifying Zinc transporter protein levels (ZnT3 & ZIP3) in the hippocampus
(WT and APP/PS1 mice models) using immunoblot

To further evaluate our immunofluorescence findings, immunoblotting was used to
assess ZnT3 and ZIP3 levels.
o ZnT3

Quantified ZnT3 levels (normalised to GAPDH) for 9- and 18-month old APP/PS1

and WT mice are shown in Figs. 4.6A and B. The ZnT3 expression in WT mice is
significantly higher than in APP/PS1 mice at both 9-and 18-month of age (1.1 +0.1 vs 0.8 £
0.1, p<0.001 for 9-month old, 0.8 £ 0.2 vs 0.5 £ 0.1, p<0.01 for 18-month old). There is a
significant decline in ZnT3 expression between 9 to 18 months of age in both animal groups

(1.1£0.1 vs 0.8 + 0.2, p<0.01 for WT, 0.8 £0.1 vs 0.5+ 0.1, p<0.01 for APP/PS1).

WT APP/PS1 APP/PS1 B
e 4 ZnT3
<4 GAPDH

WT  APP/PS1 APP/PS1

Fig.4.6. Representative Western blot image
C of Glyceraldehyde 3-Phosphate

** Dehydrogenase (red, 36 kDa) and ZnT3
protein (green, 40 kDa) for 9- and 18-month
old APP/PS1 and WT mice, respectively
(A-B) and integrated density value analysis
of ZnT3 bands for 9- and 18-month old
APP/PS1 and WT mice (n=10 mice in each
group) (C). Error bars represent Standard
Error of the Mean (SEM) (**p < 0.01,
*#%p< 0.001, Student's t-test, unpaired).
HPC, hippocampus.

* %k

* % % * %
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ZIP3 expression for 9- and 18-month-old APP/PS1 and WT mice are shown in Figs.
4.7A and B, respectively. Atboth ages, WT mice show higher ZIP3 expression than APP/PS1
mice (1.9 £ 0.6 vs 1 £ 0.6, p<0.01 for 9-month old, 1.3 £ 0.3 vs 0.5 = 0.1, p<0.01 for 18-
month old). An inter-age comparison shows a significant decline in ZIP3 levels between 9 to

18 months of age in WT mice only (1.9 £ 0.6 vs 1.3 £ 0.3, p<0.05 for WT, 1 £0.6 vs 0.5

0.1, p=0.09 for APP/PS1).

36 KDa
KDL — — “—
WI  WT  APPPSL APP/PSI Wi WP AP APEPS
C 21P3 levels in the HPC Eig.4.7. Representative  Western  blot
image of Glyceraldehyde 3-Phosphate
,;‘ Dehydrogenase (red, 36 kDa) and ZIP3
N *% W et protein (green, 34 kDa) for 9- and 18-
month old APP/PS1 and WT mice,
' ,—‘ B v respectively (A-B) and integrated density

value analysis of ZIP3 bands for 9- and 18-
month old APP/PS1 and WT mice (n=10
mice in each group) (C). Error bars
represent Standard Error of the Mean
(SEM) (*p < 0.05, **p < 0.01, Student's t-
test, unpaired). HPC, hippocampus.
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4.2.3 Age-associated changes in the Zn levels of the KO and WT mice (3-11-and 14-
month)

Variations in the abundance of ZnT3 were then analysed to assess if ZnT3 levels impact the
histochemical reactive zinc or total elemental zinc in the brain and the retina. The total Zn
concentrations (ng/g) in the hippocampus and the retina (per dry tissue weight) of 3, 11- and
14-month old ZnT3 knockout and WT mice were measured using SN-ICP-MS and are
summarised in Fig.4.8. For this study, we selected 3, 11, and 14-month-old ZnT3 KO mice
due to the significant phenotypic contrast between ZnT3 KO mice and APP/PS1 mice. ZnT3
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KO mice exhibit age-dependent deficits in learning and memory that are manifested at older
age (>6 months) but not at 3 months of age. These deficits are associated with significant
alterations in key hippocampal proteins involved in learning and memory. A previous study
from our collaborator, found that cortical ZnT3 levels fall with age in wild-type mice and
particularly in Alzheimer's disease (AD) (-36%; p < 0.0001). Thus, age-dependent loss of
transsynaptic Zn>" movement leads to cognitive loss, and since extracellular beta-amyloid is
aggregated by and traps this pool of Zn**, the genetic ablation of ZnT3 may represent a
phenocopy for the synaptic and memory deficits of AD.>® The overall trend of higher Zn
concentrations in the WT mice compared to ZnT3 KO mice was extended from 3 to 14
months of age in both the retina and hippocampus. In the eye, retinal Zn concentrations in
the WT mice were significantly higher compared with ZnT3 KO mice (33621 £+ 12705 vs
21843 +3967, p<0.05 for 3-month old, 35542 + 4818 vs 22834 + 10391 p<0.01 for 11-month
old, 30944 + 2238 vs 15219 + 3167 p<0. 0.001 for 14-month old). The same trend was also
observed in the brain, with higher hippocampus Zn concentrations in WT than in ZnT3 KO
mice (64908 + 8080 vs 49778 + 2854, p<0.0001 for 3-month old, 65806 &+ 22814 vs 41323 +

2379 p<0.01 for 11-month old, 63394 + 4677 vs 49690+ 16693 p<0.05 for 14-month old).
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Fig.4.8. Zinc levels in the brain and retina of 3, 11, and 14- month old knockout and WT
mice. left) Zn levels in the retina, right) Zn levels in the HPC. n=10 mice in each group.
Error bars represent Standard Error of the Mean (SEM) (*p < 0.05, **p < 0.01, ***p <

0.001, ****p < (0.0001, Student's t-test, unpaired). HPC, hippocampus.

Gender differences in total Zn concentrations (ng/g) in the hippocampus and the retina (per

dry tissue weight) of 3-, 11-, and 14-month-old ZnT3 knockout and WT mice have been

investigated, as shown in Table 4.1. The overall trend of higher Zn concentrations in the WT

mice compared to ZnT3 KO mice extended from 3 to 14 months of age in both males and

females (retina and hippocampus).
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Table 4.1- Gender differences in Zn concentrations (ng/g) in the hippocampus and the
retina of ZnT3 knockout and WT mice (3, 11- and 14-month old)

Age (month) Structure Strain Gender | Zn concentration (ng/g)
3 Retina WT Female (36393 + 15004)
3 Retina KO Female (22143 £4122)
3 Retina WT Male (30848 +£10901)
3 Retina KO Male (21469 £ 4355)
11 Retina WT Female (32316 + 1849)
11 Retina KO Female (24459 + 14252)
11 Retina WT Male (38767 £4776)
11 Retina KO Male (21209 £ 5766)
14 Retina WT Female (30525 +£1081)
14 Retina KO Female (15202 +2893)
14 Retina WT Male (31468 £3338)
14 Retina KO Male (15232 £3713)
3 Hippocampus WT Female (64228 £ 8462)
3 Hippocampus KO Female (48572 £ 1329)
3 Hippocampus WT Male (65759 + 8770)
3 Hippocampus KO Male (50742 +£3514)
11 Hippocampus WT Female (60116 = 30898)
11 Hippocampus KO Female (41186 £ 1740)
11 Hippocampus WT Male (71495 £ 11637)
11 Hippocampus KO Male (4142 £3003)
14 Hippocampus WT Female (61280 +4348)
14 Hippocampus KO Female (58486 + 17732)
14 Hippocampus WT Male (65508 £4375)
14 Hippocampus KO Male (38694 + 5802)

4.3 Discussion

In this chapter, we investigated the anatomical distribution and expression
levels of zinc transporters; membrane transport proteins that regulate the concentration of
zinc. In particular we focused on ZnT3 and ZIP3, as the sole mechanism responsible for

efflux/influx and subsequent concentration of zinc ions in synaptic vessels. The results
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showed that transgenic APP/PS1 mice express lower ZnT3/ZIP3 levels compared to WT
mice and that there is a significant decline with aging. Analysis of zinc concentration in ZnT3
KO mice showed significantly lower zinc concentration levels in ZnT3 KO mice compared
with WT mice.

