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Abstract

Mass Spectrometry Imaging (MSI) has been developed significantly in the past
few decades and has been transformed into a technique that not only allows for
spatial mapping of analytes of interest but is a key tool in biomarker and medicinal
discovery. At Sheffield Hallam University, research using matrix-assisted laser
desorption ionisation (MALDI-MSI) has propelled ocular research, oncological
research, and many other fields. Additionally, the use of laser ablation inductively
coupled plasma mass spectrometry imaging (LA-ICP-MSI) has been fruitful for
investigations into the ocular pathology of uveal melanoma, and desorption
electrospray ionisation mass spectrometry imaging (DESI-MSI) has aided
research into certain cancers through biomarker research. These techniques
however are seldom combined to create multifaced datasets and had yet to be
applied to age-related macular degeneration (AMD) research. Furthermore, the
field of ocular pathology has benefitted greatly from decades of extensive
immunological research into age-related macular degeneration. More recently,
Doyle et al. at Trinity College Dublin have been using immunological techniques
to investigate AMD and its pathology, in addition to the wider innate immune
system. However, there have been few studies in AMD research that have built

upon these works with MS.

The work conducted herein offers a platform on which further ocular research can
be built. Through utilisation of DESI-MSI for the detection of lipids, MALDI-MSI
for the detection of peptides, LA-ICP-MSI for the detection of metals, and micro-
particle induced X-ray emission (UPIXE) for the detection of other elements this
work has developed a multimodal workflow whereby a rich dataset can be

obtained from ocular tissue.
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The aforementioned immunological techniques have provided great insight into
the ocular proteome but reply heavily on antibody specificity. There have been
instances where this specificity has been called into question, undermining
otherwise reputable research, which has intimated there may be a role for
untargeted techniques such as MS in ocular pathology. The development of a
high-resolution peptide imaging strategy using tailored sample preparation
techniqgues and employment of modern sample preparation apparatus has
provided key initial steps for the discovery of biomarkers of AMD in the ocular
proteome (Chapter 2,3). Within this study, employment of this strategy aided the
research into the human ocular proteome (Chapter 5) through the tentative
identification of NLRP3 peptides within the human retina, which has been subject

to ongoing debate as a result of immunological reagent specificity.

Literature data has clearly linked the metallome to the onset of AMD, and has
recommended supplementation of zinc and copper to protract AMD onset, but
there is no clear role for these metals in AMD pathology. With existing studies
infrequently using high resolution imaging, and rarely applying quantitative
dimensions, there is adequate appeal for clarity on the involvement of essential
trace elements in the ocular anatomy. Development and deployment of a semi
guantitative imaging strategy for copper and zinc within the ocular anatomy
(Chapters 3,4) was able to demonstrate the high spatial resolution imaging
capacities achievable using biological tissue by LA-ICP-MSI. Furthermore, the
application of this strategy to wildtype and transgenic ocular mouse tissues was

able to give an insight into the ocular metallome, and when combined with uPIXE
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(Chapter 4) could show how trace elements interact with the substructures of the

ocular structure in the context of retinal degeneration.

With an increasing number of studies utilising untargeted lipidomic data to identify
potential biomarkers of disease, there was also scope to include the use of MSI
to investigate lipidomics. Using DESI-MSI (Chapter 5) lipid profiles of multiple
wildtype and transgenic mouse ocular tissue was characterised and processed
using statistical analysis. Additionally, through use of the ‘soft’ ionisation provided
by DESI, MALDI-MSI experiments were able to take place in tandem with DESI
analysis, allowing 2 datasets to be obtained from a single tissue. With the
previous demonstration (Chapter 2) of the efficacy of LA-ICP-MSI on biological
tissues previously analysed by MALDI-MSI, this body of work has provided the
tools necessary for a 3-technique multimodal approach to imaging of ocular
tissue. Consequently, through method development and optimisation for multiple
imaging strategies, and the demonstration thereof, this body of work has

contributed significantly to the field of ocular pathology by MSI.
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Chapter 1

Introduction
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Introduction

1.0. The Eye and Ocular Disease
Ocular tissue is a complex anatomical system constituted by multiple tissue

types, organised in a highly structured, and highly privileged manner. It
consists primarily of distinct layers, starting with the bloody supply, in the
choriocapillaris (CC), which provides the eye with the necessary nutrients and
oxygen from the blood. The layers that constitute the outer blood-retinal barrier
follow from this; the Bruch’s membrane (BrM), a fibrous membrane that in part
forms a basement membrane of the choriocapillaris, and the retinal pigment
epithelium (RPE) a monolayer of pigmented hexagonal epithelial cells which
are highly ordered in their structure. The inner blood retinal barrier contains
the photoreceptors: the outer segment (OS) and inner segment (1S); the outer
nuclear layer (ONL) and outer plexiform layer (OPL), the inner nuclear layer
(INL) and inner plexiform layer (IPL), all which kay a crucial role in ocular

function.

Disruption of this otherwise balanced structure can lead to the onset of ocular
diseases, that without viable treatment may lead to visual impairment.? There
are many kinds of ocular disease, but those which affect the retina can be
devastating to ocular health, resulting in irreversible loss in vision. Diseases
such as diabetic retinopathy, age-related macular degeneration, and retinitis
pigmentosa all affect this region of the eye and can manifest as reduced vision
or localised blindness.3® Depending on the severity, ocular disease can lead

to progressive blindness, meaning patients can suffer from great decreases in
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quality of life, and may become legally blind.®2 If the prognosis of the disease
Is poor, the risk of these outcomes becomes every increased. Many ocular
disease types are increasingly preventable as advances in medicine help to
understand these diseases, but in some cases, modern medicine has led to
an increase in instances of disease as the privilege of advanced age is

considered a risk factor.6-°

1.1. Age-related macular degeneration

1.1.1.What is AMD?

Age-related macular degeneration remains one of the greatest threats to
ocular health within industrialised countries. It is an ocular degenerative
disease, affecting the macular region of the eye, which is the region situated
directly opposite the pupil, and is densely populated with cones and rods.
Though the symptoms can be similar, there are two types of AMD, wet, and
dry. Wet AMD is caused by neovasculature within the macula region, which
invades the chorio-retinal microanatomy, breaking the blood-retinal barrier
(BRB) and rupturing, causing damage to receptors (Figure 1). Dry AMD
causes retinal damage through build-up of extracellular material known as
drusen and is characterised by retinal pigment epithelium (RPE) degradation,
choriocapillaris (CC) drop-out and thickening of the Brusch’s membrane (BrM)

(Figure 1).4510
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Figure 1 (A) Healthy: the microanatomy of a healthy retinal region, with a
highly conserved structure, uniformity and healthy exchange of blood &
nutrients in the otherwise highly privileged anatomy of the retina. (B) Wet
AMD: invading choroidal neovasculature that subsequently disrupts and
degrades the RPE, and can invade even further to the photoreceptors,
breaking down the blood-retinal barrier, causing damage to photoreceptors.
(C) Dry AMD: Build-up of extracellular matter known as drusen, breakdown of
the RPE, and photoreceptor apoptosis and necrosis, with BrM thickening and
dropout of the CC (D) Histological stain showing mouse ocular tisssues &
the i. choriocapillaris ii. Photoreceptors iii. Outer nuclear layer iv. Inner nuclear

layer v. inner plexiform layer.°
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1.1.2.Prevalence

AMD is an age-related disease, and predominately affects over 60s.1!
Currently, there are over 200 million patients worldwide, affecting 8.7% of the
population. However, as industrialised countries experience ageing
populations, and a greater number if people benefit from improved healthcare,
populations around the world will start to experience higher incidences of age-
related ocular diseases such as AMD.*! As indicated by a study in 2013., the
incidence of AMD in England and Wales is so prevalent that AMD accounts
for over half of legal blindness (Figure 2).? AMD can be seen in other
industrialised countries, with European studies indicating that the occurrence
of AMD in those over 70 years old to be 16.2%. The same study also
concluded that by 2050, incidences of AMD will increase from 400,000 to

700,000 per year.
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Figure 2 A figure representing the ocular diseases that are responsible for
legally recognised blindness in England and Wales as part of a 2013 study by
Quatrtihlo et al. showing the prevalence of AMD in the population of England
and Wale in comparison to other diseases such as diabetic retinopathy or

glaucoma.?
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1.1.3. Prognhoses

Prognoses for AMD patients can be poor, and treatment limitations often lead
to poorer outcomes. Though the outcomes are similar, the prognoses
difference between wet and dry AMD is appreciable. For those patients with
wet AMD, though the disease is relatively slow to progress, treatments are
available in the form of intravitreal injection.*3# Typically administered by a
general practitioner on a monthly basis, these injections, primarily containing
antiangiogenics such as bevacizumab, are effective at slowing or even
stopping the further progression of wet AMD.”'3 Despite their efficacy in
preventing the generation of neovasculature, treatment is not prescribed to
reverse damage which may impact vision.” Additionally, as intravitreal
injections are known to cause discomfort in patients, there have been cases
where patients elect not to proceed with treatment, as though AMD can greatly

reduce quality of life, it is not considered life threatening.®°

However, dry AMD represents 10-15% of all AMD cases however has a poorer
prognosis.'®’ Dry AMD can be slow to progress, however preventing or
halting the progression of dry AMD is considered vital to the conservation of
vision. Due to the complexity and relative differences in the aetiology between
dry and wet AMD, dry AMD cannot be treated by the same means. Moreover,
there is currently no pharmaceuticals on the market for the treatment of dry
AMD, meaning those diagnosed are encouraged to maintain the best quality

of life, however, cannot have their vision preserved nor restored.®
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1.2. The Innate Immune System

The pathology of both wet and dry AMD is poorly understood, however one of
the most heavily implicated factors in AMD pathology is the innate immune
system.'® The innate immune system contains phagocytic cells, epithelial and
endothelial cells to help combat stimuli. The phagocytic cells consist of
granulocytes, monocytes/macrophages, and dendritic cells. Through
expression of different proteins, the cells can be involved in not only
phagocytosis but in the inflammatory process as well.® Unlike the adaptive
immune system which uses B-cells and T-cells to recognise foreign bodies,
the innate immune system reacts to stimuli in a less specific manner.'® One of
the ways the innate immune system provides protection from harmful stimuli
is by controlling the expression of a class of proteins known as pattern-
recognition receptors (PRRs) which recognise danger associated molecular
patterns (DAMPS) and pathogen associated molecular patterns (PAMPSs) and
trigger the inflammatory response that helps to mitigate harmful stimuli.*820.2
However, chronic sterile inflammation as a result of an overactive innate
immune system has been identified as a factor in AMD pathogenesis (Figure
3).182223 PRRs consist mainly of toll-like (TLRs), NOD-like (NLRs), C-Type
Lectin (CLRs) and RIG-I-like (RLRs) receptors, which are expressed mostly
within cells pertaining to the innate immune system. Specific PRRs within the
innate immune system have further been implicated in the onset of AMD, such
as NACHT, LRR and PYD domains-containing protein 1 and 3 (NLRP1/3),
NLR family of apoptosis inhibitory protein inflammasome and NLR family
CARD domain-containing protein 4 complex (NAIP-NLRC4), TLRs 2-4, and

Sterile alpha and Toll/interleukin-1 receptor motif-containing 1 (SARML).
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However, the specific role they play remains elusive, limiting their viability as

therapeutic targets as the field remains in infancy!82425

i Alternative
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Figure 3 A scheme adapted from Ambati et al. showing how age and innate

immunity are related within the context of age-related macular degeneration.??



TLRs are membrane spanning PRRs, 10 of which are expressed in humans.?6
They span the membranes of immune cells such as monocytes,
macrophages, dendritic cells, B-cells, T-cells and mast cells however have
also been recorded in the RPE.?"?8 Through their ability to recognise PAMPs

and DAMPs, TLRs act as a prerequisite for the innate immune response (

Inflammatory Response

Cell Membrane

NLRP3 || LRR NACHT PYD Inflammasome t I
ASC || PYD M CARD \ !

v 7
L
— 3 ‘%

Figure 4). Using MyD88 and NF-kB mediated pathways, they are responsible
for the release of proinflammatory cytokines, induction of autophagy, and

assembly of the inflammasome.?®

TLR response to tissue injury, repair and regeneration is crucial to
physiological function, and so dysregulation of TLRs in people over 60 as a

result of inferior metabolic function, or genetic predisposition could be crucial
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to the onset of chronic inflammation and photoreceptor death within AMD
patients.° Indeed, in diseases such as atherosclerosis and tuberculosis, the
functions of TLRs can be damaging through induction of autophagy via
activating the expression of DNA damage-regulated autophagy modulator 1
(DRAM-1) expression, or chronic inflammation through release of cytokine,

chemokine, and matrix metalloproteinase-1.2%2

/7% Inflammatory Response

Cell Membrane

NLRP3 || LRR NACHT PYD Inflammasome l /
asc | PYD m carD * N
o 3

ProCaspase-1 & Casnase. # ) ‘x

Figure 4 A schematic adapted from Guo et al.. exhibiting the relationship
between the detection of pattern associated molecular patterns (PAMPs) and
the inflammatory response, via a MyD88 and NF-«kB mediated pathway that

forms the NLRP3 inflammasome.?2
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Studies have linked certain TLR genetic polymorphisms to AMD susceptibility,
such as TLR23!, TLR3%233 and TLR4 31323436 |n addition to their genetic
association, there are studies that link TLRs to the symptoms of AMD, such
as a 2010 study by Fujimoto et al. which found that Chlamydia pnemoniae
infection produced choroidal neovascularisation (CNV) in a TLR2 (and
MyD88) dependent manner.3’ Similarly, West et al. found that TLR2 caused
CNV in a MyD88-dependant manner in reaction to w-(2-carboxyethyl) Pyrrole
(CEP). The findings of West et al. could be significant as CEP and other
carboxyalkylpyrroles are a product of oxidative stress, which is known to occur

in AMD.38

TLR2 has also been implicated in the mediation on oxidative damage and
complement-mediated AMD, with TLR2 deficiency providing protection from
opsonizing fragments of complement component 3 (C3) in the outer retina and
oxidative stress induced degeneration.3%4? Additionally, the same study
showed that TLR2 deficiency also helped protect the RPE from fragmentation

and ultimately conserve the privilege provided by the BRB. 4°

It has also been shown that in AMD, microglia necroptosis-mediated
inflammation was dependant on TLR4 signalling, meaning that TLR4 may
contribute to the production of DAMPs in AMD.*%4? Furthermore, as elevated
complement component 5a (C5a) levels are associated with AMD, the finding

that C5a could upregulate TLR4 in the RPE and cause the subsequent
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production of cytokines interleukin (IL) 6&8 adds to the potential involvement

of TLR4 in AMD.*3

There have however been contradictory conclusions, Elner et al. for example
found TLR4 to be involved with IL-6 and IL-8 production, supported by Zhu et
al who found IL-8 production was reduced in the presence of a TLR-blocking
monoclonal antibody. 4346 However, Monaco et al. and Campbell et al. found
that blocking of TLR4, or the use of TLR4 tissue did not affect the production
of inflammatory cytokines (IL-6, and IL-8 respectively), instead suggesting the

process could occur independently of the receptor.4’48

SARM1, which is a TLR adaptor protein, has also been key to some
pathological findings relating to AMD, with multiple sources supporting the
postulation that SARM1 is involved in retinal damage. Ozaki et al. show that
SARM1 deficiency can protect against photoreceptor degeneration, and
Sasaki et al. showed that NAD+ synthesis enzyme NMNAT1-dependent

retinal cell death was facilitated by SARM1 in retinal degeneration.4-51

In addition to TLRs, NLRs are also key to the inflammatory response. NLRP3,
a key component of the inflammasome is a NLR which has been heavily
implicated in the pathology of AMD. Studies highlighted in Table 1
demonstrate how the role of NLRP3 and other NLRs are disputed, with in vitro
studies demonstrating the involvement of NLRP3 in the pathology of AMD, but
ultimately disputing whether NLRP3 has a causative or preventative role in

AMD. A study by Kosmidou et al. suggests the discrepancies between studies
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can be accounted for by a lack of specificity and/or sensitivity of anti-NLRP3
antibodies. The study goes on to claim that not only is the perceived role of
NLRP3 affected by this inherent lack of specificity, but also call in to question

whether NLRP3 is present at all within the human retina.

Given the association of the innate immune system, inflammasome and
pattern recognition receptors within the inflammatory process, the involvement
of inflammation in AMD, and ultimately the individual ways in which the innate
iImmune system can contribute to AMD pathology, the intricacies of the
relationship between the innate immune system and AMD suggest that the
key to therapeutics may lie within the physiological processes associated with

the innate immune system.
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PRR
NLCR1
NLRP3
NLRP3
NLRP3
NLRP3
NLRP3
NLRP3
NLRP3
TLR2
TLR2
TLR2
TLR2
TLR2
TLR2
TLR3
TLR3
TLR3
TLR3
TLR4
TLR4
TLR4

TLR4
TLR4

TLR4
TLR4
TLR4
TLR4
TLR4
TLR4
TLR3

Table 1 Predicted preventative and causative pathological roles of PRRs within AMD.

Causative/Preventative
Causative
Preventative
Causative
Causative
Causative
Causative
Causative
Causative
Causative
Causative
Causative
Causative
Causative
Causative
Preventative
Causative
Causative
No Result
Preventative
No Result
No Result

Preventative
Causative

Causative
No Result
Causative
Causative
No Result
No Result
No Result

Method
FCM
WBJ/ELISA
RT-PCR
WBJ/ELISA
RT-PCR
WBJ/ELISA
PCR/WB
PCR/ELISA
RT-PCR
Cell

Mice

Cell

FCM
WBJ/ELISA
DNASeq.
TagMan
TagMan
TagMan
PCR-RFLPs
PCR-RFLPs
RT-PCR

PCR
PCR

Meta

Meta
WBJ/ELISA
WBJ/ELISA
PCR
TagMan
TagMan

Reference
Kasimsetty 52

Tarallo 54

Tseng 55
Liu 56

Wu 57

Liao 58

Kauppinen 4

37
48

Fujimoto
Monaco
Kasimsetty 52
Wu 57
Yang 59
Edwards
Edwards
Edwards
Ling 60
60
Gulven sl

Kiechl 81
Zareparsi
Liu 35
35

32
32
32

Ling

Liu
Huang 42
Chen 46
Despriet
cho 62
Cho 62
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Year
2020
2012
2012
2013
2020
2020
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2009
2020
2020
2008
2008
2008
2008
2019
2019
2016

2002
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2020
2020
2018
2016
2008
2009
2009

Gene

TLR2-rs5743708

TLR3-rs3775291
TLR3-rs3775291
TLR7-rs179008

TLR4-rs4986790
TLR4-rs1927914
TLR4-rs1927907
TLR4-rs4986790

TLR4-rs4986790
TLR4-rs4986790

TLR4-rs4986790
TLR4-rs4986791

TLR4-rs4986790
TLR4-rs4986790
TLR3-rs3775291

AMD Tissue
No

in vitro
in vitro
in vitro
in vitro
No

in vitro
in vitro
Both
in vitro
No

No

No

No

in vitro
Dry
Dry
Dry
Both
Both
Both

No
Both

Both
Both
in vitro
in vitro
Both
Both
Both



1.3. Essential & Non-essential Elements in AMD

For as long as two decades, the association between the buildup of essential
and non-essential elements within the plasma and ocular tissue of AMD
patients has been linked with the onset of AMD (Table 2). At the turn of the
century, the Age-Related Eye Disease Study (AREDS) concluded that
essential trace elements are crucial for regulation of inflammation and in the

prevention of disease.®?