ZnT3 and ZIP3 proteins regulate synaptic vesicular Zn?" levels, and play an important
role in normal cognitive function.’® Dysfunctional ZnT3, and the subsequent dyshomeostasis
of synaptic zinc, have been shown to impact the cognitive decline associated with ageing and
AD directly. Characterising these proteins' anatomical distribution and expression levels
aims to determine whether changes in neocortical ZnT3 and ZIP3 levels are also mirrored in
the retinal tissue. The data shows that both in the retina and hippocampus, ZnT3 and ZIP3
levels are lower in APP/PS1 mice compared with WT mice. While an age-associated decline
was observed in both proteins, the trend was similar for both structures, suggesting changes
in hippocampal ZnT3 and ZIP3 levels are also reflected in the retina.

These findings are in accordance with previous studies, showing an age-associated
decrease in the zinc transporter volume.>® 3% The likely explanation for this phenomenon is
the energy requirement for maintaining Zn volume in the brain and normal ageing of the
brain.3% 301:392 I other words, mitochondrial damage decreases the brain energy level and,
consequently, causes the loss of brain metals. Alterations in ZnT3 expression may not only
be due to the ongoing neuronal cell death in AD,3® but may also depend on the estrogen
concentration. Estrogen causes a decreasing expression of adaptor proteins, resulting in low-
level expression of cortical vesicular ZnT3 and Zn?*.23% 3% Increased levels of ZnT3, due to
low estrogen levels, have been linked to an increased risk for AD.393: 305306 Whilst we did

not evaluate estrogen expression in our animal cohorts, we did have a mixed cohort of male
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and female mice. This mixed-gender cohort is another likely cause for observing low ZnT3
content in the APP/PS1 mice.

Evidence from current literature suggests that genetic ablation of ZnT3 represents a
phenotype surrogate for synaptic and memory deficits observed in AD.’® Additionally, an
dependent loss of trans-synaptic Zn>* has been observed in the hippocampus of mice that
lack the ZnT3 KO.® Consistent with these findings, our results not only showed that Zn
levels are significantly lower in the hippocampus of ZnT3 KO mice compared with WT mice,
but also a similar effect is also present in the retina of these mice.

Notwithstanding our study is the first to visualise and measure zinc transporters
levels (ZnT3 and ZIP3) in the eye and brain of APP/PS1 of WT mice and also quantify zinc
content in the retina of ZnT3 KO mice, our study has several limitations.

One of the Western blot limitations is sample loading volume. It is almost impossible
to run a Western blot for samples with low protein concentration or low expression of the
protein of interest. Non-specific bands and high background in Western blot, which are due
to many factors such as poor quality of antibodies, high concentration of primary or
secondary antibodies, inadequate blocking, etc., could be a major source of frustration.’?” We
faced tissue folding and falling off the tissue during sectioning and numerous washing steps
in the staining process, which significantly impacted image processing. By optimizing
Western blot precursor concentrations, such as antibodies and blocking agents and improving
the tissue sectioning skills, we will be able to minimize the errors from the abovementioned

limitations.
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4.4 Conclusion

In this chapter we investigated age-related changes in the zinc transporter proteins
levels (ZnT3 and ZIP3) of the brain and eye mouse model (WT and APP/PS1, 9-18-months)
through the immunofluorescence. The eye and brain cross-sectional images of mouse model
(WT and APP/PS1, 9-18-months) obtained from immunofluorescence provided us with an
anatomical distribution of zinc transporter proteins. Image-based intensity analysis was
applied to examine the ZnT3 and ZIP3 abundance levels in each of these organs.
Additionally, Western blot was used to assess further the abundance of ZnT3 and ZIP3
proteins in the brain of APP/PS1 and WT mice (9 to 18 months). As this is the first study
investigating the role of ZnT3 as the zinc transporter in the eye, SN-ICP-MS was used to
measure the Zn concentration in the eye and brain of mice model (knock-out and WT, 3, 11,
and 14 months) to assess the role of ZnT3 as the zinc transporter.
Our findings demonstrate that WT samples possess higher ZnT3 and ZIP3 proteins than
APP/PS1 mice over the same time period (i.e., 9 to 18 months). Moreover, an age-associated
decrease was demonstrated in ZnT3 and ZIP3 abundance over the same time period (i.e., 9
to 18 months). SN-ICP-MS results confirm the role of ZnT3 as the zinc transporter in the eye
and brain.
To further assess our findings about the zinc transporter proteins (ZnT3 and ZIP3), the
potential role of ZnT3 and ZIP3 in the eye and brain of human AD and healthy control

samples was investigated.
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Chapter 5: Transition metals and Zinc transporter proteins in human
5: Distribution of transition metals and zinc transporter proteins in the eye and brain
of AD and age-matched healthy human samples
5.1 Introduction

308 For instance, Zn can act as a

Biometals are essential for neurobiological function.
neurotransmitter that needs to be accumulated in presynaptic terminals, followed by realising
into the synaptic cleft, where it binds receptors to adjust their function.*®® Hence, their
dyshomeostasis, mislocalisation, and toxic accumulation have been used as the diagnostic
marker for central nervous system (CNS) diseases such as Parkinson's disease, dementia with
Lewy bodies, and Alzheimer's disease. Metal neurotoxicity reduces enzymatic activities,
boosts protein aggregation (AP and tau protein), and creates oxidative stress in the CNS,
resulting in cell death and neurodegeneration disorders.>!® The monomer form of A has
been known as an antioxidant; however, the oligomers form of Af (amyloid plaques), which
is the result of AB aggregation due to the metal dyshomeostasis,>® generates ROS. Metal
dyshomeostasis (Zn, Fe, and Cu) has participated in the pathogenesis of retinal diseases such
as age-related macular degeneration (AMD).3'! AMD has similar clinical and pathological
characteristics to AD, such as oxidative stress and inflammation.?!? Since the retina/choroid
complex of the eye has a higher Zn concentration than other parts®' and the retina and RPE
cells are susceptible to generating ROS,3!? retinal tissue can be a perfect subject for AD
diagnosis.