NIH AREDS began to recommend supplementation of the essential elements
zinc and copper as a precautionary measure for those susceptible to AMD.
Though copper was present to avoid hypocupremia, both zinc and copper
have a role in the mitigation of inflammation, as part of copper-zinc superoxide
dismutase, and deficiencies of zinc can cause an inflammatory response.®
Additionally, aside from aging, the most common risk factor for AMD is
smoking, which is associated with the inhalation of and exposure to heavy
metals such as cadmium and lead, which are common non-essential

elements.65-69

Since the publication of the AREDS, many studies have explored the
metallomic changes that have occurred within the ocular tissue of both young
and aged retinal tissue. Essential elements such as sulphur, phosphorus and
aluminium can be key in ocular function, and in 2008, Wills et al. postulated a
correlation between the levels of the essential elements zinc and copper within
the choroid, RPE and retina of diseased ocular tissue, citing elevated levels

of zinc and copper within the aged choroid, and reduced levels of zinc within
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the aged retina.”® Though the metallome is a vast and complex aspect of
ocular pathology, it has been made clear that copper and zinc may play key
roles within the pathology of AMD, and more importantly, may hold the key to

prevention or even treatment of AMD.
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Table 2 A compilation of analyses of essential and non-essential elements and their association with age-related macular
degeneration (AMD), along with the method(s) used to measure the concentrations within each study. Each metal can be
seen to have increased, decreased or to have exhibited no significant change as a result of AMD.

Element
As
As
Ba
Ca
Cd
Cd
cd
Cd
cd
Cd
cd
Cd

Co
Co

Co
Cr
Cr
Cu
Cu
Cu
Cu
Cu
Fe
Fe
Fe
Fe
Fe

Matrix
RPE/Choroid Tissue
Plasma
Plasma
Plasma
RPE/Choroid Tissue
Neural Retina
RPE/Choroid Tissue
Blood
Blood
Aqueous Humor
Plasma
Urine

RPE/Choroid Tissue
Aqueous Humor

Plasma
RPE/Choroid Tissue
Plasma
RPE/Choroid Tissue
Aqueous Humor
Serum

Plasma

Serum

Aqueous Humor
Bruch's Membrane
Serum

Plasma

Serum

Technique
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
AAS
ICP-MS
ICP-MS
ICP-MS

ICP-MS
ICP-MS

ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
AEM
ICP-MS
ICP-MS
QuantiChrom
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Blood

Serum

Serum

Plasma

Blood

Aqueous Humor
Plasma

Plasma
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Plasma
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Blood
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1.3.1. Zn

Zinc is the most abundant trace metal in the retina and is essential to
many of the physiological processes of the eye, such as antioxidant
defence, cell metabolism, retinal development and ocular function such
as phototransduction, rhodopsin recovery, and neurotransmission.8384
However, zinc is not easily stored in the body, and must be replenished
though diet. Due to age-related physiological changes involving
metabolism, proteostasis, macromolecular damage, and inflammation,
people over the age of 60 are more susceptible to zinc deficiency, which
has been shown to affect these zinc mediated ocular functions, and has
been implicated in the onset of AMD.%%484 Consequently, following a
large scale clinical trial as part of the Age-Related Eye Disease Study
(AREDS), zinc has been in use as a supplement alongside antioxidants,
as it was reported to inhibit the release of pro-inflammatory cytokines,
and reduce the amount of CRP and oxidative stress markers, and slow

the progression of early AMD to late-stage AMD.8-87

Consequently, inductively coupled plasma mass spectrometry (ICP-MS)
has been used to study concentrations of zinc within various matrices in
the context of AMD. Many studies aim to associate trace metal blood
concentrations using ICP-MS.748 Some have also qualitatively
characterised zinc distribution within the chorio-retinal microanatomy of
ocular tissues of healthy patients in the context of AMD.8* Additionally,
some studies have utilised both healthy and diseased ocular tissues to

compare the concentrations of zinc within ocular tissues such as a study
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by Erie et al. which compared zinc levels within AMD and healthy donor
eyes.’® To date, a significant number of studies conclude a negative
association of zinc concentration and AMD, consistent with the evidence
from AREDS & AREDS 2 that zinc deficiency is a risk factor in the onset
of AMD.”® In contrast some studies note higher levels of zinc within AMD
patients; notably in blood/serum studies.” " Elevated zinc levels in AMD
patients could be explained by the release of intracellular deposits of zinc
from photoreceptors following apoptosis, resulting in a high extracellular
concentration of zinc despite the overall zinc deficiency experienced by
the patient. As extracellular or ‘free’ zinc has been shown to activate
microglia, and can aggravate inflammation, this increase in free zinc from
photoreceptors could lead to exacerbation of AMD. It is clear that zinc
can play arole in AMD, whether it be through protective roles in the innate
immune system, or as a pro-inflammatory species released in the

diseased state.8?

1.3.2. Cu

AREDS also recommended the supplementation of copper in the form of
Cupric oxide to AMD patients due to the risk of hypocupraemia that
occurs with large doses of zinc as part of the AREDS supplementation
programme.®® However, copper has been investigated outside of
AREDS, separately to zinc in the context of AMD.’60 Like zinc, copper
is involved in essential ocular processes, and acts as a cofactor for
multiple ocular enzymes, including copper-zinc superoxide dismutase, an

enzyme involved in regulation of oxidative stress.”®83 However, despite
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its role in the regulation of oxidative stress, copper can initiate oxidative
stress if present in large enough quantities, meaning that regulation of
copper levels is essential to ocular health.”%%* Copper has been
investigated though the use of multiple analytical methodologies, most of
which conclude a relationship with AMD and inflammation, however,

disagree on the causative role of copper in AMD. 7092

The present study aimed to explore the past decades findings related to
essential and non-essential elements and AMD, and to focus on the
essential elements copper and zinc, and how the perceived duplicity of

their role in ocular pathology can be explained.

2.0. Analytical techniques within Ocular pathology

Mass Spectrometry (MS) has been used for a variety of pathological
investigations in recent history. Notably, the use of mass spectrometry in
the study of biomarkers and other key species relating to disease
pathology.®?°* Current techniques used to investigate the innate immune
system and related proteins within the context of AMD predominantly rely
on the use of immunological techniques to study the presence of
proteins.1750.53.95 The specificity and accuracy at which these methods
can operate, in combination with high resolution imaging techniques have
forged a path through ocular research, facilitating the discovery of novel
therapeutics in ocular research that has helped to improve ocular health
outcomes. However, the power of immunological techniques is reliant on
the efficacy or specificity of the antibodies used within the assay.®

Despite successes within the field of ocular research, there are disputes
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within the literature that can compromise the influence of some of the
existing research.% In addition, immunological techniques are limited to
targeted research, which can breed insular research. With the ever-
growing relevance of mass spectrometry within the field of biomarkers,
and in combinations with its ability to perform untargeted experiments,
without the need for specific reagents, there is adequate scope to employ
mass spectrometry in conjunction with immunological research.®” The
untargeted and multiplexing nature of mass spectrometry has long been
able to offer a great deal of information to pathological investigations,
however with the development of modern mass spectrometry imaging
(MSI) techniques, new dimensions have been added to the capabilities
within mass spectrometry. With the ability to compare spatial information
from multiple disciplines, there is potential to make meaningful

contributions to ocular pathology.

In addition to bolstering research into the innate immune system, the
work investigating the role of essential and non-essential elements within
ocular pathology can be supported by the suite of analytical techniques
used to study metallomics. Techniques such as lon beam analysis (IBA)
are long established within the field of metallomic research, offering
immense multiplexing and high spatial resolution of elements from
multiple matrices. However, their power is only matched by their relative
inaccessibility. However, with modern advances in LA-ICP-MS, there is
now high throughput, fast, accessible and high sensitivity techniques for
the detection, quantification, and spatial characterisation of metals within

biological tissue.
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Whilst mass spectrometry could hold great potential within the field of
ocular pathology, its success is dependent on the successful ionisation
and transport of ions related to the target analyte. Additionally, when
performing untargeted analyses, the identification of species within
biological tissue can heavily rely on mass resolution. Herein the different
methods and the theory on which they operate is discussed, with a how
new technologies have revolutionised the capabilities of analytical

research.

2.1. Matrix assisted laser desorption ionisation (MALDI)

Matrix assisted laser desorption ionisation (MALDI), developed in the
1980s by Karas et al. and Tanaka et al.. is an ionisation technique used
for mass spectrometry.®%° MALDI is a ‘soft’ ionisation technique that
relies on the co-crystallisation of the analytes of interest with a chemical
compound known as a matrix. In ‘soft’ ionisation techniques the number
of intact, ionised species produced in the source is significantly greater
that the number of fragment ions.1% The role of the matrix is to absorb
energy at the wavelength of the laser (e.g. a 355 nm Nd:YAG or a N2 337
nm laser) converting the energy from the laser into heat, causing sample
disintegration. In addition, for positive polarity analysis, the ability for the
matrix ion to be readily protonated is desirable. As a result, the choice
matrix, in addition to the way in which the matrix is incorporated into the
sample can be crucial to the success of the analysis, with different

preparations producing different results (Table 3). For this study, a-
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cyano-4-hydroxycinnamic acid (CHCA) was used as MALDI analysis was
primarily used for peptide analysis, and in addition, a number of

application techniques were explored.

Table 3 Different matrix compounds have historically been used in

ultraviolet matrix assisted laser desorption ionisation (UV-MALDI).

Below, common analytes and their corresponding matrices..

Analyte Matrices Acronyms Reference
S

Peptides Nicotinic acid NA 101
2-(4-Hydrocyhenylazo) HABA 101
benzoic acid
4-Chloro-a-cyano-cinnamic | CICCA 101
acid
a-Cyano-4- CHCA 101,102
hydroxycinnamic acid

Proteins Nicotinic acid NA 101
2,5-Dihydroxybenzoic acid | DHB 101
a-Cyano-4- CHCA 101
hydroxycinnamic acid
3,5-Dimethoxy-4- SA 101
hydroxycinnamic acid
2-(4-Hydrocyhenylazo) HABA 101
benzoic acid

Lipids/Metabolites | 1,5-Diaminonaphthalene 1,5-DAN 103
9-aminoacridine 9-AA 103

2.1.1. MALDI lonisation Theory

How the matrix facilitates ion production is complex, and remains unclear,
with two predominantly accepted models for ionisation. In the Gas phase
production model, the heat transfer induced by the absorption of laser
energy allows the matrix and the analyte molecules to enter the gas
phase. Once in the gas phase, the gas phase protonation model

postulates the transfer of a proton from the matrix ion to the analyte
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molecules, allowing them to be transferred and analysed by the mass

spectrometer 194,

The second model for MALDI ionisation is called the lucky survivor
model, proposed by Karas et al. in 2000.1% Revised in 2011, the model
relies on the theory that the analyte is ionised prior to analysis, as part of
the matrix application process whereby the solvent allows the analyte to
form a negative ion by co-crystallisation with the matrix.1951% |n its first
iteration, the analyte ions are then desorbed and analysed without further
aid from the matrix. The revised lucky survivor model accounts for the
formation of doubly charged species with the matrix being desorbed with

the analyte, as counterions.%6

2.2. Desorption Electrospray lonisation

Desorption electrospray ionisation (DESI) is another form of soft
ionisation technique used in mass spectrometry. DESI, like MALDI has
been utilised for both profiling and imaging applications.17:1%8 Conceived
in the early 2000s to alleviate the need to expose samples to a high
vacuum, DESI, as the name implies, relies on some of the same
principles as ESI.1® A solvent, typically a mixture of agueous and
organic solvents is incident upon the sample at an angle, nebulised by a
flow of N2 gas and a voltage (Figure 5). The solvent aerosol then interacts
with the sample source, and the analyte is desorbed into the solvent. The
solvent (now charged droplets containing the analyte) is transported into
the mass spectrometer in the form of secondary ions through a transfer

line. Through this methodology, DESI is able to analyse the analytes on
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the surface of some tissues whilst causing minimal damage to the sample
surface. The analysis is rapid and non-invasive, and the lack of vacuum
makes it ideal for samples that will degrade easily. In addition to these
benefits, DESI requires little to no sample preparation. DESI-MS does
however require method optimisation as different parameters, including
Bq, B8, d1 and d (Figure 5) can greatly influence the efficacy of ionisation.
The angles of incidence and desorption can be finely tuned in order to

bias the class of desired species entering the mass spectrometer.
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Figure 5 A schematic showing the mechanism by which desorption
electrospray ionisation (DESI) produces ions in DESI mass spectrometry
(MS). A zoomed view (green dashed box) shows the intricacies of the
DESI source, including angle a, the angle of the incident DESI source
cone, 3, the angle of the capillary connected to the MS, and the heights
at which the source cone (d1) and the transfer line (d>) are from the
sample stage.1%8
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2.3. Inductively Coupled Plasma

Inductively coupled plasma (ICP) was first conceptualised in the early
1960s, with commercial instruments developed in the 1970s and
1980s.1° ICP is a form of ion source used most in the field of metallomics,
or the study of metals. ICP relies on the principle of using a high
temperature ionised argon gas (plasma), which is stabilised by a high
frequency electric field, and contained by an N2 sheath gas. Depending
on the application, sampling can range from the introduction of solutions
through a nebuliser chamber to analysis of dry aerosol particles by laser
ablation. The plasma retains energy created by the radiofrequency (RF)
field applied to it and atomises the analyte species. Following
atomisation, the ionisation steps can occur, which happen as a result of
two main processes: charge-transfer ionisation (Ar* + M — M™** + Ar),
and Penning ionisation (Ar™ + M — M** + Ar).!! Following ionisation,
ions are separated from neutral species by manipulating the ions with an
electric field. In the NexION 350X (the instrument used within these
works) the ions are deflected 90° by a quadrupole ion deflector (QID)

(Figure 6).

When in standard mode, the ions pass through the first quadrupole
uninhibited, before passing into the quadrupole mass analyser. The mass
analyser will be tuned to multiple masses, which in the 350X can be
resolves at 0.2 amu at 10% peak height. The total acquisition time or
sweep depends on two factors, dwell time and settling time. The overall
dwell time will be determined by the number of masses being scanned

for during a sweep, which in turn is determined by the dwell times of each
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individual element. Individual dwell times can be crucial for sensitivity,
with longer dwell times often used for the least abundant elements.
Settling time, which makes up the rest of the acquisition time is
determined by the ability of the quadrupole to switch between masses.
Whilst most modern ICP-MS instrument can achieve settling times below
200 ps, most have a dynamic settling time, which can increase as the
mass difference increases.''>13 The NexION benefits from settling times
of <200 ps meaning that less time of an acquisition is spent ‘settling’
resulting in better sensitivity for routine analysis. When conducting
analysis with a transient signal, such as in single particle analysis and
laser ablation ICP-MS, settling time can be of paramount importance.
Figure 7 exhibits the impact that settling time can have when analysing
multiple elements. If settling time is too large, then the efficiency of the
acquisition can result in a loss of sensitivity or indeed a loss of a transient

signal.
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Figure 6 The ion path within a NexION 350 ICP-MS. Wherein the labels
‘R’ and ‘A’ on the quadrupole ion deflector (QID) stand for ‘repeller’ and
‘attractor’ respectively. The repellers repel the ions using a dynamic
voltage, and the attractors attract ions using a static voltage, allowing
neutralised ions to pass through uninhibited, and forcing the ionised

species around a 90° ion path to the left. Adapted from PerkinElmer 114
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Figure 7 The effect of settling time on the efficiency of duty cycle. Adapted

from PerkinElmer 115
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2.4. Laser Ablation

Laser Ablation (LA) is a technique for the analysis of geological and
biological materials. LA utilises an incident laser beam to irradiate and
ablate samples. The result is the eruption of a plume of material on the
surface of the sample, which produces an aerosol cloud containing the
constituents of the surface material. In LA-ICP-MS, a carrier gas or mass
flow controller (MFC) is used to carry this gas to the ICP source. MFCs
have traditionally been argon gas, which not only matches the source
gas, but allows the aerosol to be carried by an inert gas towards the ICP

source.

In recent years the use of helium as an MFC has gained popularity. *He
is relatively inert, but additionally due to its lightness and low density
allows for better aerosol formation within the sample chamber of the LA,
meaning less particulate matter falls back to the sample stage.'® LA is
used as a MS imaging technique, and so the MFC is not only important
in the production of aerosols within the sample chamber, but also for the
delivery of the aerosol particles to the ICP in a singularly, sharp peak, so
that each pixel within the MS image is discreet, and that no carry over
form the previous pixel is carried to the next. This ‘delivery speed’ is
determined by washout time, a function determined by the flow dynamics
of the sample chamber. In the LA apparatus used within this piece of
work, the ImageBio266, the sample chamber is designed for low washout
times, citing a washout of <700 ms. Low washout times are achieved by
utilising a reduced internal volume, and a conical cup which transports

the aerosol from directly above where the laser is firing. 1%/

47



2.5. Microbeam Particle-Induced X-ray Emission

Particle induced X-ray emission (PIXE) was first conceived in Sweden in
1970, with micro PIXE (UPIXE) being developed in the 1980s. PIXE relies
on the Coulomb interaction between the incident ions produced, in this
case a proton (*H*) and the inner shell electrons.1t The proton causes
vacancies of lower shell electrons, which are then replaced by higher
energy electrons. In order to occupy the lower energy vacancy, the higher
energy electrons release energy in the form of characteristic X-rays (hv).
These characteristic X-rays are detected by a lithium drifted silicon
detector (SDD).'8 In combination with a moving sample stage (Figure
8), imaging data from PPIXE can be obtained giving spatial information
relating to the elemental information given by the X-rays. Unlike ICP-MS,
there is less risk of polyatomic interferences, and fewer instances of

matrix effects.11?
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Figure 8 (A) A micro particle induced X-ray emission (LPIXE) sample chamber
used for pPIXE imaging. (i) Graphite Faraday Cup (ii) Silicon drifted detector
(SDD) (iii) Particle Detector (iv) Video microscope. Adapted from Grime et al.