Due to its stability, unlike copper or iron, the divalent cationic form of zinc (Zn>*) does not

need a redox reaction for membrane transport.>!* Therefore, zinc transporters (ZnT3 and

ZIP3) have been known for zinc influx and efflux between extracellular and intracellular
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compartments.’® ZnT3 and ZIP3 transporters are expressed in the human RPE cells*®° and
mossy fiber (hippocampus).3!4 160
Here, LA-ICP-MS (see section 2.2.3 for details) and immunofluorescence (see section 2.3.2
for details) were applied to study the transition metals concentrations (Cu, Fe, and Zn) and
zinc transporters (ZnT3-ZIP3) anatomical distribution and abundance in cross-sectional
slices in the human brain and eye (9 cases with AD and 6 controls). This study appears to be
the first to assess transition metal concentrations and distributions (Cu, Fe, and Zn) and zinc
transporters abundances (ZnT3-ZIP3) in the retina of patients with Alzheimer's disease.
5.2 Results

Similar experiments on the cross-sectional human brain and eye samples obtained
from AD and age-matched healthy donors were undertaken to evaluate further if the data in
animal models are also mirrored in humans (results in Chapters 3 and 4). The mean age of
AD and age-matched healthy donors were 75 + 10 (6/3 F/M) and 85 + 10 (1/5 F/M),

respectively (Table 5.1).

Table 5.1- Demographics of human samples

AD Healthy control
Age 75+ 10 85+ 10
Gender (F/M) 6/3 1/5
Hippocampus weight (grams) 1100 + 100 1200 + 100
Post-mortem delay (PMD-hrs) 55+3 7+2
pH 6.5+0.5 6.5+0.5

As we only had access to formalin-fixed paraffin-embedded (FFPE) samples, the LA-
ICP-MS analysis was used (see section 2.2.3 for details) to produce a calibrated
representative image of each metal distribution (Cu, Fe, and Zn). In our study, we measure

the levels of metals (Cu, Zn, and Fe) across the entire human retina structure, which has a 10
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um diameter. This means that the metal levels of each retina represent the average metal
content throughout the entire retina. This approach helps minimize the impact of the spatial
structure or shape of the retina on the measured metal levels. However, the different
eccentricities could be a co-founder and needs to be mentioned as a potential limitation. The
distribution of ZnT3 and ZIP3 proteins was also investigated using immunofluorescence. An
image-based analysis was then performed to measure Cu, Fe, and Zn concentrations and
ZnT3 and ZIP3 abundance in the hippocampus and retina of AD and healthy human samples.
5.2.1 Anatomical distribution and quantitative levels of transition metals

o Copper (Cu)

The distribution of Cu in the human hippocampus and the retina of healthy control
and AD samples are shown in Figs. 5.1 A and B. The visual assessment shows that the
hippocampus and retina of AD samples display higher levels of Cu compared with the
healthy control samples. Results from the image analysis (Fig.5.2) confirmed the visual
assessment. The hippocampus and retina of the AD samples showed significantly higher Cu
levels compared with healthy controls (288.3 +92.4 vs 173 £ 66.8, p<0.05 for hippocampus,

291.6 £ 29 vs 183 £ 9.4, p<0.05 for retina).
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Fig.5.1. Distribution of Cu in the hippocampus (A) and eye (B). In each panel: In each
panel: Left and right images are representative Hematoxylin and Eosin (H&E) image
demonstrating tissue architecture. Middle- sample map of 63Cu in a human hippocampus
section of healthy control and AD (upper row) and human eye section of healthy control
and AD (lower row). The scale represents calibrated Cu in ppm.

Fig.5.2. Metal quantification analysis. Cu
levels in the retina and HPC of AD and healthy
control human samples, 9 cases with AD and 6
healthy control. Error bars represent Standard
Error of the Mean (SEM) (*p < 0.05, Student's
t-test, unpaired). HPC, hippocampus.
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° Iron (Fe)

Figs.5.3 A and B shows the Fe distribution in the human hippocampus and the eye's
retina, respectively. Similar to copper, higher Fe levels were evident in the hippocampus and
retina of AD human samples than in the healthy controls (Figs.5.3 A and B). Fig.5.4
represents intensity-based analysis results of Fe, which were in accordance with its calibrated
quantitative image results; Fe concentration in the hippocampus and retina of AD samples
are significantly higher than in healthy counterparts (217.4 £26.9 vs 183.4 £2.9, p<0.05 for

hippocampus, 85.86 £ 12.86 vs 42.9 + 1.3, p<<0.01 for retina).

s
£ Vil

Fig.5.3. Distribution of Fe in the hippocampus (A) and eye (B). In each panel: Left and
right images are representative Hematoxylin and Eosin (H&E) image demonstrating tissue
architecture. Middle- sample map of 56Fe in a human hippocampus section of healthy
control and AD (upper row) and human eye section of healthy control and AD (lower row).
The scale represents calibrated Fe in ppm.
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Fig.5.4. Metal quantification analysis. Fe

Fe levels in the HPC-retina concentrations in the retina and HPC of AD

* *k W and healthy control human samples, 9 cases
sop | | with AD and 6 healthy control. Error bars
200 B coa represent Standard Error of the Mean (SEM)

_ (*p < 0.05, **p < 0.01, Student's t-test,
§ 107 unpaired). HPC, hippocampus.
£ 100+
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HPC Retina
e Zinc (Zn)

Figs.5.5 A and B shows the anatomical distribution of Zn in the human hippocampus
and the retina, respectively. Zinc calibrated quantitative image (Fig.5.5 A) of the AD
hippocampus sample shows higher Zn concentration than the healthy control samples.
Similarly, the retina of the AD human sample illustrates higher Zn concentration compared
with healthy control sample (Fig.5.5 B). The images-based intensity analysis for Zn (Fig.5.6)
matches the visual assessment of Zn-calibrated quantitative images. A significantly higher
concentration of Zn was observed in the hippocampus and retina of AD samples compared
with healthy controls (99.7 + 17.6 vs 74 £ 17.4, p<0.05 for the hippocampus, 88 £ 6.1 vs 48.3

+ 6.5, p<0.001 for retina).
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Fig.5.5. Distribution of Zn in the hippocampus (A) and eye (B). In each panel: Left and
right images are representative Hematoxylin and Eosin (H&E) image demonstrating tissue
architecture. Middle- intensity map of 66Zn in a human hippocampus section of healthy
control and AD (upper row) and human eye section of healthy control and AD (lower row).
The scale represents calibrated Zn in ppm.