119 (B) A Diagram showing the emission of a characteristic X-ray.
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2.6. Mass Analysers

2.6.1.Quadrupole

Quadrupole mass analysers were first conceived in 1960 and have since
been a common mass analyser for mass spectrometry.*?° Their versatility
allows their application to a number of different techniques, including ICP-
MS. The radio frequency (RF) voltage within a quadrupole instrument is
applied to four diametrically opposed rods or ‘poles’ which then create a
frequency with which ions can be resonant or non-resonant. By tuning
ratio of these voltages, you can tune a quadrupole for mass filtering and

selection.1?1

2.6.2. TOF

Time-of-flight (TOF) mass analysers are means by which to measure
mass used most commonly in mass spectrometry. TOF analysers rely on
a measured time period as a function of mass-to-charge ratios to
determine the mass of ions. The principle relies on the theory that ions
with larger m/z values with the same mass will take a longer period of
time to reach a detector at the end of a flight tube from the time of pulse
(to) to the time where the ion is incident on the detector (t1) when the
same acceleration voltage is applied to each. In mass spectrometry, the
use of reflectron TOF instruments has become increasingly popular, as
through the use of a reflectron, ions can travel for roughly twice the
distance within the same instrument footprint, allowing for improved

resolution (Figure 9).122123
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Figure 9 A figure representing the ion paths involved in the measurement of
masses in (A) A linear TOF where the time-of-flight is determines over a set
distance and (B) a Reflecting TOF, where the time-of-flight is extended within

a similar footprint by using a reflectron to change the path of the ions.1?2123

2.6.3. qTOF

Instruments such as the Waters SYNAPT G2 HDMS rely not only on
guadrupole technology but use it in combination with TOF technology.
The combination of quadrupole and TOF technology allows for high
speed, high mass accuracy mass spectrometry with the ability to
fragment compounds.® Deviating from a conventional linear TOF, the
SYNAPT utilises a double reflection, allowing the instrument to operate
in Sensitivity (V-mode) or Resolution (W-Mode) which allow for

resolutions of 10,000 FWHM and 40,000 FWHM respectively (Figure 10).
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Figure 10 The ion path of a SYNAPT G2 HDMS, when operating in V

mode (blue) and W mode (purple) Adapted from Waters Corporation 124

2.6.4. Multi-reflecting TOF

Multi-reflecting TOF (MRT) analysers rely on the same principles as TOF
analysers. Like reflectron TOF instruments they utilise an ion mirror to
reflect the ion packets to increase the flight path. Single reflectron mass
analysers however often use an electrostatic grid to reflect ions, as first
described by Mamyrin in 1973.123 The model utilises a metal mesh over
which an electrostatic charge is applied. The ions pass through these
meshes and are reflected by the potential difference applied. Whilst
passing through these grids on a traditional reflectron, up to 20% of the
ions passing through are lost, with modern reflectrons having around
90% transmission efficiencies.?>1?6 Given losses of ions within the beam
path are expected in MS instrumentation, this becomes negligible. The
SYNAPT series from Waters Corporation, which are gTOF instruments,

these losses are compounded with the multiple reflections that occur in
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V & W mode (Figure 10). These analysers can offer resolutions of up to
100,000 full width at half maximum (FWHM), but should further
reflections take place, there is a risk of further sensitivity loss, and an
ever-increasing duty cycle.'?® Loss of sensitivity can be avoided through
the use of early gridless mirrors, which utilised a reflectron that doesn’t
rely on the use of a mesh to exert an electrostatic force, but rather using
gridless diaphragm rings, which otherwise resembled a standard
reflectron.?® Gridless mirrors have since improved, offering higher order
TOF focusing, and higher resolutions, with some offering up to 500,000
FWHM at a fixed mass range. Whilst this helps mitigate loss of sensitivity,

there are still issues with increasing duty cycle.

Traditional TOF systems utilise a pulse-wait system, whereby the time
between orthogonal acceleration (OA) pulses is determined by the TOF
of the heaviest species within the mass range. With each reflection, the
time taken for the largest species to reach the detector will increase,
increasing duty cycle, and loss of ions. As the time spent by the ions in
the flight tube increases, the time between OA pulses becomes extremely
large. To enable more packets of ions may be entering the flight tube at
any one time, the use of encoded frequent pulsing (EFP) has been
utilised, wherein the ‘pulses’ take place in an encoded sequence,
whereby the time intervals are unique allowing the mass spectrometer to
deconvolute signals from multiple ion packets simultaneously. 27 This
EFP technology allows a 25% improvement in duty cycles for sequences
of 100 pulses, and allows an increase in sensitivity, dynamic range and

speed of analysis by up to two orders of magnitude.
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This results in the culmination of multiple technological advances
allowing for the manufacture of multi-reflecting TOF MS. The Waters
MRT, which is the first to commercialised these technologies together, is
able to have a flight path of ~50 m, with 47 reflections. This enhanced
flight path allows for routine analyses to take place at a mass resolution
of 200,000 FWHM, whilst maintaining a scan time of 0.1 s.2?> Additionally,
when used in resolution enhancement mode (REM) mode, the instrument
allows for a further 47 reflections to occur by pushing the ions though the
MRT flight path an additional time, increasing the resolution to 300,000
FWHM. In this research, the instrument was used in MRT mode, with one

pass through the flight tube, and thereby a resolution of >200,000 FWHM.
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Figure 11 The ion path found in the Waters SELECT SERIES MRT (A)
the ion path when operating in Diamon d Mode (10,000 FWHM) (B) An
expanded view of the ion path within the MRT flight tube when operating
in MRT mode (200,000 FWHM).128
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2.7. Mass Spectrometry Imaging

Mass spectrometry imaging relies on a compatible technique such as
MALDI, DESI or LA-ICP to produce mass spectra containing m/z and
intensity values for each 2D x & y coordinate within a determined area.
The spectra for each m/z can then be viewed as a 2D heatmap, showing
spatial distribution and relative intensity at each point within a sample.
(Figure 12) In this programme of research, a pixel size of 50 um or less,
with a lower limit of 10 um was utilised when using LA. This means, using
the correct sample preparation to accentuate analytes of interest, mass
spectrometry experiments can be used to create heatmaps showing the
content and two-dimensional arrangement of analyte species within a
sample. Additionally, by utilising co-registration techniques, the data can
be compared to histological stains, and associate species, and their

relative intensity with structures within biological tissue.
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Figure 12 A figure representing the workflow involved when performing
mass spectrometry imaging (MSI); (A) the workflow which helps to
produce mass spectrometry imaging experiments (B) A representation of
the collection of individual spectra from each xy coordinate within a same
region using a laser as an ion source. (C) MSI data once processed; with
each m/z value in the spectrum providing a heatmap that contains
information relating to the m/z value, its coordinates in a 2D array, and

the relative intensity at each coordinate.

Using the analytical strategies described herein, and the context of the
research being completed into the age-related macular degeneration, a
number of aims for this project were conceptualised, in order to begin a

novel approach to age-related macular degeneration.
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3.0. Aims & Objectives

This PhD project aimed to inform on the pathology of AMD by utilising
mass spectrometry imaging in a multifaceted and multimodal fashion.

The main aims are outlined below:

1) Optimisation of strategies aimed to study ocular disease
through multimodal workflows
This initial study of the project was designed to cultivate a set of basic
methodologies on which further research and optimisation could be built.
The study was designed to demonstrate a proof of concept for the
analysis of peptides from proteins related to ocular pathology and aimed
to develop individual imaging workflows using MALDI-MSI and LA-ICP-
MSI, taking into consideration the complexities of sample preparation
within each of the workflows. This work aimed to prove the utility of both

MSI modalities for the application within ocular pathology.

2) Development of a multiomic workflows for the high resolution
imaging of ocular tissue metals and peptides related to the onset
of AMD

Building on the methodologies in Aim 1, this section of the research

aimed to refine the workflows set out in the first part of this project. One

aspect of this aim was to improve the sample preparation procedures for

MALDI-MSI through the utility of more sophisticated techniques. In

addition, it was proposed that the LA-ICP-MSI work developed in the
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initial study could be improved upon through the use of a quantitative

strategy.

3) Deployment of a multimodal metal imaging strategy to
investigate the relationship between essential and non-essential
metals within a retinal degeneration model.

Further to the metallomic studies, this aspect of the research programme

aimed to develop the ideas set out as part of the research into the

relationship between trace elements and ocular pathology. Utilising the
developed workflows, it was proposed that LA-ICP-MSI could be used to
further probe the relationship between ocular tissue and trace elements,
using a transgenic tissue to map changes to the elemental landscape of
ocular tissue. Furthermore, validation, and expansion of the datasets
produced by LA-ICP-MSI was proposed to be undertaken using pPIXE,

a powerful technique for the analysis of trace elements.

4) Development of a multimodal workflow for the analysis of mouse
and human ocular tissue in the context of ocular pathology.
This final aspect of the research aimed to stand as a culmination of the
methodologies an techniques developed in the previous chapter, with the
addition of DESI-MSI, this phase of the research aimed to combine the
MALDI-MSI and LA-ICP-MSI techniques employed earlier into a unified
and integrated workflow, wherein lipidomic, peptidomic, and metallomic
data could be obtained from single tissue sections using a large suite of

techniques. Additionally, there was an aspiration to apply some of the
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aforementioned techniques to human tissue, in order to contextualise the

facility of the previously developed imaging strategies.
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Abstract

The prevalence of ocular disease is rising, especially as our populations begin to
age. Diseases of the eye that occur in the elderly such as age-related macular
degeneration (AMD), diabetic retinopathy, and retinitis pigmentosa have required
more attention due to increasing demands on healthcare systems aiming to aid
our goring and ageing populations. Many of the studies investigating ocular
disease have been fruitful but reach difficulties where the limit of techniques is
reached. In order to make progress in ocular disease research, a multidisciplinary
approach must be taken. Mass Spectrometry Imaging (MSI) is often overlooked
for ocular disease pathology, with the majority of studies being undertaken using
histological or liquid chromatography-based techniques. With every application
and tissue type, special considerations must be made in the sample preparation
steps in order to ensure quality data is produced. The following study outlines the
sample preparation optimisations used in consideration of ocular tissue to study
the peptides relating to the innate immune system and the field of ocular

pathology.

1.0. Introduction
Ocular disease affects over 2.2 billion people worldwide, and the World Health

Organisation (WHO) estimates almost half of cases are preventable or have not
been addressed.! Part of the unsustainable growth in ocular disease can be
attributed to the lack of understanding of some of the ocular diseases, such as
with age-related macular degeneration (AMD), a disease which effects around
196 million people worldwide and has a poor prognosis for the majority of
patients, with only 15% able to receive treatment due to lack of viable drug
targets.1? Key to the success in finding viable drug targets is the investigation of

ocular pathology. Recently, studies have claimed that mass spectrometry (MS)
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is the “choice” method for the analysis of the drugs, metabolites and disease
biomarkers within ocular disease.® Moreover, recent research has stimulated
further interests into specific pathways and biological systems within the
ophthalmological community through the utilisation of MS methods. For example,
studies investigating presbyopia and the microcirculation within the lens of the
eye have identified aquaporins as potential viable drug targets for use in the
future.* In addition to this, studies ranging over the past couple of decades have
identified key proteins relating to the complement and innate immune systems.>
7 Whilst genetic and immunological studies have produced potential investigative
targets, few studies have utilised the mass spectrometric approach to disease

biology.

Recent studies have investigated the involvement of the innate immune system
within ocular biology, namely the association with AMD.>®° The studies name a
class of proteins known as toll-like receptors, of which there are 13, with 10 being
expressed within the human genome.!® Their association with damage-
associated molecular patterns, pathogen associated molecular patterns and
chronic inflammatory pathways have made them crucial targets of interest within

AMD and wider ocular pathology.2811.12

One key, yet occasionally overlooked aspect of mass spectrometry is the intricacy
involved in sample preparation. Whilst it is generally acknowledged that sample
preparation is a fundamental aspect to the process, little care is noted to the
minutiae that can be associated with each class of target analytes. Aquaporins
and toll-like receptors for example, are membrane bound proteins, so often to

make the proteins accessible for enzymatic digestion, solubilisation steps may
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diverge from those related to other proteins being digested. Equally, classes of
compounds such as lipids and metabolites, though they share many chemical

qualities, must be considered individually for the optimal results to be achieved.

Sample preparation and method optimisation are crucial steps when evaluating
a workflow for the analysis of a sample by mass spectrometry imaging (MSI).1%
5 For decades, the development of methods and techniques to be applied to
mass spectrometry, namely MSI have been ever growing, yet despite the
exponential growth of publications relating to MSI there is little consensus of the
preparation of samples, nor the utilisation of matrix assisted laser desorption
ionisation MS imaging (MALDI-MSI) for their analyses.'®1617 As MSI methods
and techniques become more established, the unique combination of analytes
and sample matrices can be infinite, and each combination of analyte and matrix
can come with nuances and challenges which require optimisation of analytical

procedure.

Multimodal workflows are becoming increasingly more prevalent, and as they
become more popular their use in high-value studies may increase. Therefore,
for the multimodal workflow to work, they must be truly multimodal, and allow for
multiple methodologies to work sequentially on the same tissue or sample
section. Thereby, work herein explores the initial sample preparation of MALDI-
MSI, and the targeting of spatially localised peptides within ocular tissue, in
addition to laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MSI), and the initial sample preparation that not only underpins LA-ICP-MSI, but

the multimodal approach.
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2.0. Materials
2.1. Instrumentation & Parameters

2.1.1. MALDI-MS
Profiles and imaging data were acquired using a SYNAPT G2 MALDI HDMS
(Waters Corporation, Manchester, UK), in positive ion sensitivity mode at a mass
resolution of 10,000 FWHM in ion mobility mode, within the mass range 700 to
2000Da. The Nd:YAG laser was set to 1 kHZ repetition rate with a laser power of
250 a.u. IMS wave velocity parameters applied were ramped over the full IMS
cycle with a start velocity of 700 ms?* and end velocity of 200 ms™.

2.1.2. MALDI Imaging
Images were acquired at 100 ym spatial resolution for porcine tissue, and 50 um
for mouse tissues. Data were processed using Waters HD Imaging software
(Waters Corporation, Manchester, UK). Processing was applied to the 2000 most
intense peaks at a resolution of 10000, and a low intensity threshold of 50, and a
m/z mass window of 0.05 Da. Normalisation was performed through adjustment
by total ion count (TIC), and images were compiled on a linear scale, with no
image smoothing.

2.1.3. LA-ICP-MS
Analysis was conducted using a NexION 350X ICP-MS (PerkinElmer,
Manchester, UK) coupled to an UP-213 LA system (New Wave Research,
Freemont, CA, USA). The ICP-MS was run in Kinetic Energy Discriminatory
(KED) mode utilising a variable laser spot size, 46% laser energy, a repetition
rate of 22 Hz, a scan rate of 25 ums* warmup time of (6-40 um), 40 s, washout
time of 30 s and an acquisition time of 0.420 s.

2.1.4. Sample Materials
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Porcine ocular tissue samples were obtained from MedMeat (Wetlab, Warwick,
UK) and 10 um sagittal sections were mounted onto polylysine slides. Sectioned
mouse tissue was obtained from Department of Clinical Medicine, School of
Medicine, Trinity College Dublin, where mice were raised and culled in conditions
that adhere to the principles laid out by the internal ethics committee at TCD, and
all relevant national licences were obtained before commencement of all studies
before being processed & sent to Shefield Hallam University. For each analytical
experiment 3 technical replicates were performed. Trypsin was obtained from
Promega (Southampton, UK). Acetonitrile, methanol, ethanol, chloroform. and
glacial acetic acid were obtained from Fisher Scientific (Loughborough, UK). a-
hydroxycinnamic acid (CHCA), trifluoroacetic acid (TFA), and octyl-a/B-glucoside
(Oc/Glc) were obtained from Sigma Aldrich (Gillingham, UK). Xtra adhesive poly-
lysine slides were obtained from Leica Biosystems (Newcastle, UK) and ITO
slides were obtained from Visiontek (Chester, UK).

2.1.5. Washing
Wash steps were performed on ocular tissue by submerging slides of tissue in 50
ml of freshly prepared solvents in starting with 70% EtOH (1 min), followed by
90% EtOH (1 min), CHCIs (30 s) and 90:9:1 EtOH:gAcOH:H20 (1 min)

2.1.6. Enzymatic Digests
Enzyme was applied using SunChrom SunCollect (Friedrichsdorf, Germany)
MALDI Matrix Applicator. For tryptic peptide images, 6 layers of 20 pgml trypsin
with 0.1% octyl-a/B-glucoside was sprayed at 4 plmint, with an N2 Pressure 35
psi, in the presence of warm water to prevent drying. Samples were subsequently
placed in a humidity chamber filled with 50:50 MeOH:H:0, sealed and placed in
an incubator overnight at 37°C.

2.1.7. Matrix Application
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5 mgml* a-hydroxycinnamic acid dissolved in 50:50 ACN:H20 (0.1% TFA) was
applied using SunChrom SunCollect (Friedrichsdorf, Germany) in 5 layers at 4
ulmint with a N2 pressure of 35 psi. Once matrix was applied, samples were
either submitted for analysis or vacuum sealed and placed in -80 °C storage for
<1 month prior to analysis.

2.1.8. LA-ICP-MS Methods
All samples used for LA-ICP-MS were dried under a stream of N2 or placed within

a vacuum desiccator overnight prior to analysis.

3.0. Results and Discussion

3.1. Washing Tissue
The ability to detect analytes of interest effectively from biological tissues is highly
dependent on sample preparation, one of which is the pre-treatment step, sample
washing. Biological tissues are immensely complex, and may contain many
unwanted species such as salts, and lipids, which can mask the detection of
peptides and proteins.'* As they are chemically different from proteins, they can
be removed in a series of wash steps; most of which employ a sequence of
agueous and organic solvents, ideally with combinations removing lipid and salt
interferences.31518 For MALDI experiments where the target analytes are tryptic
peptides, considerations for the enzymatic digest must be made in addition to

those steps which remove unwanted species.*®

Typically, salts and lipids can be eliminated by immersion of the tissue in 70-90%
ethanol (EtOH).%® By applying these washes sequentially from most aqueous to
most organic, the washing steps can help to fix the tissue.'® ‘Standard’

procedures often include a 0.5-1 minute wash in up to three ethanol solutions,
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such as 70%, 90%, 95% respectively.’31> After a short drying step in ambient
conditions, these washes can be seen to improve the signal-to-noise ratio of m/z
peaks of peptides. Additionally, more aggressive wash steps have been trialled
in the past, with some using chloroform, hexane, acetone, toluene and xylene to
remove lipids that may have been left behind. These steps are adapted from lipid
extraction methods, operating under the principle that the hydrophobic lipids will
be dissolved in the organic solvents more readily, though too harsh a wash step

can cause the damage or removal of the target peptides.'?

In more recent times, more complex solutions have been applied in place of an
aggressive solvent, most notably, Carnoy’s solution and derivatives thereof.
Carnoy’s solution (60:30:10 EtOH:CHCI3:gAcOH) includes a mixture of ethanol
and one of the strong organic solvents, chloroform, in addition to glacial acetic
acid.'520 Carnoy’s solution, derived in the 19" century, has historically been used
as a fixative for various purposes including immunohistochemistry.?*?2 The
chloroform and glacial acetic acid within Carnoy’s solution, when used as a
denaturing fixative is theorised to counteract the collapse of tissue caused by the
protein coagulation that results from the alcohol present in the denaturing step by
creating hydrogen bonds within the tissue.?! This preservatory effect could in
theory contribute to better preservation of the tissue for use within mass
spectrometry imaging (MSI). In addition, it has been theorised that the presence
of an acid within the tissue may help with the formation of positive ions within

positive mode MALDI-MS].23

Utilising the literature available, an amalgamation of multiple publications and

their respective practices for washing tissue were encapsulated in four simplified
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methods detailed in Table 1. Form here, the wash methods were applied to
porcine ocular tissue in triplicate, and matrix was spotted at a concentration of 5

mgml onto the washed tissue, before analysis by MALDI-MS.

Table 1 Wash methods utilised to test the efficacy of reducing interferences from

salts and lipids, and to improve signal from peptides.

© 5| 22 5| =¢ A 5| 25
2| &% S| &s | &= 2| E2
I S S g o
2 ’27 § NG
WMO01 70 % | 1 90% 1 CHCls 1
EtOH EtOH
WMO02 70 % | 1 90% 1 CHCIs 1 Carnoy's | 1
EtOH EtOH Solution
WMO03 70 % |1 Carnoy's | 1
EtOH Solution
WMO04 70 % | 1 EtOH 1
EtOH
WMO05 H20 10
WMO06 70 % | 1 90% 1 CHCIs 1 90:9:1 1
EtOH EtOH EtOH:g
AcOH:H
20

The wash methods showed variability between each replicate, however, the
results were clearly able to show the effect that they had on the tissues. Using
phosphatidylcholine (PC) (m/z 782) as a marker of the presence of lipids, and
histone 2A (m/z 944) and actin (m/z 1198) as an indicator of the presence of
tryptic peptides, the effectiveness of the wash methods was assessed. Figure 1
shows how the lipid envelope (600 — 900 Da) can be affected by the different
wash methods; with wash method 1, 3, 4 and 6 exhibiting the most diminished
lipid envelope in comparison to the rest of the ions within the spectra. The wash
method that provided the least amount of PC ions at m/z 782, was wash method
4 (Figure ). Whilst the wash proved effective at removing lipid interferences, there

was also a diminished result from the measured peptides at m/z 944 and m/z
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1198 (Figure ). The wash method that provided the best signal-to-noise ratio was
wash method 6 (Table ). Wash method 6 was most similar to wash methods 1
and 2, however differed in the final step, whereby a final wash with 90:9:1
EtOH:gAcOH:H20 was added. This final step, similar to the Carnoy’s solution was
seen to help with the intensity of the peptides, without worsening any interfering

lipid masses.

A B

P w W .hhld i “.l. ol “mm. L gl i

Figure 1 Mass spectra obtained from tissue by MALDI-MS analysis using wash
methods; (A) 1, (B) 2, (C) 3, (D) 4, (E) 5, (F) 6. The mass spectrums were
obtained using a mass range of 600-2000 Da, with the lipid envelope (700-900

Da) highlighted.
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Figure 2 Intensity of phosphatidylcholine (PC) at m/z 782 within the spectra

produced from each wash method. Error bars represent standard deviation of the

technical replicates (n=3)
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Figure 3 Intensities of peptides histone H2A (m/z 944) and actin (m/z 1198) after
each wash method (WMO01-WMO06) Error bars represent standard deviation of the

technical replicates (n=3)
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Table 2 Peak ratio of the phospholipid (m/z 782) to the peptide peaks m/z 944

and m/z 1198

m/z 944 m/z 1198
WMO1 | 1.034693 | 2.01298
WMO02 | 0.249781 | 0.958585
WMO03 | 0.346381  1.100528
WMO04 | 0.614897 | 1.409079
WMO5 | 0.525355 | 0.638271
WMO06 | 9.705669 | 4.019405

3.2. Tryptic Digestion

In addition to wash steps, crucial to the identification of peptides within MSl is the
cleavage of the peptides from the tertiary structures of the proteins. For MALDI-
MSI, one of the most used mechanisms for cleavage is the use of trypsin to yield
tryptic peptides.?* This enzyme specifically cleaves peptide bonds at the C-
terminal side of lysine and arginine residues. The use of trypsin requires a
number of prerequisites for the use with MSI. One key issue is the polar solvent
used to dissolve trypsin, which can in turn mobilise the species of interest within
the tissue and can be detrimental to the conservation of localisation within the

tissue.

The most common way to apply trypsin in a way that disrupts the localisation of
species the least is through the use of a robotic sprayer.'®?> Some robotic

sprayers, such as the SunChrom SunCollect rely on low flow rates and a fine
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spray of enzyme by utilising a fine N2 gas. Other sprayers such as the HTX
Imaging series of sprayers rely on a similar principle, but by utilising a heated
capillary within the sprayer, can apply the enzyme at much higher flow rates.2026
In addition to helping the application and subsequent evaporation of the enzyme
solvent, the temperatures used to apply the enzyme are typically between 30 and
45 °C, with temperatures over 37 °C allowing the enzyme to become ‘pre-

activated’ allowing for more efficient digestion.29.26

Use of surfactants has been reported as beneficial for MALDI-MSI analyses.
Surfactants have long been used to aid the development of in-solution digests.
By allowing proteins to unfold and reduce the number of cleavage site rendered
inaccessible by steric hinderance, the surfactant can increase the number of
successful cleavages in the digest, and when applied properly, can give the same
effect for MSI. One common surfactant is RapiGest SF, a chemical detergent
manufactured and sold by the Waters Corporation. RapiGest is an acid labile
surfactant and has been shown to unfold proteins, making them more amenable
to proteolytic cleavage.?’ In addition to RapiGest, the commercially available
octyl-a-B-glucoside (OcGlc) has been shown to aid with the digestion process.
OcGilc is a non-ionic surfactant which aids the digestion process by helping to

solubilise the proteins, making them accessible for enzymatic digest.?820

An example of this improved signal can be seen in Figure , wherein images of
porcine ocular tissue exhibit the improved signal that can be achieved through
the addition of a detergent. However, in order to effectively test the efficacy of the
commercially available detergents, both OcGlc and RapiGest were tested on

sequential tissues of mouse ocular tissue. Figure shows how, when applied to
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the same tissues, that the OcGlc and RapiGest surfactants can have differing
effects on the efficacy of the MS image quality. From the images, it is clear that,

in the case of histone H2A, there is a marked improvement in the signal of the

peak at m/z 944.
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3w Analyte 1

Min (0) j Max (250) | _Analyte 1
Min (0) j Max (250) | _Analyte 2
Min (0) Max (500) | _Analyte 2
Min (0) Max (500) | _Analyte 1
Min (0) Max (1000) | _Analyte 1
Min (0) Max (1000) | _Analyte 2

TLR2 TLR4 SARM1
m/z: 958.47+0.05Da m/z: 1090.53+0.05Da m/z: 818.46+0.05Da

Figure 4 (A) Porcine ocular tissue prepared using 6 layers of trypsin, without the
use of a detergent (B) A serial section of porcine ocular tissue prepared with the
use of 0.1% octyl-a/B-glucoside in a 20ugml trypsin solution (C) Improvement of

signal of TLR2 peptide m/z 958.47* (D) Improvement of TLR4 signal m/z
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1090.53* (E) Improvement of signal of SARM1 peptide m/z 818.467* *Tentative

peak identifications, within 0.05Da

N RapigestN
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NPXT:ed NV

Figure 5 A comparison of a peptide peak m/z 944 (Histone H2A) in mouse ocular
tissue prepared with RapiGest (A, B, C) and Octyl-a-8-glucoside (D, E, F) as

detergents. For each condition there are 3 technical replicates.

3.1. Matrix Additives
Despite the relative longevity of MALDI-MSI as a technique, matrices used for
MALDI-MSI analyses are still subject to issues in the case of inhomogeneous co-
crystallisation, interferences from matrix adducts and ions. Homogenous co-
crystallisation of the matrix and the analyte of interest is essential for the efficient
transport and ionisation of the sample of interest. Peptides are most commonly

analysed as [M+H]* ions, following successful desorption with a MALDI matrix
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called a-cyano-hydroxycinnamic acid (CHCA).3%32 However, unlike some
matrices, CHCA has peaks that overlap with the analyte of interest, in this case
peptides (Table ). Additives to form ionic liquid matrices (ILMs) have become
more common due to their proficiency in reducing the detrimental effects caused
by interfering matrix peaks.2® The ILMs help to form adducts with the matrices, in
this case CHCA, and thereby reduce the number of peaks within the range that
interferes with peptides. Aniline, a phenolic organic compound, has been shown
to reduce the number of interfering matrix peaks from CHCA without interfering
with the properties of the CHCA which allow it to co-crystallise with and facilitate

the transport of the peptides.33

Experiments to measure the reduction of the interfering matrix peaks from CHCA
were devised, and the highest intensity CHCA peaks were measured within a
control and an aniline-CHCA matrix. The results (Figure ) show a significant
reduction in the presence of m/z 877 (JCHCA-3H+2Na+2K]+) when an equimolar
amount of aniline is added to the CHCA mixture. Further experiments (Figure )
demonstrated that the addition of aniline did not cause any detriment to image
quality. Likewise, when processing images, fewer high intensity peaks were

populated by matrix adducts.
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Table 3 List of CHCA adducts that are likely to form in MALDI-MS experiments and their corresponding m/z values

Number of [NCHCA- [NCHCA- [NCHCA- [NnCHCA- [NCHCA- [nCHCA- [nCHCA-
chca ~ [NCHCA INCHCA IRCHCA  HiNarK] 2H+2Na+ 3H+3Na+ 4H+dNa+r 3H+2Na+ 4H+2Na+ 4H+3Na+
Molecules ] a] ] 4 K]+ K]+ 1K]+ K]+ 3K]+ K]+
1

100.0504 | 212.0324 | 228.0063 | 250.9961 | 271.9703 293.9523 315.9343 | 300.9262 347.8821 | 331.9082
2

370.093 | 401.075 | 417.0489 | 440.0387 | 460.0051 482.9949 | 504.9760  498.9688 | 536.9247 | 520.9508
3

568.1356 590.1176 | 606.0915 620.0813  648.0399 672.0375 694.0195 688.0114  725.9673 | 709.9934
4

757.1782 | 779.1602 | 795.1341 | 818.1239 | 836.0747 | 861.0801 | 883.0621 | 877.054 | 915.0099 | 899.036
5

046.2208 | 966.2008 | oga 176, 1007166 1024109 | 1050.122 1072.104 1066.096 1104.052 | 1088.078

5 5 7 7 6 5 6

6 1135.263 | 1157.245 | 1173.219 | 1106.209 | 1212.144 | 1239.165  1261.147 | 1255.139 | 1293.095 | 1277.121

4 4 3 1 3 3 3 2 1 2
:

1324306 | 1346268 | 1362261 1385251 1409249 1428207 1450189 |1444.181 | 1452137 1466163
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2.5%107

2x107 -

0- T
Control Aniline
m/z 877
Figure 6 The counts per second of the CHCA peak m/z 877 (J[CHCA-
3H+2Na+2K]+) within a mouse ocular tissue before when prepared with (aniline)

and without (Control) a ionic liquid matrix additive. Error bars represent the

standard deviationof the technical replicates (n=3)

A Contol
1017.82

944.56
J tniline

wuwiy,

Figure 7 Experiment exhibiting the effects of aniline on image quality of a mouse
ocular tissue. The control images (A, B and C) and the images from both the
control and the ‘aniline’ matrix preparations (D,E, F) are represented by overlaid
ion images. The image shows m/z 944 in blue (Histone H2A) and a contrasting
lens peak in red at m/z 1017. Slight spreading of the retinal species (blue) can be

observed in D, E & F. For each condition there are 3 technical replicates.
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3.2. ICP-MS

LA-ICP-MS has increasingly become the choice for metallomics, especially for
quantitative analysis, with ppg detection limits, some forms of ICP-MS can offer
sensitivity unseen in other MS techniques.** The method developed herein was
required to be able to observe the distribution of essential trace metals to a high
spatial resolution and be able to characterise the metals within the chorio-retinal
microanatomy, whilst following the sample preparation taken place prior when

analysing the same sections by MALDI-MSI.

Some of the key metals of interest to AMD pathology include zinc, copper,
cadmium and lead. In addition, there are further elements such as selenium,
calcium and iron, however, as these metals are subject to polyatomic
interferences from species that share the same mass, and are generated after
the atomisation process, they can be difficult to analyse. 6Fe has known
interferences with “°Ar'60* (MW = 56) caused by oxygen from the atmosphere
mixing with the argon fuelled plasma torch.3%-4° This means that for analysis of
iron to take place, factors to mitigate the polyatomic interferences must be
employed. Figure A shows a trace of 83Cu intensity as a function of time. At the
start of the trace (0 — 25 s) the laser is ‘off-tissue’ and is ablating only glass. The
dotted lines (25 — 50 s) show the point at which the tissue was ablated by the
laser, and indicate an increase in copper, which can be used to characterise the
copper within the tissue. An analysis of “6Fe was executed simultaneously with
the copper, seen in Figure B. The intensity plot is however relatively featureless
with a slight increase in counts at t=50. This is as the signal-to-noise ratio of the

%6Fe to the “°Ar'®0 is too low. Kinetic energy discriminatory (KED) mode is an

98



optional parameter on the ICP-MS which can help to mitigate these issues
perpetuated by polyatomic interferences. KED mode works by introducing a cell
gas in Q2 of the ICP-MS. The cell gas, N2 flows through the cell, opposing the
direction of the ion path. There, through use of statistical probability, it will collide
with the larger polyatomic species more frequently than with the monoatomic
S6Fe, meaning that fewer of the 4°Ari®0O are detected, resulting in an improved
signal-to-noise ratio (Figure D). However, as laser ablation has a transient signal,
elements must be analysed quickly and simultaneously. Therefore, N2 which
flows through the collision cell will also interact with all of the other elements being
analysed at that point. Figure C and Figure show the result of the relative
imprecision that KED operated under, exhibiting up to 400-fold reductions
intensity being observed for some of the elements. Additionally, the most
significant reduction in intensity was that of 3C. The observed loss in signal
intensity which could be attributed to loss of some atomic *3C to collisions with

He, but is likely due to interference in standard mode from *2C*H.

Due to the large reduction in an already diminutive signal from low intensity trace
metals from copper, further work refrained from the use of KED mode for the
detection of problematic elements such as iron. Consequently, for multimodal
analysis of elements such as iron, phosphorus, sulphur and chlorine, the
recommendation of a non-destructive technique such as particle induced X-ray
emission (PIXE) may be considered for use in sequence or in tandem with LA-

ICP-MS in future studies.
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Figure 8 ICP-MS intensity vs. Time plots of trace metal content within mouse
ocular tissue for (A)®3Cu in standard mode (B)%¢Fe in standard mode (C)®3Cu in
kinetic energy discriminatory (KED) mode and (D)*®Fe in KED mode. The KED
mode allows the filtration of polyatomic interferences, but is here shown to

suppress signal of other species.

100



63Cu 1ZC1H/13C GGZn

700 300000 350
600 250000 300
250
500 200000
400 200
150000
300 150
100000
200 100
100 I 50000 50
0 0 0
STD KED STD KED STD KED
40Ar16Q/56F e 11Cd 208pp
400000 30 800
350000 700
25
300000 600
250000 2 500
200000 15 400
150000 300
10
100000 200
5
50000 100 I
0 0 0
STD KED STD KED STD KED

Figure 9 Bar Charts showing the average observed intensities within mouse
ocular tissue in both Standard mode (STD) and kinetic energy discrimination
(KED) mode. Diminished signal in species such as %Cu, 3C, %6zn, 11Cd, and
208pp  will often constitute loss in analyte signal as they experience few
interferences. *¢Fe has an elevated signal intensity to begin with as interferences

cause elevated signal intensity.

Additionally, laser power optimisation can be a key factor for the success of a LA-
ICP-MS experiment. Whilst the aim of a laser ablation experiment is to ablate,
aerosolise, and atomise all biological material on the slide, leaving nothing
behind, itis pertinent to ensure that no glass has been removed with the biological
material. Glass, though chiefly constituted of silicon, magnesium and oxygen, can
contain a multitude of interfering elements, which may produce interfering atoms
or molecules within the ICP-MS, resulting in artefacts that can reduce the quality
of the images produced (Figure ).
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Figure 10 A 83Cu image within a WT mouse ocular tissue, acquired using an
ImageBio266 laser ablation unit operating at 1000Hz at a laser energy of 40%.
Yellow: An artefact of the experiment caused by increase laser power and

repetition rate, resulting in ablation of the glass slide beneath the tissue.

To ascertain the optimal laser energy for the LA-ICP-MS, as too much laser
power can be detrimental to the ablation unit, acquiring the surface beneath the
sample, and too little can yield unrepresentative data as only the top layer of the
sample is acquired. The optimisation took place in 10% intervals between 50-
70% which yielded an optimum laser energy between 40-50% (Error! Reference

source not found.). Further experiments with a laser energy range of 40-50% at
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2% intervals yielded an optimum laser energy of 46%, which, when employed at

a 100um spot size, was able to produce an image of a mouse ocular section

(Error! Reference source not found.)