Fig. 5.6. Metal quantification analysis. Zn levels
in the retina and HPC of AD and healthy control
human samples, 9 cases with AD and 6 healthy
* * KK control. Error bars represent Standard Error of
the Mean (SEM) (*p < 0.05, ***p < 0.001,
Student's t-test, unpaired). HPC, hippocampus.
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5.2.2. Zinc transporters (ZnT3-ZIP3) in the brain and eye of AD and healthy control
human.
. ZnT3

Immunofluorescence images of the ZnT3 transporter in the hippocampus and retina
samples (healthy control and AD human) are illustrated in Figs. 5.7 A and B. Visual
assessment of the ZnT3 transporter image demonstrates higher abundance of ZnT3 in the
hippocampus of the healthy control sample compared with the AD human sample (Fig.5.7
A). The retina of the healthy control human sample shows a similar pattern, with higher levels
of ZnT3 than the AD human sample (Fig.5.7 B). Results from the image-based intensity
analysis (Fig.5.8) were in accordance with the visual assessment (Fig.5.7). ZnT3 levels in the
retina and hippocampus of healthy control samples were significantly higher than in the AD
samples (0.9 +£0.08 vs 0.7 £ 0.1 p<0.05 for the hippocampus, 0.8 +0.05 vs 0.6 £ 0.1, p<0.001

for retina).
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Fig.5.7. Representative immunofluorescence images for ZnT3 in the hippocampus (A) and
eye (B). In each panel: Left and right images are representative Hematoxylin and Eosin
(H&E) image demonstrating tissue architecture. Middle- abundance of ZnT3 transporter
in a human hippocampus section of healthy control and AD (upper row) and human eye
section of healthy control and AD (lower row).

ZnT3 levels in the HPC and retina
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Fig. 5.8. ZnT3 levels in the human HPC and
retina of AD and healthy control. 9 cases with
AD and 6 healthy control. Error bars represent
Standard Error of the Mean (SEM) (*p < 0.05,
*#%p < 0.001, Student's t-test, unpaired). HPC,
hippocampus.
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o ZIP3

The immunofluorescence images of the ZIP3 transporter protein in the hippocampus
and retina samples (healthy control and AD human) are shown in Figs. 59 A and B,
respectively. The survey of the ZIP3 transporter images shows that the retina and
hippocampus of healthy control human sample possess a higher abundance of ZIP3 compared
with AD human sample (Figs.5.9 A and B). Image-based analysis results (Fig.5.10) are
consistent with the visual assessment, with significantly higher ZIP3 levels observed in the
retina and hippocampus of healthy control samples compared with AD samples (0.9 + 0.09

vs 0.7 £ 0.1 p<0.05 for hippocampus, 1.1 £ 0.1 vs 0.7 £0.1, p<0.001 for retina).

Fig.5.9. Representative immunofluorescence images for ZIP3 in the hippocampus (A) and
eye (B). In each panel: Left and right images are representative Hematoxylin and Eosin
(H&E) image demonstrating tissue architecture. Middle- abundance of ZIP3 transporter in
a human hippocampus section of healthy control and AD (upper row) and human eye
section of healthy control and AD (lower row).
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Fig.5.10. ZIP3 levels in the human HPC and
retina of AD and healthy control. 9 cases
15— " ok . AD with AD and 6 healthy control. Error bars
| ‘ [ ‘ - Control represent Standard Error of the Mean (SEM)

ZIP3 levels in the HPC and retina

(*p < 0.05, ***p < 0.001, Student's t-test,
unpaired). HPC, hippocampus.
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5.3 Discussion

Continuing our investigation of transition metal distribution in the brain and the
retina, in this chapter, we focused on whether the observations we made in the animal models
(Chapters 3 and 4) can also be established in samples obtained from donor AD patients and
healthy controls. The human study results show that healthy control samples possess lower
Cu, Fe, and Zn concentrations compared with AD patients whilst expressing higher zinc
transporters (ZnT3-ZIP3) in both the retina and hippocampus.
Results from our animal studies showed lower Cu levels in the hippocampus and retina of
APP/PS1 mice compared with controls, an observation also reported in studies performed on
human samples.'! 32 Surprisingly, our results from donor samples contradict these reports:
Cu concentration was higher in the hippocampus and retinal samples obtained from AD
patients compared with healthy controls.
While our APP/PS1 mice possess lower Zn concentration in their hippocampus and retina
compared with WT mice, our human study revealed that the hippocampus and retina of AD
patients have higher zinc concentrations than healthy control samples. In consistent with our

human results, higher zinc concentration has been reported in human AD than in healthy
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control samples in studies investigating metal concentration in neurodegenerative disease.'!:
51,315,316

The higher Zn concentrations in the human AD tissue could be due to the high level
of zinc-enriched neuron terminals3!” in the AD brain, which results in an increase in the Zn
concentration’! and the low concentration of ZnT3 transporter in the AD human, resulting
in the high Zn levels.?!'®

Our Fe results in mice conflict with our human results. The hippocampus and retina
of APP/PS1 mice have lower Fe concentration than WT mice, whilst the hippocampus and
retina of human AD samples possess higher Fe concentration than healthy samples. Similar
to our results, higher Fe concentrations in human AD samples than in healthy control have
been reported.!!- 316,319

Dysregulating iron uptake caused by furin and iron-regulating elements and the Fe
elimination process could be the possible reason for the higher Fe concentrations in human
AD patients.??% 32! Besides, it has been reported that ferritin isolated from the AD brain
contains more Fe than the healthy control brain ferritin.>??

Mice and humans share 92 % of their DNA; however, mice are only the ideal model
for some human diseases.*?* To exactly reproduce complex diseases such as Alzheimer's in
mice, which are involved in multiple genomic variants, researchers need to replicate exact
human mutated genes in the mouse's genome.’?* However, due to insufficient enough
knowledge, researchers only mutate a small genes portion to replicate the symptoms of a
disease. As a result, mice do not have exactly the same disease as humans.

Furthermore, while the human and mouse brain has almost the same cells, including

neurons, there are substantial differences in the expression of individual genes within the

102



same cell. The most significant difference is found in neurons, where genes responsible for
making serotonin receptors are turned on in mice while turned off in humans. Serotonin levels
have been reported to be effective for AD prevention and therapy.3?*

Finally, mice can produce their own vitamin C, while humans can not. There is
significant evidence that vitamin C can protect the brain against age-related cognitive decline
and Alzheimer's disease.?> 326

For the reasons mentioned above, it is likely that our APP/PS1 and WT mice models
do not represent identical metals distributions and variations as in human brain tissues.

Unlike metal transitions which represented two different patterns in the human and
mice model, zinc transporter protein level (ZnT3 and ZIP3) results show the same trend in
the human and mice model, with lower zinc transporter proteins in the AD samples compared
to healthy control samples.

Lower concentrations of zinc transporters (ZnT3-ZIP3) in our human AD samples
than in healthy control samples are consistent with previous reports of downregulation of
ZnT3 in AD patients 38 303,318

Patients with preclinical AD show a high level of Zn in their hippocampal synaptic
vesicles as the AD patients, while their ZnT3 levels are the same as age-matched controls.3?’
Therefore, decreasing the ZnT3 concentration in AD could be due to increased zinc
concentrations.*

Even though our study is the first to visualise and measure transition metals

concentration and zinc transporters (ZnT3 and ZIP3) level in the eye and brain of human AD

and healthy control samples, several limitations need to be acknowledged.
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Protein imaging in paraffin-embedded tissue requires paraffin removal and antigen
retrieval before imaging, which can negatively impact proteins' composition and spatial
distribution.’?® Despite the reproducibility of immunofluorescence, it suffers from non-
specific binding of the antibody to target the antigen.>?° There is substantial leaching of trace
elements from the tissue in the formalin fixation process, which needs to be considered.?3°
Another issue with paraffin-embedded tissues is losing their antigenicity or epitope
instability.’*! The errors arising from the mentioned limitations can be minimalised by
optimising tissue processing and staining and dewaxing paraffin steps.