The images obtained from the

experiment were able to show distinct localisation within the mouse ocular tissue

for 13C, 667Zn, 63Cu and °°Fe.
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Figure 11 Laser optimisation energy charts, showing the peak intensities from

each run obtained. Laser power will often follow a gaussian plot, giving an optimal

laser power for any given element. The charts above demonstrate how that

optimal power can differ from element to element, and in experimental conditions.
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Figure 12 LA-ICP-MSI images of WT mouse ocular tissue (A) The section

analysed, labelled with regions of interest (B) The 3C reference image (C) %2Zn
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distributions within the ocular tissue (D) 83Cu distributions within the mouse ocular

tissue (E) *°Fe distributions within ocular tissue

The image showed a localisation for zinc that suggested higher quantities of zinc
within the chorio-retinal region of the ocular, tissue, with smaller traces within the
lens, the cornea, the iris, and the limbus. Copper, was also observable in small
guantities across the tissue but was acutely localised within the limbus, a
phenomenon which is known to occur as a symptom Wilson’s disease, known as
a Kayser-Fleischer Ring, which is a form of copper toxicosis, manifested by an
accumulation of tissue copper.*! Iron, which appeared in much higher guantities,
was also observed within the chorio-retinal region of the ocular tissue, where iron

plays a key role in RPEG5 activity.

Use of tissue previously analysed by MALDI-MSI for LA-ICP-MSI analysis is not
well documented, however, as MALDI-MSI is a non-destructive ‘soft’ ionisation
technique, there is sufficient biological matter that can be analysed by LA-ICP-
MSI following MALDI analysis. The benefits of analysing the same section over
serial or otherwise analogous tissues is predominantly the efficiency that the
workflow offers, with fewer sections being used per experiment. Additionally,
correlation of species from high spatial resolution MALDI and LA-ICP-MSI
analysis done in sequence may offer unique insights into the mechanisms of

ocular and other tissue in future.

Though the MALDI analysis is non-destructive, there is a residue of the applied
solutions left on the samples, such as the detergents, the enzyme and most

predominantly the matrix. As there was no previous literature on the preparation
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of LA-IC-MS samples following MALDI analysis, an experiment was devised to
ascertain whether a wash step, to remove these deposits, was necessary.
Samples that had not been washed had produced successful images (Figure 13),
however further experiments to determine the efficacy of a wash step were

conducted.

For one set of tissue no alteration in the sample preparation was carried out while
the second tissue had been washed in ethanol (70%, 2 x 1min), a standard for
CHCA removal. The tissues were then ablated 3 times with the same laser energy
(46%) and average peak intensities were taken. The results (Figure ) showed that
the additional wash step was not necessary, as it was detrimental to the analysis.
It is likely that the additional wash step introduced further moisture into the tissue,
that caused inefficient aerosol production by the laser. As the samples could be
analysed without a wash step, and the wash step was negatively impacting

results, the wash step was herein removed from the workflow.
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Pb Zn

Figure 13 LA-ICP-MS images conducted on mouse ocular tissue that had
previously undergone MALDI-MSI analysis, at 40um spot size, for 26Pb, 83Cu,

667n, and %Fe
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Figure 14 (A) Charts showing the average intensities for both washed and control
ocular tissue that had been previously ablated by MALDI-MSI (B) Intensity vs
Time graphs showing data obtained from previously ablated ocular tissues,

showing that metallomic data could be obtained from tissue used in MALDI-MSI

studies.
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4.0. Conclusion

Sample preparation methods for modalities such as MALDI have always been of
crucial importance to the success of an analytical strategy, with the issue
becoming even more pertinent when applied to peptidomics by MALDI-MS,14.17:20
The study herein set out to achieve an optimised protocol for the analysis of
peptides by MALDI-MSI, taking into account the removal of interferences through
wash steps and the inclusion of additives, as well as the optimisation of enzymatic
digest through the use of surfactants. For washing, following a conventional
ethanol fixation and chloroform-based wash, it was found that the use of acidic
solution for hydration promoted the ionisation of species by MALDI-MS following
enzymatic digestion. Additionally, the use of commercially available detergents
showed that the use of OcGlc was more effective at providing peptides than that
of RapiGest. Additives to matrix are common for MALDI-MS, and in this case the
use of aniline was found not only to promote the suppression of matrix peaks but
also was shown to not significantly impact the quality of the MS images. Through
the trial of multiple workflows and methodologies, the work herein can be used to
highlight just how crucial these methods can be for peptide analysis by MALDI,
showing the reduction of suppressing interferences and the intensification of

analyte species by combining a multitude of developed workflows.

In addition, this study took the first steps towards multimodal imaging of ocular
tissue by MALDI-MSI and LA-ICP-MSI. The LA-ICP-MSI work here in was
optimised, in its own right, in addition to in tandem with MALDI-MSI. The analysis
of elements subject to spectral interferences is a significant challenge for ICP-

MS, and though the use of collision cells is a growing field in ICP-MS, this study
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demonstrated the limitations of using such techniques when in tandem with a
source providing a transient signal, proving that the acquisition of multiple
elements with polyatomic interferences can prove a challenge in spite of modern

technologies.*?

Additionally, as debate surrounds the use of laser wavelengths for use in
biological imaging using LA-ICP-MS, this study demonstrated the fine balance of
laser intensity when dealing with thin sections of tissue on glass. In addition,
experiments aiming to provide the foundation for a multimodal workflow involving
MALDI-MSI and LA-ICP-MSI in sequence proved that there is little need for
sample preparation prior to analysis by LA-ICP-MS when using the organic matrix
CHCA,; instead showing that the removal of the residual matrix greatly reduced

signal intensity of endogenous metals from the tissues.

The work undertaken to optimise LA-ICP-MSI highlights the importance of
experimental design for the effective analysis of elements within biological tissue,
and the critical effects caused by polyatomic interferences within the field of ICP
analysis. Furthermore, considerations for a future workflow wherein MALDI-MSI
and LA-ICP-MSI could be sued in tandem were explored. The work herein found
the compatibility of soft ionisation techniques such as MALDI allow for the
subsequent analysis of elements by LA-ICP-MSI with little detriment to the results
obtained by LA-ICP-MS following the MALDI analysis. The work detailed sought
to kickstart the use of multimodal workflows for the study of ocular aetiology, with
the aim to support future work in the investigations of ocular omics through the
production of rich and multifaceted datasets.
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Abstract

Determining the locations of proteins within the eye thought to be involved in
ocular pathogenesis is important to determine how best to target them for
therapeutic benefits. However, immunohistochemistry is limited by the availability
and specificity of antibodies. Additionally, the perceived role of both essential and
non-essential metals within ocular tissue has been at the forefront of age-related
macular degeneration (AMD) pathology for decades, yet even key metals such
as copper and zinc have yet to have their roles deconvoluted. Here, mass
spectrometry imaging (MSI) is employed to identify and spatially characterize
both proteomic and metallomic species within ocular tissue to advance the
application of a multiomic imaging methodology for the investigation of ocular

diseases.

1.0. Introduction
Ocular tissue is a complex anatomical system constituted by multiple tissue types

and organized in a highly structured and highly privileged manner. Disruption of
this otherwise balanced structure can lead to the onset of ocular diseases that,
without viable treatment, may lead to visual impairment.! Key to therapeutic
discovery is a deeper understanding of the underlying mechanisms of disease
onset. Age-related macular degeneration (AMD) is one of the most common
ocular degenerative diseases, making up over 50% of legal blindness cases in
England and Wales.? Currently, there are around 200 million patients worldwide,
but incidence is expected to rise as populations begin to age.® There are
presently very limited treatments for AMD, with only 15% of patients having viable

treatment available to them.*® This lack of viable therapeutics can be attributed
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to inadequate understanding of AMD pathology. Recent studies have linked a
class of proteins called pattern recognition receptors (PRRs) and other proteins
associated with the innate immune system in AMD pathology, implicating chronic
inflammation and immune- mediated retinal damage in AMD.”# Current
immunological studies, however, have been limited by factors such as insufficient
specificity, leading to disputes within the literature around the involvement of
certain PRRs in AMD pathology.® Additionally, as highlighted in the Age-Related
Eye Disease Study (AREDS) at the turn of the century, essential trace elements
are crucial for regulation of inflammation and in the prevention of disease.'®
Following this, the National Eye Institute, began to recommend supplementation
of zinc as a precautionary measure for those susceptible to AMD. Though copper
was present to avoid hypocupremia, both zinc and copper have a role in the
mitigation of inflammation as part of copper-zinc superoxide dismutase, and
deficiencies in zinc can cause an inflammatory response.!! The role of both
essential and non-essential metals in ocular tissue in AMD has been associated

with AMD onset.

Multiple MS approaches have been utilized in the past few decades to attempt to
further the understanding of AMD etiology. MALDI-MS has been applied in the
investigation of non-invasive tear analysis!?, proteomic changes in the aqueous
humor and retina®>* as well as MSI of retinal lipids'® in the context of AMD.
Additionally, ICP-MS investigations into AMD tissue, conducted as early as 2000,
have been seen to corroborate the findings within the AREDS.617 Similarly, ICP-
MS has mostly been ap- plied to non-invasive matrices'¢-23 or through analysis of

the aqueous humor?*, with fewer targeting retinal tissue.1”-252% |nvariably, few
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techniques utilize the multiplexing and multi-dimensional nature of 2D MS

imaging, with even fewer studies combining techniques in a multimodal fashion.?”

2.0. Materials & Methods

2.1. Tissue Samples
Tissue was obtained from Trinity College Dublin (Dublin, Ireland) and consisted

of fresh frozen C57BI/6J wildtype mouse ocular tissues sectioned at 10 um after

being embedded in carboxymethylcellulose (CMC).

2.2. Chemicals

Ethanol (200 proof) from Honeywell (Bracknell, UK), glacial acetic acid (Fisher
Scientific, Loughborough, UK), acetonitrile (Fisher Scientific, Loughborough, UK),
octyl- a-B-glucoside (Sigma-Aldrich, Dorset, UK), trypsin (Promega,
Southampton, UK), TFA (Sigma-Aldrich, Dorset, UK), CMC (Merck Group,
Darmstadt, Germany), traceCERT® Multielement Standard Solution 6 for ICP
(Merck Group, Darmstadt, Germany), HNO3 (VWR, Poole, UK) and gelatin

(Merck Group, Darmstadt, Germany) were used in this study.

2.3. MALDI-MSI Sample Preparation

2.3.1.Sample Washing

Salts and lipids were removed using sequential washing with 70% EtOH, 90%

EtOH, CHCI3 and 90:9:1 EtOH:AcOH:H20 for 1 min with drying steps in between.

2.3.2. On Tissue Digestion

First, 20 pg/mL of MS-grade trypsin (Promega, Southampton, UK) was prepared
in 50 mM NH4HCO3 with 0.1% octyl-a-B-glucoside applied to the tissue via the
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use of sequencing grade trypsin. Then, 15 layers of 45°C trypsin were applied at
10 psi N2 pressure and at 20 yLmin—-1 using an HTX M3+ Sprayer (HTX Imaging,
Chapel Hill, NC, USA). Following application, the samples were placed in a
humidity chamber containing 50% methanol before incubation overnight at 37°C.
On removal, the samples were allowed to reach room temperature before matrix

application.

2.3.3. Matrix Application

A matrix consisting of 5 mgmL™ a-cyano-hydroxycinnamic acid (CHCA) was pre-
pared in a 50% acetonitrile solution with 0.01% TFA. It was then sonicated and
syringe- filtered prior to application using an HTX M3+ (HTX Imaging, Chapel Hill,
NC, USA) at 80-C, using a solvent flow rate of 100 uLmin* and a N2 pressure of
10 psi, in 8 layers. Following matrix application, the samples were either used in
MALDI analysis immediately or placed into slide mailers, vacuum sealed and

stored at —80 -C for a maximum of 1 week.

2.4. MALDI-MSI Analysis

All MALDI-MS analyses were conducted on two instruments: a Waters
Corporation (Wilmslow, UK) SELECT SERIES MRT and a SYNAPT G2 HDMS.
The SYNAPT was

operated in sensitivity mode with positive polarity using a 1 kHz Nd:YAG laser at
a power of 250 a.u. and a spot size of 50 um. The acquisition mass range was
600—-2500 Da. The MRT was operated in MRT mode, wherein the flight path was
over 47 m and the resolution was 2200,000 FWHM. The 2 kHz laser was operated

at 1 kHz and was attenuated with 2 ND filters. The primary variable filter was
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applied at 300, and the secondary fixed filter was engaged. The laser was
rastered over the sample at 125 ums—1, utilizing a 25 ym step size. A quad profile
was set for optimum transmission of the analytes between 700 and 2500 Da, and
the scan rate was set to 0.2 s, while data acquisition and processing were
conducted using MassLynx version 4.2, HDI version 1.7, (Waters Corporation,
Wilmslow, UK) and SCILS Lab MVS version 2022b Pro (Bruker GmbH, Bremen

Germany).

2.5. LA-ICP-MSI Sample Preparation

Prior to further analysis by LA-ICP-MS, the MALDI matrix was removed from the
samples using a matrix wash step of 70% EtOH (2 x 1 min) before overnight

desiccation.

2.5.1. LA-ICP-MSI Calibration Arrays

The calibration standards were prepared using an ICP Standard solution. Serially
diluted standards were made in a range between 0-50 ppm by diluting in 1%
HNO3, with an 115In internal standard at 1 ppm. Equal parts of each standard
were then mixed with 20% (w/v) gelatin from porcine skin and vortexed before
spotting 15 pL of each into 4 mm nylon wells. Once in the wells, the standards

were allowed to dry overnight in a vacuum desiccator prior to analysis.

Gelatin from the porcine skin, carboxymethyl cellulose (CMC), ICP Standard
Solution 6 (100 gL™!) and HNO3 (69%) were used in the preparation of the 1%

CMC, 2.5% gelatin, 5% gelatin and 10% gelatin standards.
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2.6. LA-ICP-MS Analysis

The LA-ICP-MS experiments were conducted on a UP-213 LA system (New
Wave Research, Huntingdon, UK) and an ImageBio266 (Elemental Scientific
Lasers, Inc. Hunting- don, UK) connected to a NexION 350x ICP-MS. Data were
analyzed using lolite version 4.4.6 (Elemental Scientific Lasers, Inc. Bozeman,
MT, USA). The calibration arrays were analysed prior to imaging and afterward,
and they were processed to account for instrumental drift. Additionally, following
quantitative imaging, the calibrants were analysed by ICP-MS following a

microwave digestion protocol to ascertain their true concentrations.

3.0. Results

3.1. Matrix Application

The MALDI-MSI images acquired of three ions using two different flow rates on
the HTX M3+ sprayer can be seen in Figure 1. It can be seen from the images
that the same ions in the serial sections of mouse ocular tissue increased in
intensity when a higher flow rate of 75 pLmin™! was used in comparison with a
lower rate of 50 uLmin~1. Notably, despite the increase in flow rate, the ions within
the MS image seemingly did not suffer from lateral delocalization within the retinal
region, allowing better sensitivity within the experiments without compromising

the spatial resolution.
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3.2. MALDI-MSI Results

Using the optimized matrix application methodology, Figure 2 shows images of
SARM1 (m/z 1606.84 + 1.12 ppm; see Table 1), an innate immune protein with
pro- degenerative function known to be expressed mainly in photoreceptors and
retinal ganglion cells [28]. The mass-to-charge ratios of SARM1 and other
endogenous species such as hi- stone H32, a common tryptic peptide observable
in tissue, were tentatively identified using MALDI-MS at a mass resolution of
200,000 FWHM. SARM1 can be seen to localize within the retina, and when
comparing to the ion image for histone H32 (m/z 1032.5975+ 2.51 ppm; see Table
1), itis clear that the SARM1 peptide appeared to localize more specifically to the
outer segment, outer nuclear area and chorio-retinal region, as opposed to
histone H32, which localized more specifically to the inner nuclear layer and inner

plexiform layer.

Further images at 25 um were once more able to segment the retinal substructure
laterally, but rather than doing so in layers, as observed with SARM1 and histone
H32 in Figure 2, through the observation of the copper chaperone for superoxide
dismutase (CCS) and proteasome assembly chaperone 4 (PSMG4), MALDI-MSI
was able to bisect the retina into anterior and posterior sections (Figure 3). This
localization of ions suggests a higher relative intensity of CCS within the posterior
region of the eye, meaning any copper observed within the retina may have been
transported by CCS. Consequently, the copper observed throughout the rest of
the ocular tissue may have been transported by different means, especially if
observed in equal or greater quantities than the copper that co-localized with

CCS.
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Figure 1 Images of 3 ions in the lens (m/z 1000.45), cornea (m/z 836.44) and
retina (m/z 931.55), exhibiting the effects of different matrix application flow rates:
(@) 50 pLmin™t application with 3 peptide ions to contrast, (b) 75 uLmin-1

application with 3 ions
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- 100%

Figure 2 (a) An overlay image of 4 peptides within mouse ocular tissue, acquired
by MALDI MS on a SELECT SERIES MRT at 25 pm with leptin m/z 1729.10 (red),
lens crystallin m/z 1255.55 (orange), SARM1 m/z 1606.84 (green) and histone
H32 m/z 1032.60 (purple). (b) S SARM1 m/z 1606.84. (c) Histone H32 m/z
1032.60. (d) Lens crystallin m/z 1255.55. Data acquired on a Waters SELECT

SERIES MRT.

Table 1 Relative error values for those ions observed in Figure 2.

ID ppm Mexp Mcalc Position No. of  Missed
Cleavages

Histone H32 251 1032.5975 1032.5949 42-50 0

Lens 3.02 1255.5487 1255.5429 835-845 0

Crystallin

Sarm1 1.12 1606.8428 1606.8410 202-216 0

Leptin 1.44 1729.9963 1729.9938 27-41
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Figure 3 An overlay MALDI MS image acquired on the SELECT SERIES MRT at
25 um, showing a lens crystallin m/z 1255.55 (red), proteasome assembly
chaperone 4 (PSMG4) m/z 1543.73 in the anterior retina and CCS m/z 1628.90
in the posterior retina (purple). Data acquired on a Waters SELECT SERIES

MRT.

3.3. LA-ICP-MSI Results

3.3.1. Qualitative LA-ICP-MSI Results

LA-ICP-MS was employed on sections previously examined by MALDI-MSI.
Using two different LA units, a variety of spot sizes was utilized to produce ion
images. Using an NWR UP-213 laser ablation unit, the 40 um spot size images
shown in Figure 4 were produced, which show that #6Zn and ¢3Cu were present
throughout the ocular tissue, 66Zn was present in the cornea, lens retina and iris,
and %3Cu shared a similar distribution, though it was seen to localize more

predominantly in the ciliary body and on either side of the iris.

Utilizing the faster washout times of the ESL ImageBio266, the 10 pum spot size

images improved in spatial resolution in comparison with the 40 um images while
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maintaining comparable acquisition times. The 10 um images (Figure 5) show
that the observations from the previous images could be corroborated, as 66Zn
was observed in the retina and could be seen within the lens and iris. As in Figure
4, the 83Cu can be seen to localize most predominantly in the ciliary body, though

this image also shows larger amounts within the iris.

@) (b)
Figure 4 LA-ICP-MS images conducted at a 40 um spot size on a UP-213 coupled
to a NexION350x:(a) ®¢Zn in mouse ocular tissue and (b) 83Cu in mouse ocular

tissue.
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Figure 5 LA-ICP-MS images taken at 10 um on an ESL ImageBio266 coupled to
a NexION 350x: (a) 6zn distribution within mouse ocular tissue and (b) ®3Cu
distribution within mouse ocular tissue N.B. The speckled region in the lens
(circled in yellow) was identified as an artifact of the experiment and did not
appear in subsequent experiments. (c) The anatomy of the mouse ocular tissue:

(i) ciliary body, (ii) cornea, (iii) lens, (iv) iris, (v) choroid and (vi) retina.

3.3.2. Quantitative LA-ICP-MS Results

Quantitative ICP-MS was employed in order to add further dimensions to the
data. One of the key aspects of this approach is the preparation of reproducible
calibration arrays. Table 2 shows how inconsistencies appeared when initially
trying to prepare the calibration arrays, as there were statistically significant

differences in the repeats of the same elements.
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Table 2 Regression figures given by calibration arrays prepared in carboxymethyl

cellulose and gelatin from porcine skin

Element cMmC Gelatin (5%) Gelatin (10%)
63cy 0.9574 0.9776 0.9939
667, 0.9438 0.9696 0.9637

In order to ascertain the source of these anomalies in the quantitative calibration
arrays, images were taken on the UP-213 at 40 um to see if the calibration arrays
were homogenous. Figure 6a shows how zinc was not being deposited
homogenously. Figure 6b—d exhibits how this Marangoni effect can be mitigated

through the use of low aqueous calibration arrays.

(0) (d)
Figure 6 LA-ICP-MS images showing the spatial distribution of zinc in calibration
arrays made from (a) 1% CMC, (b) 2.5% gelatin, (c) 5% gelatin and (d) 10%

gelatin.
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The images produced with the optimized calibration arrays (Figure 7) were similar
to those in Figure 5, showing the localization of 6¢Zn in the retina, lens and iris
and ®3Cu again localizing within the ciliary body, with smaller amounts in the iris.
With the added dimension of quantitative data, analysis showed that ®Zn was
localized in higher quantities than ®Cu within the lens, cornea and choroid,
whereas ®3Cu was observed in higher quantities within the ciliary body of the

ocular tissue and in similar quantities to %6Zn within the iris.

ppm 1 sab
8000 8000
6000 6000
4000 4000
2000 2000

(a) (b)

Figure 7 Quantitative LA-ICP-MS images taken at 10 um on an ESL
ImageBio266 coupled to a NexION 350x: (a) 66Zn distribution within mouse ocular

tissue and (b) 3Cu distribution within mouse ocular tissue.

4.0. Discussion

4.1. MALDI Sample Preparation Optimisation

To ensure the deposition method provides enough spatial resolution, this is most
often determined by the crystal size of the matrix, which is heavily dependent on

the application methodology.?® Additionally, the lateral migration of the proteins
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must be limited, which can happen when a tissue becomes overly wet or exposed
to high volumes of an organic matrix.3° Generally, with an optimal matrix solvent,
matrix concentration and gas flow, robotic sprayers can provide relatively small
crystal sizes of around 5-25 pm.3! The data provided in Figure 1 show the benefit
of higher flow rates while simultaneously exhibiting the value of robotic sprayers
such as the HTX M3+ and their ability to provide heated solvent deposition, which
simultaneously helps reduce the matrix crystal size by allowing high organic

matrix solvent composition while preventing lateral delocalization.

4.2. MALDI-MSI

within axonal degeneration, a process key to a variety of retinal degenerative
diseases whereby SARM1 regulates the depletion of essential metabolites (NAD)
and induces an energy crisis.?83233 Thus, a deeper understanding of the biology
of SARM1 within healthy and diseased tissue could prove to be pivotal in finding
treatment for retinal degenerative diseases in the future (e.g., SARML1 inhibitors).
Here, SARM1 can be seen to localize within the posterior region of the retina,
namely the outer nuclear layer adjacent to the RPE and choroid, a region which
is key in the onset of both wet and dry AMD® and which is supportive of previous

localization data for this protein.?8

Additionally, peptides related to the transport and regulation of metals within the
retina were observed. Figure 3 shows the observation of CCS within the posterior
region of the ocular tissue. The ability to image proteins related to the regulation
and transport of key trace elements may in the future provide unique insight into

the role of accumulating essential and non-essential trace metals within diseased
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ocular tissue, helping to further understand the co-dependencies that exist in the
proteomic and metallomic changes that occur in ocular disease. The mapping of
metals as well as the proteins by which they are transported is of great benefit,

utilizing a multifaceted and multimodal approach.

4.3. LA-ICP-MSI

4.3.1.Qualitative Imaging

Previous studies that have investigated the accumulation or relation of trace
metals to AMD have been both qualitative and quantitative, but fewer have
included the added dimension that imaging data can provide to this niche of
pathobiology.1-1%25 Figure 4 shows that zinc and copper were distributed within
the choroid and less so in the lens, cornea and iris. These data not only
corroborate past reports that cite increased levels of metal within the choroid and
RPE but add a further dimension, showing that the metals were evenly distributed
throughout the choroid.

The 10 um images produced in Figure 5 corroborated the findings from the
previous images, exhibiting the localization of copper to the ciliary body and
choroid.’® The presence of copper within the ciliary body was most likely
associated with the high levels of copper found within muscle tissue, though as
the ciliary body is responsible for the production of agueous humor, and AMD
patients are often seen to have a copper deficiency in their agueous humor, this
may prove to be an interesting insight in the future [17-19,24,25,34]. Additionally,
copper was seen to localize to the exterior regions of the lens, which constitutes
the youngest part of the lens.3* The observation of copper and zinc within the

choroid was, however, most important, as it has previously been reported that
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this area of the ocular structure is subject to the most change in the elderly. Wills
et al. reported a significant increase in copper and zinc in the choroid but a
reduction within the neural retina in aged ocular tissue when compared with
younger tissue.'® Erie et al. further demonstrated the changes that occur in the
choroid by showing that of 44 participants, those with AMD had significantly lower
amounts of copper and zinc within their choroids, which aligns with the advice

provided by the AREDS.’

4.3.2.Quanitative Imaging

While quantitative data have provided key information about the wider
mechanisms of essential metals within ocular physiology, quantitative ICP is not
without its limitations. The reliability of quantitative conclusions drawn from ICP
experiments is susceptible to elemental fractionation, a phenomenon that
encompasses the effects of the perceived compositions of ICP samples caused
by factors such as the preferred ablation of more volatile compounds, the time-
dependent changes in the ion beam and the transport efficiency of differently
sized aerosol particles.®®> Overcoming these issues can be fundamental in the
success of a quantitative study on biological samples. However, the introduction
of imaging, and therefore the use of laser ablation, involves additional factors
affecting quantitative analysis. The main issue stemming from laser ablation is

the effects of the matrix.3536

The problem becomes most pertinent when using quantitative standards, as
different matrices will, for example, behave differently when subjected to an

incident laser beam and will thereby produce aerosols more or less efficiently,
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depending on properties such as the thermal conductivity, absorptivity and
reflectivity.® As a consequence, when using quantitative standards, the matrix
chosen to hold the elemental standards must behave in an analogous manner to
the analyte. Gelatin, agarose gel or sol-gel in the past have been the most
common matrices for elemental standards used to mimic the carbon content and
density of the biological sample without the need for expensive CRMs.3537
Herein, the use of gelatin, in addition to an MS-friendly medium of carboxymethyl
cellulose, were trialled as potential matrices to house the elemental standards for
guantitative ICP imaging. We prepared and mixed 1% CMC and 5%,10% and
20% gelatin in equal parts with 50 ppm of ICP Solution 6, yielding m/v values of
0.5%, 2.5%, 5% and 10%, respectively. The standards were first prepared by
spotting 15 L into M4 metric washers and dried in a vacuum desiccator overnight
at room temperature. Regarding the utilized parameters optimized for mouse
ocular tissue, the LA standards were acquired by using one line per standard.
Using the average intensities from the line scans, calibration curves were
produced. The data showed poor regressions (Table 2).

To identify the source of the anomalous regressions given to the samples, images
of the gelatin spots were taken to ascertain if uneven distributions were the cause
of the anomalous results. The images were taken at 40 um. The results (Figure
6) showed that the CMC, 2.5% gelatin and 5% gelatin were exhibiting
characteristics of the Marangoni effect and producing rings of high concentrations
at the periphery of the standards. To avoid this, lower aqueous standards were
prepared which, as demonstrated by Sala et al., could help reduce the effects
caused by capillary action, as demonstrated in Figure 6d.%® Then, 10% gelatin
was used thereafter within the LA standards which, when acquired alongside an

image of mouse ocular tissue at 10 um (Figure 7), were able to produce a
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guantitative LA-ICP-MS image. The images were able to inform of the previously
viewed data, which showed what appeared to be lower levels of zinc within the
sclera, but by normalizing the scales of copper and zinc to one another, it can be
seen that zinc was in higher quantities in the choroid when compared with copper,
concurring with previous studies that employed excision as a way to quantify the

metal content within the choroid.1®

The distribution of zinc in ocular tissue is poorly understood in the context of AMD,
yet zinc deficiency is one of the hallmarks of AMD and has been attributed to the
onset of AMD in later life.X° Additionally, zinc deficiency is seen to be inflammatory
through the induction of IL6 promoter demethylation.*! Whilst AREDS recognized
the importance of zinc deficiency in AMD onset, and the links between zinc and
the inflammatory response are well documented, little work has been performed
that explores a potential synergy between the proteomic and metallomic changes
in the aging eye that may result in chronic inflammation. In Figures 5 and 7, there
is a clear demarcation between the metal distribution within the choroid in the
outer blood—retinal vascular bed and the inner retina as well as distinct proteomic
segments, exhibiting the similar behaviour of metals and proteins within the highly

privileged retinal structure.*

In summary, the combination of both proteomic analysis by MALDI-MSI and metal
analysis by LA-ICP-MSI exhibited the utility of applying the extra dimension of 2D
qualitative and quantitative imaging to complex heterogenous ocular tissue.
Additionally, the multiplexing nature of the experiments that can be conducted by
using these imaging techniques in tandem as part of a multiomic approach was

demonstrated. By using a workflow that not only informs of the proteomic
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changes within a tissue but also the metallomic changes, a broader

understanding of the underlying mechanisms of ocular disease can be achieved.

5.0. Conclusion

The workflow described here invites an opportunity to alter the way in which mass
spectrometry is used to study ocular disease. Current methodologies for studying
ocular diseases such as AMD risk stagnation without an interdisciplinary and
multidimensional approach to their investigation. Studies on the AMD proteome
by immunological methods could benefit from complimentary mass spectrometry
data and yet further improved with the added dimension of mass spectrometry
imaging. Likewise, studies into the essential metals related to AMD stand to gain
from the use of quantitative LA-ICP-MS imaging to not only quantify the changes
in metal content in healthy and AMD eyes but map the changes of distribution
within the ocular tissue in relation to the proteomic changes that occur within the
same space in combination with MALDI-MSI. However, though mouse models
have long been used for the modelling of disease due to convenience and
economy, mouse models offer issues, as they are nocturnal creatures with ocular
adaptations different to humans and additionally do not possess a macula.383°
As a result, to further the significance of these studies, future work will include
investigations of the localization of the aforementioned classes of proteins within
the human retina. When used in tandem as described here, these imaging
techniques, when applied to diseased ocular tissue, offer multi-dimensional and
multifaceted data from a single tissue section, and if applied in an inter-
disciplinary manner, they will aid the development of research on a variety of

ocular diseases.

135



6.0.

References

Ash, J.D.; Grimm, C.; Hollyfield, J.G.; Anderson, R.E.; LaVail, M.M.;
Bowes Rickman, C. Retinal Degenerative Diseases; Springer: New
York, NY, USA; Cham, Switzerland, 2014.

Quartilho, A.; Simkiss, P.; Zekite, A.; Xing, W.; Wormald, R.; Bunce, C.
Leading causes of certifiable visual loss in England and Wales during
the year ending 31 March 2013. Eye 2016, 30, 602—607. [PubMed]
Wong, L.W.; Su, X.; Li, X.; Cheung, G.M.C.; Klein, R.; Cheng, C.; Wong,
T.Y. Global prevalence of age-related macular degeneration and disease
burden projection for 2020 and 2040: A systematic review and meta-

analysis. Lancet Glob. Health 2014, 2, e106—e116. [CrossRef] [PubMed]

. Papadopoulos, Z. Recent Developments in the Treatment of Wet Age-

related Macular Degeneration. Curr. Med. Sci. 2020, 40, 851-857.
[CrossRef] [PubMed]

Celkova, L.; Doyle, L.S.; Campbell, M. NLRP3 Inflammasome and
Pathobiology in AMD. J. Clin. Med. 2015, 4, 172-192. [CrossRef]
[PubMed]

Martin, F.D.; Maguire, G.M.; Ying, G.; Grunwald, E.J.; Fine, L.S;
Jaffe, G.J. Ranibizumab and Bevacizumab for Neovascular Age-
Related Macular Degeneration. N. Engl. J. Med. 2011, 364, 1897-
1908. [PubMed]

Doyle, S.; Mulfaul, K.; Fernando, N.; Chirco, K.; Connolly, E.; Ryan, T.;

Ozaki, E.; Brennan, K.; Maminishkis, A.; Salomon, R. TLR2 bridges

136


http://www.ncbi.nlm.nih.gov/pubmed/26821759
http://doi.org/10.1016/S2214-109X(13)70145-1
http://www.ncbi.nlm.nih.gov/pubmed/25104651
http://doi.org/10.1007/s11596-020-2253-6
http://www.ncbi.nlm.nih.gov/pubmed/32980899
http://doi.org/10.3390/jcm4010172
http://www.ncbi.nlm.nih.gov/pubmed/26237026
http://www.ncbi.nlm.nih.gov/pubmed/21526923

oxidative damage and complement-associated pathology and is a
therapeutic target for age-related macular degeneration. Investig.
Ophthalmol. Vis. Sci. 2018, 59, 3475.

8. Sarah, D.L.; Campbell, M.; Ozaki, E.; Robert, S.G.; Mori, A.; Paul, K.F.;
Gwyneth, F.J.; Kiang, A.-S.; Marian, H.M.; Ed, C.L.; et al. NLRP3 has
a protective role in age-related macular degeneration through the
induction of IL-18 by drusen components. Nat. Med. 2012, 18, 791—
798.

9. Kosmidou, C.; Efstathiou, E.N.; Hoang, V.M.; Notomi, S,
Konstantinou, K.E.; Hirano, M.; Takahashi, K.; Maidana, E.D.; Tsoka,
P.; Young, L.; et al. Issues with the Specificity of Immunological
Reagents for NLRP3: Implications for Age-related Macular
Degeneration. Sci. Rep. 2018, 8, 461. [CrossRef]

10.The Age-Related Eye Disease Study Research Group. The effect of
five-year zinc supplementation on serum zinc, serum cholesterol and
hematocrit in persons randomly assigned to treatment group in the age-
related eye disease study: AREDS Report No. 7. J. Nutr. 2002, 132, 697—
702. [CrossRef]

11.Wong, P.C.; Rinaldi, A.N.; Ho, E. Zinc deficiency enhanced
inflammatory response by increasing immune cell activation and
inducing IL6 promoter demethylation. Mol. Nutr. Food Res. 2015, 59,
991-999. [CrossRef]

12.Winiarczyk, M.; Winiarczyk, D.; Michalak, K.; Kaarniranta, K.; Adaszek,
L.; Winiarczyk, S.; Mackiewicz, J. Dysregulated Tear Film Proteins in
Macular Edema Due to the Neovascular Age-Related Macular

Degeneration Are Involved in the Regulation of Protein Clearance,

137


http://doi.org/10.1038/s41598-017-17634-1
http://doi.org/10.1093/jn/132.4.697
http://doi.org/10.1002/mnfr.201400761

Inflammation, and Neovascularization. J. Clin. Med. 2021, 10, 3060.
[CrossRef]

13.Nordgaard, L.C.; Berg, M.K.; Kapphahn, J.R.; Reilly, C.; Feng, X.; Olsen,
W.T.; Ferrington, D.A. Proteomics of the Retinal Pigment Epithelium
Reveals Altered Protein Expression at Progressive Stages of Age-Related
Macular Degeneration. Investig. Ophthalmol. Vis. Sci. 2006, 47, 815-822.
[CrossRef]

14.Yao, J.; Liu, X.; Yang, Q.; Zhuang, M.; Wang, F.; Chen, X.; Hang, H.;
Zhang, W.; Liu, Q. Proteomic analysis of the aqueous humor in
patients with wet age-related macular degeneration. Proteomics. Clin.
Appl. 2013, 7, 550-560. [CrossRef]

15.Anderson, G.M.D.; Ablonczy, Z.; Koutalos, Y.; Spraggins, J.; Crouch,
K.R.; Caprioli, M.R.; Schey, K.L. High Resolution MALDI Imaging
Mass Spectrometry of Retinal Tissue Lipids. J. Am. Soc. Mass
Spectrom. 2014, 25, 1394-1403. [CrossRef]

16.Wills, K.N.; Sadagopa Ramanujam, M.V.; Kalariya, N.; Lewis, R.J.; van
Kuijk, F.J.G.M. Copper and zinc distribution in the human retina:
Relationship to cadmium accumulation, age, and gender. Exp. Eye
Res. 2008, 87, 80—88. [CrossRef]

17.Erie, C.J.; Good, A.J.; Butz, J.A.; Pulido, J.S. Reduced Zinc and
Copper in the Retinal Pigment Epithelium and Choroid in Age-related
Macular Degeneration. Am. J. Ophthalmol. 2009, 147, 276-282.el.
[CrossRef]

18.Erie, C.J.; Butz, A.J.; Good, A.J.; Erie, A.E.; Burritt, F.M.; Cameron,
J.D. Heavy Metal Concentrations in Human Eyes. Am. J. Ophthalmol.

2005, 139, 888-893. [CrossRef]
138


http://doi.org/10.3390/jcm10143060
http://doi.org/10.1167/iovs.05-0976
http://doi.org/10.1002/prca.201200012
http://doi.org/10.1007/s13361-014-0883-2
http://doi.org/10.1016/j.exer.2008.04.013
http://doi.org/10.1016/j.ajo.2008.08.014
http://doi.org/10.1016/j.ajo.2004.12.007

19.Sang, P.J.; Ju, L.H.; Se, W.J.; Se, K.W.; Kyu, H.P. Five heavy metallic
elements and age-related macular degeneration: Korean National
Health and Nutrition Examination Survey, 2008-2011. Ophthalmology
2015, 122, 129-137.