5.4 Conclusion

In this Chapter, transition metal concentrations (Cu, Fe, and Zn) and zinc transporter
proteins levels (ZnT3 and ZIP3) in the human brain and eye (9 cases with AD and 6 controls)
were investigated using LA-ICP-MS and immunofluorescence. Our results indicate that
while the AD human brain and eye possess higher Zn, Fe, and Cu concentrations than healthy
control samples, they have lower ZnT3 and ZIP3 levels than healthy control samples. One of
the main goals of the current study is to assess the possibility of detecting AD through the
eyes as the brain mirror. Surprisingly, our results suggest that the human eye can be used to
diagnose early-onset Alzheimer's disease.

There has been growing evidence that high metal concentrations in Alzheimer's
disease lead to amyloid plaque formation. A visual evaluation of the amyloid plaque levels
in mice and human AD and healthy control samples via Quantum-Dot nanoprobes will be

undertaken to assess this hypothesis further.
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Chapter 6: Assessing the use of quantum dots as a multimodal imaging tag to identify
and quantify amyloid plaques in mouse and human samples

6: Identification of amyloid plaques in mouse and human samples (AD and control)
6.1 Introduction

Assessing the concentration of amyloid-beta peptide (AP) is vital to diagnose
amyloidogenesis. Amyloidogenesis is the general term for a group of diseases, including
Alzheimer's disease (AD), Parkinson's disease (PD), type II diabetes, and spongiform
encephalopathies that are based on the abnormal formation of amyloid (AR plaques).’*
Fibrillation of B amyloid (AB) peptides has been considered an important clinical hallmark
in the diagnosis of AD. Several different techniques have been applied to monitor amyloid
B concentration, including near-infrared spectroscopy,*3* Raman active nanofluidic device,3**
electrochemical methods,33%-33¢ and localised surface plasmon resonance.’”-33% In addition,
Thioflavin and Congo red, 33°34! as the fluorescent probes, and curcumin, a safe plaque-
labelling fluorochrome,?%* have also been used for studying AB. These methods suffer in that
they require a second analysis to obtain either quantitative data or a high-resolution image.
A probe that allowed both high resolution imaging and provided quantitative information
would reduce the complexity of the analysis, and increase the capacity of research into Ap.
Quantum dots (QDs) have potential to be such a multimodal probe. QDs (Fig. 6.1) consist of
an inorganic core semiconductor, such as CdTe or CdSe, encased in an inorganic shell made
of a distinct semiconductor material with a different band gap, like ZnS.3*? The core-shell
structure is further coated by an aqueous organic layer to which biomolecules can be
conjugated. Quantum dots can conjugate with monoclonal antibodies (mAbs) through direct

or indirect cross-linking. QDs with carboxylic or amino groups on their surface are directly
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cross-linked to mAbs. Indirect cross-linking occurs when quantum dots have a streptavidin-
coated surface that can be conjugated with biotinylated mAbs. Streptavidin shows a strong
binding affinity towards biotin. Conjugating streptavidin and biotin is a standard approach
for visualization of IHC through binding a biotinylated primary antibody to a protein target
that can then be detected with a fluorescently labelled streptavidin. QDs are a generally used
as an immunofluorescent probe, and are known for their high brightness,** resistance to

345 and high surface-to-volume ratio.’*¢ These

photobleaching,*** multiplexing capacity,
properties could enhance the sensitivity of biological detection and imaging by at least 10-
to 100-fold which **7 make them excellent fluorescent choices for in vitro and in vivo

biomedical applications such as intracellular tracking,’*® diagnostics,’* in vivo imaging,3°

and therapeutic delivery.!

QDs have considerable advantages over organic dyes for IF,
including large stokes shift, small energy loss, high fluorescence efficiency, higher stability,
constant excitation wavelength, and a narrower emission spectrum,*23% making them a
promising candidate for the applications mentioned above. Additionally, they contain metal
atoms that are detectable by LA-ICP-MS. Therefore, it is possible that high resolution
Immunofluorescence (IF) images can be obtained before quantitative LA-ICP-MS analysis
on a single histological section.

In this chapter, we applied QD-labelled amyloid-beta (QDs-Ap) to identify and quantify AP
plaques associated with Alzheimer's disease in the mice (9 month) and human samples
(control and AD, eye and brain). We utilized the Qdot™ 705 streptavidin conjugate,
comprising a biotin-binding protein (streptavidin) covalently linked to a fluorescent label

(Qdot™ nanocrystal). The Qdot binds to the Goat F(ab) Anti-Rabbit IgG H&L (Biotin)

(ab7055), which in turn attaches to the B-Amyloid (D54D2) XP® Rabbit mAb, a specific
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antibody targeting AP plaques. Additionally, Thioflavin S, a fluorescent reagent that binds
directly to the plaques without needing an antibody, was used to collect comparison images

to confirm the suitability of the QD probes.
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Fig. 6.1. QDs semiconductor structure.#?

6.2 Experimental
6.2.1 Preparation of tissue

Mice frozen tissues (eye and brain) and FFPE human tissue (eye and brain) were used
for this study. Human FFPE tissues were dewaxed prior to staining with antibody using the
following slide wash/incubation sequences: xylene (2 x 2 minutes), 100 % ethanol (2 x 2
minutes), 90 % ethanol (2 x 2 minutes), 70 % ethanol (2 x 2 minutes), ddH2O (1 x 2 minutes).
The slides were washed with PBST (0.5 % triton) for permeabilisation (3 x 5 minutes),

antigen retrieval was performed by boiling the slides in an antigen retrieval buffer in a

107



microwave using a microwave-safe container for 10 minutes, followed by cooling at room
temperature. The final steps prior to immunolabelling were washing with PBST (0.5 % triton)
(3 x 5 min), peroxidase blocking for 10 min at room temperature, and washing with PBST

(0.5 % triton) (3 x 5 min).

6.2.2 Immunostaining with streptavidin conjugated Qdots

Mice and human (eye and brain) slides were incubated with MAXblock™ Blocking Medium
(active motif) for 1 hour. They were then washed with TBS (3 x 5 min), before incubation
with B-Amyloid (D54D2) XP® Rabbit mAb and MAXbind™ Staining Medium (active
motif) (1:1000) overnight at room temperature in a humidified chamber. The slides were then
washed with TBS (3 x 5 min), incubated with biotin blocking buffer (ABCAM ab64212) for
15 minutes, washed with TBS (3 x 5 min), and incubated with the mixture of Goat F(ab)
Anti-Rabbit IgG H&L (Biotin) (ab7055) and MAXbind™ Staining Medium (1:250) for 2
hours at room temperature in a humidified chamber. Next, slides were washed with TBS (3
x 5 min) and incubated with the mixture of Qdot™ 705 Streptavidin Conjugate Qdot (Thermo
Fisher Scientific, Q10163MP) and MAXbind™ Staining Medium (1:500) for 1 hour at room
temperature in a dark humidified chamber. Slides were then counterstained with DAPI
readymade solution (Sigma Aldrich, 1 pg/mL) for 10 minutes in a dark, humidified chamber,
incubated with Thioflavin S (brain, 1 %) or (Eye, 2 %) for 1 min, washed with 80 % ethanol
twice, 95 % ethanol, and Milli-Q water thrice, respectively. Finally, the slides were
dehydrated with increasing concentration ethanol solutions (50, 75, and 90 %), coverslipped
with DPX mountant (Sigma Aldrich), covered with a coverslip, air-dried (at 4 °C for 12-24