20.Mayer, M.; Frederik, J.G.M. Whole blood selenium in exudativeage-
related maculopathy. Acta. Ophthalmol. Scand. 1998, 76, 62—67.

21.[CrossRef]

22.Heesterbeek, J.T.; Rouhi-Parkouhi, M.; Church, J.S.; Lechanteur, T.Y;
Lorés-Motta, L.; Kouvatsos, N.; Clark, J.S.; Bishop, N.P.; Hoyng, B.C,;
den Hollander, I.A.; et al. Association of plasma trace element levels
with neovascular age-related macular degeneration. Exp. Eye Res.
2020, 201, 108324. [CrossRef]

23.Aranaz, M.; Costas Rodriguez, M.; Lobo, L.; Gonzalez-Iglesias, H.;
Vanhaecke, F.; Pereiro, R. Pilot study of homeostatic alterations

24.0f mineral elements in serum of patients with age-related macular
degeneration via elemental and isotopic analysis using ICP-mass
spectrometry. J. Pharm. Biomed. Anal. 2020, 177, 112857. [CrossRef]
[PubMed]

25.Biesemeier, A.; Yoeruek, E.; Eibl, O.; Schraermeyer, U. Iron accumulation
in Bruch’s membrane and melanosomes of donor eyes with age-related
macular degeneration. Exp. Eye Res. 2015, 137, 39-49. [CrossRef]
[PubMed]

26.Junemann, M.G.A.; Stopa, P.; Michalke, B.; Chaudhri, A.; Reulbach,
U.; Huchzermeyer, C.; Schlotzer-Schrehardt, U.; Kruse, E.F.;

Zrenner, E.; Rejdak, R. Levels of Aqueous Humor Trace Elements in

139


http://doi.org/10.1034/j.1600-0420.1998.760111.x
http://doi.org/10.1016/j.exer.2020.108324
http://doi.org/10.1016/j.jpba.2019.112857
http://www.ncbi.nlm.nih.gov/pubmed/31557587
http://doi.org/10.1016/j.exer.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/26026877

Patients with Non-Exsudative Age-related Macular Degeneration: A
Case-control Study. PLoS ONE 2013, 8, e56734. [CrossRef]

27.Aberami, S.; Nikhalashree, S.; Bharathselvi, M.; Biswas, J;
Sulochana, N.K.; Coral, K. Elemental concentrations in Choroid-RPE
and retina of human eyes with age-related macular degeneration. Exp.
Eye Res. 2019, 186, 107718. [CrossRef] [PubMed]

28.Erie, C.J.; Good, A.J.; Butz, J.A. Excess Lead in the Neural Retina in
Age-Related Macular Degeneration. Am. J. Ophthalmol. 2009,

29.148, 890-894. [CrossRef] [PubMed]

30.Rodriguez-Menéndez, S.; Fernandez, B.; Garcia, M.; Alvarez, L.;
Luisa Fernandez, M.; Sanz-Medel, A.; Coca-Prados, M.; Pereiro, R.;
Gonzalez-lglesias, H. Quantitative study of zinc and metallothioneins
in the human retina and RPE cells by mass spectrometry-based
methodologies. Talanta 2018, 178, 222—-230. [CrossRef] [PubMed]

31.Gibbons, L.; Ozaki, E.; Greene, C.; Trappe, A.; Carty, M.; Coppinger,
A.J.; Bowie, G.A.; Campbell, M.; Doyle, S.L. SARM1 Promotes
Photoreceptor Degeneration in an Oxidative Stress Model of Retinal
Degeneration. Front. Neurosci. 2022, 16, 852114. [CrossRef] [PubMed]

32.Capelo-Martinez, J. Emerging Sample Treatments in Proteomics;
Springer International Publishing AG: Cham, Switzerland, 2019.

33.Norris, L.J.; Caprioli, R.M. Analysis of Tissue Specimens by Matrix-
Assisted Laser Desorption/lonization Imaging Mass Spectrometry in
Biological and Clinical Research. Chem. Rev. 2013, 113, 2309-2342.
[CrossRef]

34.Chughtai, K.; Heeren, R.M.A. Mass Spectrometric Imaging for

Biomedical Tissue Analysis. Chem. Rev. 2010, 110, 3237-3277.
140


http://doi.org/10.1371/journal.pone.0056734
http://doi.org/10.1016/j.exer.2019.107718
http://www.ncbi.nlm.nih.gov/pubmed/31271759
http://doi.org/10.1016/j.ajo.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19733830
http://doi.org/10.1016/j.talanta.2017.09.024
http://www.ncbi.nlm.nih.gov/pubmed/29136815
http://doi.org/10.3389/fnins.2022.852114
http://www.ncbi.nlm.nih.gov/pubmed/35431772
http://doi.org/10.1021/cr3004295

35.[CrossRef]

36.Sasaki, Y.; Kakita, H.; Kubota, S.; Sene, A.; Lee, J.T.; Ban, N.; Dong,
Z.; Lin, B.J.; Boye, L.S.; DiAntonio, A.; et al. SARM1 depletion rescues
NMNAT1-dependent photoreceptor cell death and retinal
degeneration. eLife 2020, 9, e62027. [CrossRef]

37.0zaki, E.; Gibbons, L.; Neto, G.N.; Kenna, P.; Carty, M.; Humphries,
M.; Humphries, P.; Campbell, M.; Monaghan, M.; Bowie, A.; et al.
SARM1 deficiency promotes rod and cone photoreceptor cell survival
in a model of retinal degeneration. Life Sci. Alliance 2020, 3,
€201900618. [CrossRef] [PubMed]

38.Aydin, E.; Cumurcu, T.; Ozugurlu, F.; Ozyurt, H.; Sahinoglu, S.; Mendil,
D.; Hasdemir, E. Levels of iron, zinc, and copper in aqueous humor,
lens, and serum in nondiabetic and diabetic patients: Their relation to
cataract. Biol. Trace Elem. Res. 2005, 108, 33-41. [CrossRef]
[PubMed]

39.Limbeck, A.; Galler, P.; Bonta, M.; Bauer, G.; Nischkauer, W.; Vanhaecke,
F. Recent advances in quantitative LA-ICP-MS analysis: Challenges and
solutions in the life sciences and environmental chemistry. Anal. Bioanal.
Chem. 2015, 407, 6593—-6617. [CrossRef] [PubMed]

40.Sala, M.; Selih, S.V.; van Elteren, J.T. Gelatin gels as multi-element
calibration standards in LA-ICP-MS bioimaging: Fabrication of
homogeneous standards and microhomogeneity testing. Analyst 2017,
142, 3356—3359. [CrossRef] [PubMed]

41.Doble, A.P.; de Vega, G.R.; Bishop, P.D.; Hare, J.D.; Clases, D. Laser
Ablation—Inductively Coupled Plasma—Mass Spectrometry Imaging in

Biology. Chem. Rev. 2021, 121, 11769-11822. [CrossRef]
141


http://doi.org/10.1021/cr100012c
http://doi.org/10.7554/eLife.62027
http://doi.org/10.26508/lsa.201900618
http://www.ncbi.nlm.nih.gov/pubmed/32312889
http://www.ncbi.nlm.nih.gov/pubmed/16327057
http://doi.org/10.1007/s00216-015-8858-0
http://www.ncbi.nlm.nih.gov/pubmed/26168964
http://doi.org/10.1039/C7AN01361B
http://www.ncbi.nlm.nih.gov/pubmed/28832035
http://doi.org/10.1021/acs.chemrev.0c01219

42.Volland, S.; Esteve-Rudd, J.; Hoo, J.; Yee, C.; Willilams, D.S. A
comparison of some organizational characteristics of the mouse
central retina and the human macula. PLoS ONE 2015, 10, e0125631.
[CrossRef]

43.Elizabeth Rakoczy, P.; Yu, T.J.M.; Nusinowitz, S.; Chang, B.;
Heckenlively, J.R. Mouse models of age-related macular degeneration.

44.Exp. Eye Res. 2006, 82, 741-752. [CrossRef]

142


http://doi.org/10.1371/journal.pone.0125631
http://doi.org/10.1016/j.exer.2005.10.012

Chapter 4

Joshua Millar?, Luke Gibbons?, Catia Costa®, Ella Schneider? ,
Johanna von Gerichten*, Melanie J. Bailey*, Susan Campbell?,
Catherine Duckett!, Sarah Doyle? and Laura M. Cole";

Analytica: Multimodal Imaging of Metals in a Retinal Degeneration
Model to Inform on Ocular Disease

1. Centre for Mass Spectrometry Imaging, Biomolecular Research
Centre, Sheffield Hallam University, Sheffield S1 1WB, UK
2. Immunobiology Research Group, Department of Clinical Medicine,

Trinity College Institute of Neuroscience (TCIN), School of Medicine,
Trinity College Dublin (TCD), D02 R590 Dublin 2, Ireland

Author Contribution: J. Millar conducted all ICP-MS analysis, sample preparation & data
processing, and informed on the acquisition of PIXE experiments on-site at the UKNIBC

Other Contributions: Luke Gibbons sectioned & mounted the mouse ocular tissue used in
this study; Catia Costa et al. at the UKNIC were responsible for the operation of the ion beam
analysis suite and conducted data processing in conjunction with the author

143



Abstract

The metallome has been involved in the pathological investigation into ocular
tissue for decades; however, as technologies advance, more information can be
ascertained from individual tis- sue sections that were not previously possible.
Herein, a demonstration of complementary techniques has been utilized to
describe the distribution and concentrations of essential metals in both wildtype
(WT) and Rhodopsin (Rho”) ocular tissues. The multimodal approach described
is an example of complementary datasets that can be produced when employing
a multifaceted analytical approach. Heterogenous distributions of copper and zinc
were observable within both WT and Rho” tissue by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), and the distributions of further
trace elements notoriously problematic for ICP-MS analysis (phosphorous,
Sulfur, chlorine, potassium, calcium, iron, and aluminum) were analysed by

particle-induced X-ray emission (PIXE).

1.0. Introduction

As our populations begin to age, the global prevalence of blindness is rising, and
with it demands for eye health services.! Though many causes of visual
impairment may be treated, age-related macular degeneration, one of the most
prevalent ocular diseases, has a poor prognosis. Patients with age-related
macular degeneration, a disease that accounts for 8.7% of blindness worldwide,
can only receive treatment if they are within the 15% of age- related macular
degeneration (AMD) patients that have ‘wet’ AMD.?2 The remainder, those with
dry AMD, have only preventative measures to rely on.# Whilst age, genetics, and
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environmental factors such as workplace exposure or smoking have been linked

to the onset of AMD, the pathology is still poorly understood.

The innate immune system has been heavily associated with AMD in recent
years, with some reports suggesting a role of the infammasome and, more
broadly, chronic inflammation as a marker or cause of AMD. These findings are
closely associated with the cellular senescence that happens alongside
physiological dysregulation in aging, resulting in a buildup of extracellular matrix
and debris from dead and dying cells, known as damage- associated molecular
patterns (DAMPSs), which, through activation of pattern recognition receptors
(PRRs), activate the innate immune response.>® Evidence of a feedback loop of
this mechanism results in chronic inflammation in the ocular tissue, producing

reactive oxygen species (ROS), which must be eliminated.

For as long as two decades, postulations that essential trace elements could be
associated with the dysregulation that occurs in AMD have been reported in the
literature.”® In 1999, the Age-Related Eye Disease Study (AREDS) supported the
idea that the supple- mentation of zinc (and copper to prevent hypocupremia)
could help decrease the risk of the onset of AMD.”8 These propositions build on
a wealth of literature that describes the close relationship of essential metals such
as zinc and copper on ocular physiology, namely, their involvement as co-factors
for superoxide dismutase and the regulation of oxidative stress. In 1995,
Newsome et al. recorded zinc deficiency in those suffering from AMD, reporting
a 9% decrease in zinc, and a 45% decrease in soluble zinc in aged eyes;
however, they observed a significant increase in the activity of superoxide

dismutase.® Additionally, Wong et al. reported an enhanced PRR-mediated
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inflammatory response caused by a zinc deficiency in aged mice [10]. Inductively
coupled plasma mass spectrometry (ICP-MS) studies have been able to confirm
the results found in the AREDS trials,'! noting the changes that occur in zinc and
copper in the diseased and aged eye. In addition, studies into other essential
elements have shown the changes to the metallome (Cd, Co, Cu, Fe, Mn, Se,

and Zn) that can occur in ocular disease.'?

Essential elements such as chlorine, sulfur, and phosphorus have seldom been
anal- ysed in ICP-MS studies due to polyatomic interferences that occur with
endogenous elements in an argon-based ICP-MS plasma.'® Chlorine, however,
has been implicated in AMD, with Chuang et al. showing mice with chloride
intracellular channel 4 (CLIC4) deficient RPE cells (RPEC4) exhibiting all the
hallmarks of dry AMD, linking the CLIC4 deficiency to dysregulation of lipid
metabolism and, ultimately, drusenogenesis.'* These findings are indicative of
the importance of the wider metallome and the constrictions that individual

methodologies can impart to metallomic studies.

ICP-MS can offer detection limits at around 10 pg mL™, increasing to around 1
ppt

for modern laser ablation (LA)-ICP-MS. This means at a spot size of 10 um, LA-
ICP-MS can be used for the production of MS images of elements in quantities
less than 1 ppm in concentration.'> ICP-MS is, however, subject to many
factors that affect performance, such as polyatomic interferences, and elemental
fractionation. Furthermore, when coupled to LA, it can suffer heavily from matrix
effects, whereby more volatile material form aerosols more readily and is

disproportionately represented in the ion images formed. Despite this, the past
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two decades have produced a wealth of data relating to the relative

concentrations and distributions of metals within ocular tissue.”-11.17-19

The MeV ion beam analysis (IBA) technique particle-induced X-ray emission
(PIXE) is subject to much less interference and is not hindered by matrix effects
in biological samples.?° This allows not only for the analysis of previously
complicated elements such as sulfur, phosphorus, and chlorine. Additionally, X-
ray spectra are collected together with backscattered particle spectra, which is
used to determine the sample matrix composition. Although the “total IBA”
approach quantitative analysis can be conducted without the need for complex
analytical standards as in LA-ICP-MS.?! Consequently, the inherent problems
faced by more one-dimensional studies can be overcome through the

combination of complementary techniques within a multimodal workflow.

The ocular metallome has clear points of interest for the development of the
under- standing of ocular pathology. Information gained from wildtype (WT)
mouse tissue can

help to describe the ocular metallome in detail and inform on decisions in future
research. In ocular research, rhodopsin knockout (Rho”) tissue has long been
used as a model of retinitis pigmentosa (RP), offering an insight into the structural
and physiological changes that can occur as part of retinal degeneration, with
homozygous mice exhibiting a complete lack of rod outer segments (OS), leading
to subsequent degradation of cones and the prevention of the phototransduction
cascade.?” When studied alongside WT tissue, the structural changes that occur
in a Rho" tissue could be indicative of the wider ocular metallome and how these

changes may occur in retinal degeneration. Likewise, changes within Rho™ tissue
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can inform on the viability of the Rho tissue in future studies of the ocular

metallome.

In this study, the changes that occur within the Rho”- mouse model have been

investigated using a quantitative LA-ICP-MSI and PIXE.

2.0. Materials & Methods

2.1. Chemicals

The following materials were used: traceCERT® Multielement Standard Solution
6 for ICP (Merck Group, Darmstadt, Germany) HNOs (CAS 7697-37-2) (VWR,
Poole, UK), Gelatin (Merck Group, Darmstadt, Germany), and Masson’s
trichrome (methyl blue) stain kit (Atom Scientific, Hyde, UK)

carboxymethylcellulose (CAS 9004-32-4) (Merck Group, Darmstadt, Germany).

2.2. Tissue Collection

WT and Rho-/- mouse ocular tissue were obtained from Trinity College Dublin,
Ireland. Ocular tissues were embedded in carboxymethylcellulose (CMC) prior to

snap freezing. Sections of the ocular tissues were taken at 5 um.

2.3. Masson’s Trichrome Staining

Serial sections of both the WT and Rho-/- sections analysed by LA-ICP-MSI
were stained using a Masson’s trichrome (methyl blue) stain kit (Atom Scientific,
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Hyde, UK) by staining the sections in Weigart’'s haematoxylin for 20 min, followed
by differentiation in 1% acid alcohol (99:1 EtOH:HCI). Following rinsing and
blueing in water, a further stain with ponceau fuchsin was conducted for 5 min
prior to rinsing and the differentiation step in water and phosphomolybdic acid for
15 min; a final stain was conducted in methyl blue for 5 min, as per the

manufacturer’s instructions.

2.4. Preparation of Calibration Arrays

Matrix-matched calibrants for use with LA-ICP-MSI were prepared by serial
dilution with 1% HNOs of ICP Standard Solution 6 (Merck Group Darmstadt,
Germany) to obtain 1-50 ppm solutions. These solutions were mixed 50:50 with
20% gelatin before 15 pL of each were prepared in wells created by fixing 4 mm
washers in an epoxy resin. The standards were then allowed to dry in a vacuum

desiccator overnight at room temperature.

2.5. LA-ICP-MS

LA-ICP-MS experiments were conducted using an ImageBio266 laser ablation
unit coupled to a NexION 350X ICP-MS. The laser spot size was set to 10 um,
and the repetition rate of the laser was set to 500 Hz. The laser power was
operated at 37%, resulting in a sample fluence of ~3.8 Jcm™. The ICP-MS was
operated in standard mode, utilizing 5 sweeps and a dwell time of 10, 20, and 20

ms for Mg, 83Cu, and %6zn.
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2.6. PIXE

WT and Rho-/- tissue were analysed at the National lon Beam Centre at the
University of Surrey. A 2.5 MeV (nominal beam energy) H* beam at normal
incidence was focused to a diameter <2 um using a magnetic quadrupole triplet
lens type OM-150 (Oxford Microbeams Ltd., Oxford, UK). X-rays induced by the
beam were detected by a silicon drifted detector (SDD) with an active area of 80
mm? and mounted at a central angle of 135° to the beam direction in the
horizontal plane with a variable sample-to-detector distance of 425 mm. The X-
ray detector was fitted with a 130 um beryllium foil. Elastically backscattered
protons were detected using a 150 mm? ULTRA-series passivated implanted
planar silicon (PIPS) detector (ORTEC, Wokingham, UK). The detector angle was
155° £ 0.2, and the distance between the centre of the nanobeam chamber and
the detector entrance was 52.5 + 0.2 mm. Both detectors were fitted with a

sampling cone to stop signals from the chamber from reaching the detectors.