h), and imaged by fluorescence microscopy (Zeiss Axioscan slide-scanning microscope).
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6.2.3 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry Imaging
Quantitative imaging of Quantum dot-labelled amyloid-beta (QDs-A) eye and brain
samples was conducted by LA-ICP-MS using a New Wave Research NWR-193 excimer
laser (Kenelec Scientific) hyphenated to an Agilent Technologies 7900 series ICP-MS. Laser
ablation was conducted by rastered lines covering the entire sections of the sample using a
193 nm laser with a 25 pm spot scanning at 100 um/s and pulsed at 40 Hz. Quantification
was performed via external, matrix-matched six-point calibration standards containing
differing concentrations of Te in gelatine as per the method by Westerhausen et al.??8
10 % gelatine solutions were prepared by dissolving 100 mg of bovine gelatine (Sigma
Aldrich, Australia) in 900 pl of diluent consisting of 10 mM EDTA (Sigma Aldrich,
Australia), 100 mM TRIS (Sigma Aldrich, Australia), and 1 % w/w PEG400 (Sigma Aldrich,
Australia) at 54°C for 10 minutes. A high concentration solution containing tellurium were
used to spike the diluent with desired concentrations of metals before being mixed with the
solid gelatine. Once a homogenous gelatine solution was achieved, the mixture was pipetted
onto microscope slides with the use of commercial moulds (Sigma Aldrich, Australia). The
slides were placed into the freezer for at least 30 minutes until the aliquots of gelatine
transformed from transparent to opaque. At this stage, the mould was peeled off, and the
solid gelatine was left to air-dry and stored at room temperature. Each gelatine mixture was
digested using high purity nitric acid (67-70 % w/w) diluted 100 times in triplicate and
analysed using SN-ICP-MS to determine the exact concentrations of the elements in the

produced gel standards.??®
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6.3 Results
6.3.1 Immunofluorescence detection of AP plaques in retina and brain of human and
mouse models (AD and healthy control)
e Mice retina and brain

Retinal and brain cross-sections from APP/PS1 and WT mice were co-stained with Thio
S and QDs-Ap to determine the location of AP plaques, as shown in Figs. 6.2 and 6.3,
respectively. According to Figs. 6.2 and 6.3, there is no sign of AP plaques in the retina and
brain of WT samples, whereas they were clearly detected in the retina and brain of APP/PS1
samples. Additionally, the fluorescence of Thio S showed excellent colocalisation with the

immunofluorescence of QDs-ApP.

Fig.6.2. In vitro colocalisation of mice retinal AP plaques by Thio S and QDs-Ap labelling
in the 9-month old APP/PS1, Scale bar: 50 um (A) and 9-month old WT mice model, Scale
bar: 200 pum (B). The plaques are circled.
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Fig.6.3. In vitro colocalisation of mice brain AP plaques by Thio S and QDs-Ap labelling in
the 9-month old APP/PS1, Scale bar: 500 um (A) and 9-month old WT mice model (B).
e Human retina and brain

Immunofluorescence was used to measure the A plaques contents in the retinal and
brain cross-sections from AD and healthy control human samples, which were costained with
Thio S and QDs-AR. Figs. 6.4-6.6 show the visualisation of AP plaques in the human eye and
brain (AD and healthy control), respectively.

Plaques were visible in both the healthy and AD human retina co-stained with Thio
S and QDs-AR, with a higher number of A plaques in the retina of the AD samples compared
with healthy human sample, as shown in Fig. 6.4.

Similar to the human retina, plaques were observed in both healthy and AD human
brain (Fig. 6.5), with more AP plaques in the AD brain compared with healthy human brain
(Fig. 6.6).
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Fig.6.4. In vitro colocalisation of human eye A plaques by Thio S and QDs-Ap labelling in
the APP/PS1 (A) and WT mice model, Scale bar: 50 um (B).
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Fig.6.5. In vitro colocalisation of AD human hippocampus AP plaques (white bordered
circles) by Thio S and QDs-A labelling, Scale bar: 200 um.
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Fig.6.6. In vitro colocalisation of healthy human hippocampus AP plaques by Thio S and
QDs-ApR labelling, Scale bar: 200 um.
6.3.2 LA-ICP-MS detection of AP plaques in retina and brain of human and mouse
models (AD and healthy control)

The same sections used for Immunofluorescence imaging were used for LA-ICP-MS
after removal of the coverslips in xylene.
e Mice retina and brain

Fig.6.7 shows the quantitative 2D images obtained for Te distribution in the mice's brain
and retina (APP/PS1 and WT), respectively. The brain of the APP/PS1 mice appears to have
much more widespread Te distribution at higher concentrations than the WT mice. Like the

brain, the retina of APP/PS1 mice also express higher concentrations of Te than WT mice. It
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should be noted that the LA-ICP-MS images do not appear to correlate with the plaque
locations of the IF images, therefore the quantum dot probe may not be appropriate to co-

localise high resolution IF images and quantify protein expression by LA-ICP-MS.
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Fig.6.7 Quantitative images of Te in the mice brain and eye. Left and right images are
representative immunofluorescence images demonstrating anatomical landmarks. Sample
map of 125Te in mice brain sections of 9-month old WT and APP/PS1 (upper row) and mice
eye sections of 9-month old WT and APP/PS1 (lower row).
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e Human's retinal and brain

The spatial distributions of Te in QDs-Ap -labelled brain and retinal cross-sections from
AD and healthy control humans are shown in Fig.6.8.

The images of the human brain illustrate that the healthy control sample has high levels
of Te than the AD human brain. Similarly, the healthy human retina also possesses higher
levels of Te than the AD human brain. Again, these images do not correlate with the IF

images of the QDs-Ap.

Control

Fig.6.8 Quantitative images of Te in the human brain and eye. In each panel: Left and right
images are representative Hematoxylin and Eosin (H&E) image demonstrating tissue
architecture. Sample map of 125Te in human hippocampus sections of healthy control and
AD (upper row) and human eye sections of healthy control and AD (lower row).
6.4 Discussion

In this chapter, we focused on the anatomical distribution and level of AP plaques,

the hallmark pathology of AD. Our immunofluorescence results demonstrated that the retina

and brain of AD humans and mice have higher AP plaques levels compared to healthy control
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humans and mice. However, whilst the LA-ICP-MS results demonstrated that the brain and
retina of APP/PS1 mice have higher Te concentrations than WT, the concentration of Te in
the brain and retina of AD human samples are lower than healthy samples.

Our immunofluorescence findings are consistent with previous studies which
demonstrated the existence of amyloid plaques in the retina and brain of AD samples.?’% 206,
335,356 A possible explanation for this phenomenon is transition metal (Cu, Fe, and Zn)
dyshomeostasis, which results in the aggregation of amyloid beta proteins to amyloid beta
plaque 357360
It is worth mentioning that the immunofluorescence results of healthy human samples
(brain and retina) show a low volume of amyloid plaques. Our findings are in accordance
with previous studies, which have demonstrated an age-associated presence of amyloid
plaques in healthy-aged humans.361-363

Higher Te concentrations were obtained in the retina and brain of APP/PS1 mice
using quantitative LA-ICP-MS, which corresponds to the amyloid plaques, is in accordance
with previous reports with both retina and brain of AD model mice exhibiting higher numbers
of amyloid plaques than WT.20% 364365 Surprisingly, human retina and brain results contradict
the mice results: human healthy eye and brain have higher Te concentrations than AD human
samples. This was similar to the observations from Chs 3-5 which also showed differences
in Zn between the human and mice. Additionally, the LA-ICP-MS images did not appear to
colocalise with the IF images.

The presence of tellurium in plants and foods such as nuts, fish, and dairy products

has been reported, which could be the possible reason for the high background concentration

of Te in the human eye and brain samples.3% 367 It was previously shown that the human
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retina takes up toxic metals such as Hg, Pb, and Cd,*® and this may be a contributing factor
to the high levels observed here.
In this chapter, we showed feasibility for the use of QDs as a multimodal probe to investigate
AP plaques. However, the Te background in the LA-ICP-MS images was the major
limitation. It prevented the co-localisation of high resolution IF images with the quantitative
LA-ICP-MS data that could give a greater insight into disease progression. Therefore, more
alternative multimodal probes should be examined. Other metal-nanoparticle probes such as
Au, Ag, Eu, and Cd have been employed in LA-ICP-MS imaging, however the corresponding
IF images were not collected.?**-37! Novel probes such as that developed by van Acker et al
which contain a metal ion and a fluorescent probe is another alternative pathway that could
be explored.’”> Immuno-mass spectrometry imaging approaches are powerful tools for
systematically and quantitatively measuring the protein expression using metal-labelled
antibodies, but aren't able to examine sub-cellular location and therefore still require a second
IF image.’”
6.4 Conclusion

In this chapter, we utilised IF and LA-ICP-MS to determine the viability of QDs as a
multimodal probe to visualise and quantify amyloid plaques in the retina and brain of humans
and mice (AD and healthy). Our IF findings demonstrated that the brain and eye of mice and
human AD samples contain greater numbers of amyloid plaques than healthy controls.
However, whilst we noticed higher Te concentrations in the AD mice (eye and brain), the
eye and brain of human AD samples showed lower amounts of Te than healthy human

samples, and the images did not colocalise with the IF.
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Chapter 7: Conclusions and Future Perspectives

7.1 Conclusions

Alzheimer's disease (AD) is a chronic progressive disease associated with age. Changes
to the brain may start as long as 20 years prior to clinical symptoms are apparent-this is
known as the asymptomatic (or preclinical) stage. While there is currently no treatment for
AD, there is a consensus amongst clinicians and researchers that for any therapeutic treatment
to work, we first need to determine the asymptomatic stage of the disease. Visualising
amyloid beta (AP) plaques, a significant hall mark of the disease, may appear as the best
tactic to stage asymptomatic AD, however, there are few limitations in taking this approach.
Firstly, by the time AP plaques are formed in the brain, their neurotoxic effect would result
in cognitive dysfunction, advancing the disease well past the asymptomatic stage. Secondly,
current methods to visualise cerebral AP plaques, such as positron emission tomography
(PET) are expensive, require sophisticated equipment and not widely available. This limits
scaling of such methodology globally. Finally, recent evidence suggests that many
cognitively-normal elderly people also show A plaques in their PET scans. This further
casts a shadow on the specificity of visualising AP plaques for determining the early stages
of AD. Taken together, it appears that visualising AP plaques alone would not assist in
identifying the asymptomatic stage of AD and an alternative approach is urgently needed.

Delving into the “amyloid cascade” theory, there is now evidence that a series of events
takes place prior to soluble AP are transformed into toxic AP aggregates or plaques. Ideally,
any approach that can identify this stage, has the potential to reveal the asymptomatic phase
of AD. Amongst many possibilities, current advances in metal-ion metabolism research has

identified a miss-metabolism in transition metals (i.e. Fe, Cu and Zn) as the core mediator of
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AP plaque assembly. For instance, in synapses regulation of Zn>' is achieved by the Zinc
transporter3 (ZnT3) protein, which is primarily localised on glutamatergic synapses,
especially in regions of the brain that mediate higher cognitive functions. Dysfunction of
ZnT3, and the subsequent dyshomeostasis of synaptic zinc, has a direct effect on the
cognitive decline associated with ageing and AD. Findings such as these reports undoubtedly
demonstrates that transition metal homeostasis becomes corrupted with age and in
neuropathological conditions, such as AD.

The main challenge with pursuing the idea of visualising transition metals to uncover the
asymptomatic stages of AD lies in the very fact that in-vivo imaging of transition metals in
the brain is extremely challenging. Whilst a diverse array of techniques is available to
measure transition metal levels down to sub-micron resolution, including LA-ICP-MS,
synchrotron -based X-ray fluorescence microprobe and particle-induced X-ray emission,
however, they are all in-vitro and cannot be utilised in-vivo. In contrast, the eye and
specifically the retina, offer a natural window to the brain, and unlike the challenges
associated with imaging the brain, a range of techniques are available to image and visualise
metal ion specific probes in the retina in vivo. Nevertheless, in order to develop this concept
further, we first need to establish whether changes observed in cerebral transition metals are
also mirrored in the retina. This gap in the literature led us to investigate whether changes in
cerebral Iron, Copper, and Zinc are also observed in the retina of transgenic AD mice as well
as post-mortem tissue samples obtained from human donors. Our working hypothesis was
that an imbalance in retinal transition metal levels occurs in parallel to the brain in AD.

In chapter 1 (the literature review) we covered in details the basics of transition metal

involvement in AD pathophysiology and how miss-metabolism in transition metals can
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initiate and exacerbate AD progression. The role of zinc transporters in AD, in particular zinc
transporter 3, was also covered. In addition, we discussed the eye-brain connection and how
it may be utilised to evaluate brain-related changes. We concluded that based on a growing
body of evidence that demonstrated dyshomeostasis of transition metals in AD, and given
the striking underlying physiological and pathological connections between the eye and the
brain, a similar cascade of events may occur in the retina that may ultimately lead to
evaluating retinal transition metal or specific protein levels (e.g., ZnT3, ZIP3) as a surrogate
marker for staging asymptomatic AD.

To address our hypothesis, we employed laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS), and solution nebulization-inductively coupled plasma-mass
spectrometry (SN-ICP-MS), to visualise and quantify the transitional metal concentrations
of Cu, Fe, and Zn, as well as zinc transporter proteins 3 (i.e., ZnT3 and ZIP3) in the eye and
brain of APP/PS1 mice and post-mortem samples obtained from human donors diagnosed
with AD. The APP/PS1 mouse model was chosen as human AB42 is preferentially generated
over AB40 in these animals, though levels of both proteins increase with age. Furthermore,
there has been a number of studies that have demonstrated AD-specific retinal changes in
these mice that are in-line with neocortical changes.

Results from our first set of experiments (Chapter 3) focused on investigating age-
associated changes in the transition metal concentrations of the brain and retina of 9-and-18-
month old APP/PS1 and WT mice. Our results demonstrated that Cu, Fe, and Zn
concentrations in the WT samples are higher than in APP/PS1 mice (except the cortex) at 9-
and-18 month of age. Furthermore, except for Cu, there is an age-associated decrease in Fe

and Zn over the same time period (i.e., 9 to 18 months of age). Moreover, a significant
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difference between the metal concentrations in the WT and APP/PS1 mice model (higher Cu,
Fe, and Zn in the WT than APP/PS1) was observed, suggesting the potential of quantifying
transition metals as a biomarker for AD.

We then investigated (Chapter 4) whether we can identify age-related changes in the
zinc transporter proteins abundance (ZnT3 and ZIP3) in both the brain and retina of the same
mouse models. The obtained results demonstrated the high level of ZnT3 and ZIP3 in the
WT compared with APP/PS1. Furthermore, the ZnT3 and ZIP3 levels appear to decline with
aging. Additionally, Western blot results further confirmed immunofluorescence outcomes
with the high level of ZnT3 and ZIP3 in the WT compared with APP/PS1. In addition, similar
to the immunofluorescence results, Western blot results also displayed a decline in zinc
transporter proteins abundances from 9 to 18 (APP/PS1 and WT mice).

To examine the impact of ZnT3 on the histochemical reactive zinc or total elemental zinc
in both the brain and retina, the total Zn concentrations (ng/g) in the hippocampus and the
retina of ZnT3 knockout and WT mice (3, 11- and 14-month old) were also measured by SN-
ICP-MS. Zn concentrations in the retina and hippocampus of WT samples (3, 11- and 14-
month old) possess significantly higher Zn concentrations than ZnT3 KO mice, which
confirmed the metal-transporting role of the ZnT3 protein in the retina and brain.

Comparing zinc transporters levels of the brain and retina (both WT and APP/PS1, 9-18
months) with their corresponding Zn concentrations, suggests that the higher zinc
concentration in the WT samples may be due to the higher abundance of zinc transporters.
This also provides further evidence on the potential role of zinc transporters in governing Zn

content.
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Continuing our investigation, we then aimed to study if the findings in the animal models
are also reproduced in humans (Chapter 5). To achieve this, we obtained human brain and
eye samples (9 cases with AD and 6 healthy controls) from the Netherlands Brain Bank. Our
results demonstrated that the hippocampus and retina of human AD samples have higher
levels of Cu, Fe, and Zn compared with the healthy control samples. Zinc transporter proteins
abundance (ZnT3 and ZIP3) of the human brain and retina samples were also measured to
assess if we can observe the same pattern as mice. Immunofluorescence results illustrated
that the hippocampus and retina of human AD samples have lower levels of ZnT3 and ZIP3
compared with the healthy control samples. Similar to the animal mouse model, zinc
transporters appear to govern the zinc level in the human retina and hippocampus samples,
with lower concentration of zinc transporters in the human AD samples associated with
higher Zn content.

Finally, we utilised quantum dot-labelled amyloid-p (QDA) nanoprobe (Chapter 6) for
monitoring of AP plaques in the mouse and human samples (control and AD, eye and brain)
by LA-ICP-MS and immunofluorescence. In this application the chosen quantum dots were
not a suitable multimodal probe as the location and concentration of AP plaques in the AD
samples derived from LA-ICP-MS images did not overlap with the immunofluorescence
outcomes.

In summary, our results demonstrate, for the first time, that transition metals in the retina
mirrors that of the brain (i.e., hippocampus) and that in AD, there is a significant alteration
in transition metals both in the retina and hippocampus. There also seems to be an age
dependent change in transition metals. Collectively, these results establish that the retina can

be used as a window to assess metal dyshomeostais in the early stages of AD and has the
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potential to be used as a surrogate marker for cerebral changes, paving the way for detecting
AD in its asymptomatic phase.
7.2 Future perspectives
Utilising a rodent model of AD and post mortem human samples, we dissected the
potential transition metal dysfunction in the retina and brain in AD. We acknowledge that
this study was based on a familial rodent model of AD and that the majority of the
experiments were completed ex-vivo and thus, further studies, particularly in-vivo, should
be completed prior to extrapolating findings to a clinical tool. Propelled by compelling
findings from this study, it appears that the retina, as a window to the brain, can provide a
sound platform in assessing transition metal dysfunction in AD and uncovering the very early
stages of the disease. Nevertheless, a combination of studies is required not only to fully
establish the role of transition metals in AD, but also to detect any changes in the retina
through a non-invasive accessible tool. These include:
A study to monitor transition metals and proteins changes over the entire AD
pathogenesis continuum. In our study we only used mice that were 9 and 18 months old.
As aging is the most significant risk factor for AD,*”* results from age-related transition
metals and protein studies can supply conspicuous evidence for understanding the
pathogenesis molecular mechanism related to metal dysfunction of AD in the brain and
retina.
A study to investigate if alterations in the ZIP3 abundance also impact the histochemical
reactive zinc or total elemental zinc and other metals (Fe, Mn, and Cu) in the brain and
the retina. It has been reported that by specifically adjusting the expression level of zinc

transporters, it is possible to alter the progression of AD.?%¢ In this research by measuring
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the Zn content in the ZnT3 knockout mice, we found that ZnT3 governs the histochemical
reactive zinc and total elemental zinc concentration. On the other hand, measuring the
abundance of ZnT3 and ZIP3 in the APP/PS1 and WT mice model samples represented
their implication on the Zn content. Therefore, to understand the impact of each zinc
transporter on the Zn content in the AD, we suggest to measure the Zn volume in the
ZIP3 knockout mice as well.

In the current research, we exclusively investigated zinc and its related transporter
proteins (ZnT3 and ZIP3), while transporter proteins relevant to Cu and Fe metals were
not assessed. It is well known that metal transporter proteins significantly impact AD
progress; therefore, to establish a holistic overview of the eye and brain correlation in
AD;37: 376 we also need to investigate transporter proteins related to other transition
metals in the eye and brain.

In humans, 14 and 9 members of the ZIP and ZnT family, respectively, have been shown
to be involved in zinc adjustment. Each demonstrate a tissue-specific, developmental,
stimulus-responsive expression pattern and specific cellular and subcellular
localisation.!4%153:377 Tn addition, the ZIP family are also involved in the modulation of
Fe, Mn, and Cu.378-3% The roles of five ZnT transporter protein family members (ZnT1-
4 and ZnT6) on protein aggregation, amyloid plaque formation, and AD progression have
been reported before.??%- 38! In this research, we just focused on the abundance of ZnT3
and ZIP3 and their impact on the eye and brain AD. To take benefit from screening the
retina for staging AD, we may also need to assess the role of other ZnT and ZIP family

members.
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A study to monitor zinc transporters changes over the retinal layers. Optic nerve
degeneration, neuronal loss, and reduced thickness in retinal layers manifest in
Alzheimer's disease.!”* Our human eye zinc transporters (ZnT3 and ZIP3) images
exhibit varying intensities across distinct retinal layers. To better understand the
pathological features of AD in the diverse retinal layers, we propose mapping of

retinal biomarkers across them.
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