3.0. Results

The retinal structure is a highly privileged and highly conserved part of the ocular
anatomy. Any disruption to this otherwise balanced and organized structure can
cause issues for those who experience it. Elements within ocular tissue have
been observed to localize discreetly within the retinal structure, conforming to the
existing anatomy. The observation of elements within the retina, or the changes
that occur to the elements within the ocular tissue can be descriptive of important

pathophysiological mechanisms within the eye.
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3.1. WT and Rho-/- Retinal Anatomy

Healthy mouse ocular tissue is highly structured and can be segmented into
distinct layers. Figure 1 shows the choriocapillaris/RPE (CC/RPE) layer, the outer
segment (OS) and inner segment (IS); the outer layers, the outer nuclear layer
(ONL) and outer plexiform layer (OPL); and the inner layers, the inner nuclear
layer (INL) and inner plexiform layer (IPL). The choriocapillaris is responsible for
the transport of nutrients from the blood to the eye, and the other layers are key
to visual function. Rods and cones function by transforming light into electrical
signals, allowing the brain to transform these signals into vision. In ocular
diseases such as AMD, these rods and cones are degraded by invading
neovasculature in wet AMD and harmful buildups of extracellular matter known
as drusen in dry AMD. The ONL and OPL, which contain the rods and cones
responsible for vision, can be seen distinctly in Figure 1b. Rho—/- tissue can be
seen in Figure 1. The Rho-/- tissue can be seen to have degraded this layer of
the ocular tissue, leaving only the INL and the IPL intact. These structural
changes that occur within the layers of the retina are severe but represent the
degradation that occurs within the ocular tissue of those who have ocular
degenerative diseases such as AMD, diabetic retinopathy, retinal pigmentosa,

and other similar diseases.
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Figure 1 Masson’s trichrome (methyl blue) stains of wildtype mouse ocular tissue;

(a) 20x view of the whole ocular tissue section and (b) 4x view of the retinal

microanatomy. Rho—/- mouse ocular tissue; (c) 20x view of the whole ocular

tissue section and (d) 4x view of the degraded retinal microanatomy.

3.2. LA-ICP-MSI

3.2.1.Wildtype Cu

83Cu is one of the key trace metals that constitute a class of essential trace

elements for ocular function. Paired with zinc, copper can be critical for the

clearance of ROS in ocular tissue.'%23 Utilizing a previously described method for

the quantification of biological tissue by LA-ICP-MS.*® WT and Rho-/- tissue

were analysed alongside the calibration standards at a spot size of 10 pm to
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obtain high-resolution spatial characterizations of 83Cu within mouse ocular
tissue. Figure 2 shows the distribution of copper throughout the ocular tissue. The
copper observed was largely present within all anatomical regions of the tissue,
with the exception of the vitreous humor. The relative concentration, however,
appeared heterogenous, with copper localizing specifically to a number of
substructures of the eye, being in the highest quantity within the ciliary bodies,
followed by the iris, retina, lens, and cornea, respectively. Within the retinal
region, copper was observed to be most prominent in the choroid/RPE region
and formed distinct bands within the retinal layers, allowing the segmentation of
the retina into at least six layers of varying width. Quantitative data was produced
using 250 um wide regions of interest (ROI) placed within the substructures of
the ocular anatomy by using Masson’s trichrome stains of the tissue to ascertain
the substructures of the microanatomy. The ROI analysis, produced in lolite 4,
allowed for the quantification of an element within a region.?*?6 Quantitative
analysis showed that the concentrations ranged from just over 0.5 ppm down to
just above 0.01 ppm. It also showed that the copper was in its highest quantities
in the choriocapillaris, followed by the OPL, IS, INL, IPL, and OS, respectively

(Figure 2).
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Figure 2 (a) Distribution of 63Cu in WT mouse ocular tissue, with each region of
interest (ROI) within the retinal layers highlighted (red). (b) A zoomed view with
the portions (i) choriocapillaris (CC),(ii) outer segments (OS), (iii) inner segments
(IS), (iv) outer nuclear layer (ONL), (v) outer plexiform layer (OPL), (vi) inner
nuclear layers (INL), and (vii) inner plexiform layer (IPL). (c) Distribution of ¢6Zn
in WT mouse ocular tissue, with each region of interest (ROI) within the retinal
layers highlighted (red). (d) A zoomed view with the portions (i) CC, (ii) OS, (iii)
IS, (iv) ONL, (v) OPL,

(vi) INL, and (vii) IPL.
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3.2.2. Wildtype %3Zn

66Zn is another key element in the prevention of chronic inflammation through the
upregulation of superoxide dismutase. Additionally, as previously mentioned, Zn
has been observed to change as a function of age and is closely linked to AMD
with AREDS 2 supplements containing a daily dose of 80 mg. Like copper, %Zn
was observed within wildtype ocular tissue at a spatial resolution of 10 pum,
allowing for the resolution of multiple layers within the ocular tissue. Like copper,
66Zn was seen to be present within the majority of the substructures of the ocular
anatomy. Unlike copper, there was less heterogeneity observed within the
structures in terms of concentration. Only four distinct regions within the retina
were able to be observed, but by using the coordinates for each layer found in
the copper and Masson’s trichrome imaging, the same ROI analysis took place
for 66Zn within the retinal tissue. The guantitative analysis showed a range of 0—
3 ppm, which is up to 3-fold higher than that observed for copper. ROI analysis
showed that the INL, OPL, and ONL were highest in concentration followed by

CC, IS IPL, and OS.

The INL, OPL, and ONL were observed to be indistinguishable but otherwise had

similar relative concentrations between layers as in the Cu images.

These observed concentration changes between the CC and the rest of the tissue
architecture are in agreement with previous studies of this kind, as Erie et al.
described an elevated level of both copper and zinc within the CC/RPE when
compared to the ‘retina’ in a study from 2009, which was concurrent with a 2008

study by Wills et al.?327
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3.2.3. Rho” %3Cu

Using the same quantitative and data analysis techniques as with the wildtype
tissue, Rho—/- tissue was analysed by LA-ICP for both 86Cu and ¢Zn. The copper
images, like those observed in the characterization of Rho-/- tissue in Figure 1,
show depletion of the OS and a complete lack of rod outer segments (OS),
leading to subsequent degradation of cones, leaving only the INL and the IPL
intact. The %3Cu images show that other than in the retina, the distribution of
copper has remained unchanged, with varying amounts of copper throughout the
ocular tissue, with additional quantities in the iris and ciliary body. The retinal
substructures can only be segmented into three substructures: the CC, an inner
layer (INL), and an outer layer (IPL) (Figure 3). By segmenting the Rho—/- retina
into three substructures, the copper and zinc observed were seen to be quite
variable between replicates (Figure 4c,d), but they were generally seen to have
high levels of %Zn in the CC and lower levels in the inner layers, with this
difference been less pronounced in 8Cu. This difference in relative
concentrations between the CC and the other layers within the retina is consistent
with that observed in the WT tissue. Additionally, there are few notable changes
to the concentration of the 83Cu and %Zn in the Rho-/- tissue. It has previously
been reported that forms of ocular degeneration, and the aged retina, can lead to
an elevated level of zinc and copper in aged tissue; likewise, a reduction of these
elements has been observed in the AMD tissue. The results herein show how
degeneration of the outer segments as part of a Rho—/- tissue type does not
inherently affect the concentrations of zinc and copper within the retinal

substructures that remain.
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Figure 3 (a) Distribution of 63Cu in Rho-/- mouse ocular tissue, with each region
of interest (ROI) within the retinal layers highlighted (red). (b) A zoomed view with
the portions (i) choriocapillaris (CC), (ii) inner nuclear layer (INL), (iii) inner
plexiform layer (IPL), (c) Distribution of 66Zn in Rho—/- mouse ocular tissue, with
each region of interest (ROI) within the retinal layers highlighted (red). (d) A

zoomed view with the portions (i) CC, (ii) INL, and (iii) IPL.
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Figure 4 (a) Concentration values (ppm) of copper within a WT ocular tissue. (b)

Concentration values (ppm) of Zn in a WT ocular tissue. (c) Concentration values

(ppm) of copper within a Rho—/- ocular tissue. (d) Concentration values (ppm) of

Zn in a Rho—/- ocular tissue.
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3.3. PIXE

3.3.1.Phosphorus

Elements such as phosphorus (3!P) have interferences when analysed by an
argon plasma in ICP-MS such as “N®OH+, P N®NH+, ®N0+, 1“N170O+,
13C180+, and '2C80O'H+ at 31 atomic mass units (amu).'® This means that
phosphorous is virtu- ally incompatible with argon plasma sources, as an ICP will
allow the production of these nitrogen and oxygen-containing interferences from
the atmosphere. Unlike ICP-MS, IBA techniques, namely, PIXE, rely on the
production of characteristic X-rays, with few interferences for the PKa line. Figure
5 shows 1 mm? images produced from the ocular retina of mice by PIXE. Figure
5a shows how phosphorus is distributed within this ocular tissue. Like with the
LA-ICP images, a clear demarcation between the retinal layers can be made;
utilizing an H+ beam focused to < 2 um, the spatial resolution achieved was

superior to that of LA-ICP-MS.

Figure 5 PIXE data detailing the retinal microanatomy of WT tissue: (a)

phosphorous, (b) sulfur, (c) chlorine, (d) potassium, (e) calcium, (f) iron, (g)
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copper, (h) zinc, and (i) aluminum. (j) Optical image with the choroid (red), outer
segment (orange), inner segment (yellow), outer nuclear layer (green), outer
plexiform layer (blue), inner nuclear layer (indigo), and inner plexiform layer

(violet).

In wildtype tissue, the phosphorus can be seen to localize distinctly in retinal
substructures, with the highest quantities in the ONL, followed by the OPL, OS,
and then the inner retinal layers (IPL and INL), which share similar concentrations

to the CC.

Elevated phosphorus in the OS can be attributed to phosphatidyl-pyridinium bis-
retinoid (A2PE), a precursor for A2E, which is formed in the OS.?® However, the
majority of phosphorous observed can be attributed to the nuclei in the ONL,
where they are as- sociated with the high density of nucleic acids, something

previously observed in ocular tissue.’

The Rho-/- tissue was again able to demonstrate differences in tissue
architecture

when observed using PIXE analysis. The Rho-/- tissue showed a similarly high
level of phosphorus in the INL, followed by the CC and the IPL (Figure 6a). The
images show, despite the lack of observable OPL and ONL regions, that the

relative concentrations of the remaining layers are consistent.
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Figure 6 PIXE data detailing the retinal microanatomy of Rho-/- tissue: (a)
phosphorous, (b) sulfur, (c) chlorine, (d) potassium, (e) calcium, (f) iron, (g)
copper, (h) zinc, and (i) aluminum. (j) Optical image with the choroid (red), inner

nuclear layer (indigo), and inner plexiform layer (violet).

3.3.2. Sulphur

Sulphur, like phosphorus, can be closely associated with the presence of proteins
in structures with sulphide bonds. Sulphur is subject to polyatomic interferences
when analysed by ICP with an argon plasma. Interferences from nitrogen and
oxygen (**N*0*, 1“N8O'H*) can cause increased levels of background noise.
PIXE data (Figure 5b) exhibits the relatively homogenous distribution of sulphur
within the tissue, with an increased level of sulphur in the CC and a gradual
decrease in abundance moving through the OS, IS, ONL, OPL, INL, and IPL. Due
to its relatively high abundance, and homogeneity, it offers a basis to determine

when the beam is on or off the tissue in further PIXE analysis.
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Sulphur within the Rho-/- is also able to exhibit organizational changes within
the tissue. The image (Figure 6b) shows elevated sulphur in the CC, followed by
a diffuse structure marking the presence of the IPL and INL. This homogeneity is
observed within the IPL and INL of the WT tissue, which, like Rho—-/-, has the

highest amount of sulphur within the CC.

3.3.3. Chlorine

Chlorine, like phosphorus, is an essential element found abundantly in the natural
world and, like phosphorus, encounters issues with polyatomic interferences from
the atmosphere when analysed by an argon plasma. The 3°Cl isotope (~76%)
possesses the same mass as 1°%00!H+, and the 37Cl isotope (~24%) possesses
the same mass as 3¢Ar'H+, resulting in problematic analysis when using an argon
plasma ICP-MS for analysis.*® However, chlorine has an important role in human
anatomy and specifically in the retinal cycle. Chlorine is present in Ca-activated
chloride channels. Chloride channels are vital for ocular function, with some
involved in the control of transmitter release in the dark. Additionally, chloride
intracellular channel 4 (CLIC4) is a cytosolic protein involved in the innate
immune response that regulates chlorine concentration. Previously, RPEACc4
mice have been shown to exhibit functional and pathological hallmarks of AMD,
highlighting the perceived importance of monitoring chlorine levels within the

structure of the eye.

The Cl observed within WT tissue (Figure 5c¢) can clearly be separated into a CC,

with the highest concentration, the OS, with a lower concentration the outer
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layers, and the inner layers of the ocular tissue, which have higher and lower
concentrations, respectively, but lower concentrations than the CC overall. The
Rho-/- tissues once again exhibit structural changes through the lack of OSs
and the depletion of the outer layers, leaving the less abundantly populated inner

layers, in addition to a relatively high concentration of CC (Figure 6c).

3.3.4. Potassium

Potassium is a common essential element found within most extracellular
matrices and plays a key role in the phototransduction pathways responsible for
vision.2%:3% Potassium, with isotopes at 39 (93.08%), 40 (0.01%), and 41 (6.91%),
has some of the most problematic interferences in 38ArtH+, 4°Ar+, and “°ArtH+,
respectively.!® This makes analysis by ICP with argon plasma extremely
problematic. By using PIXE, potassium data from both WT and Rho-/- tissue can
be ascertained. The PIXE data (Figure 5d) show potassium to be most prevalent
in the CC, ONL, and INL. This, except for the more notable absence in the OPL,
is a similar distribution to that of chlorine. As potassium has increased
concentrations intracellularly, these results are concurrent with potassium being
highly concentrated in the areas that have the highest cellular density. For
potassium, once again, only the inner layers and the CC are directly observable
within Rho-/- tissue, with little change in the distribution of potassium (Figure
6d). What remains is that the CC and the inner layers appear to have quite a high

contrast in concentration in comparison to the WT data.
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3.3.5. Calcium

Calcium is an essential trace element closely linked with some of the other
elements aforementioned.?®° It has a key role within the visual cycle through
modulation of the cGMP-gated channels and cGMP itself.3! Calcium has been
associated with ocular diseases such as age-related macular degeneration for
some time, though its role is less clear. As part of AREDS, the National Institute
for Health (NIH) showed that calcium supplementation could reduce the risk of
the onset of AMD.%? Likewise, reports of elevated levels of calcium in drusen
deposits have been reported in AMD patients.®® The distribution of calcium
(Figures 5e and 6e) within ocular tissue is less distinguishable due to seemingly
low levels of calcium above the background. This is because the background
levels can be attributed to interferences from the PET slide on which the tissue is
mounted. In spite of this, elevated levels of calcium could be observed within the
CC of the WT and Rho-/- sections. This area within the CC, where Brusch’s
membrane (BrM) has its interface with the RPE, is incidentally where the calcium-

filled deposits of drusen arise.

3.3.6. Iron

Iron, another element that is impaired by polyatomic interferences within an argon
plasma, namely, with “°Arl80+ (=%6Fe), is also of interest in ocular disease.®? It
acts as a cofactor in processes such as oxygen transport, membrane biogenesis,
and maintenance of the visual cycle; more specifically, iron is essential for RPE65
activity. Iron is also heavily involved with certain mechanisms of inflammation; the
Fenton reaction ( Fe?* + H202 — Fe®* + HO- + OH™ ), for example, produces

ROS, which can occur as a by-product of exogenous iron accumulation, which is
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a phenomenon that can cause retinal degeneration.*?343> These data indicate
that seemingly low levels of iron can be observed predominantly in vasculature
outside of the retinal anatomy, likely as part of haemoglobin, and when observed
within the anatomy can be seen to be discretely localized to the CC/RPE of the

ocular tissue (Figures 5f and 6f).

3.3.7. Copper

PIXE has an inferior limit of detection (ppm range) than ICP-MS, which regularly
detects elements in the ppb range.'3¢37 As a result, the copper observed in the
tissue by ICP (~1.5 ppm) is at the lower end of PIXE detection limits, which were
~10 ppm across the 1 mm? analysed. In Figures 5g and 6g, the images can be

seen to be sparsely populated by data points as a result.

3.3.8. Zinc

Like copper, zinc remains a problematic element given that it has a <3 ppm range
according to the LA-ICP-MS data (Figure 2). The data presented in the PIXE
analysis were not able to obtain meaningful conclusions due to this lack of
sensitivity. Unlike copper, due to its slightly higher endogenous concentration, the
difference between on and off tissue was able to be determined (Figures 5h and

6h).

3.3.9. Aluminium

Similarly, aluminium had a poorer signal-to-noise ratio than previously analysed

elements. The aluminium can be used to determine between on and off tissue,
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yet further information could not be ascertained from the images (Figures 5i and

6i).

3.4. Quantitative PIXE

PIXE analyses can be made to be quantitative without the need for matrix-
matched standards. In contrast with LA-ICP-MS, this quantitative ability is
compromised by matrix effects experienced in LA-ICP. The quantitative data of
WT tissue showed that the endogenous elements phosphorus, sulphur, chlorine,
potassium, and calcium were in significantly higher quantities than that of copper
and zinc. Chlorine was seen to be in its highest concentration in the CC, where it
also exceeded the concentrations of P, S, K, and Ca. Phosphorus was seen to
be the highest within the ONL, followed by chlorine, sulphur, and potassium. The
highest level metal in the INL was, however, sulphur by a factor of two. The third
region (Figure 7b), which described the PET slide on which the slides were
analysed, was, however, indicative of the interferences that can be seen in PIXE
analysis. The Ca images (Figures 6e and 7e), which were relatively
indiscriminate, can be explained by the high presence of Ca within the PET film
as seen in Figure 7. The quantitative data show that Ca is not homogenously
distributed, yet the signal-to-noise ratio remains too low for discerning structural
features. Iron, copper, zinc, and aluminium were in low abundance and were

thereby unable to be quantified accurately (Figure S1).
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Figure 7 . Quantitative PIXE data exhibiting the concentrations of the elements
phosphorus, sulphur, chlorine, potassium, and calcium. (a) Concentrations (ppm)
of the regions of interest (ROI) within a wildtype (WT) tissue. (b) An image of the
corresponding WT tissue section ROIs; (1) chorio-capillaris (CC) (2) outer nuclear
layer (ONL) (3) polyethylene terephthalate (PET) (4) outer/inner segment

(0S/IS).

4.0. Discussion & Conclusion

The use of LA-ICP-MS in the exploration of ocular pathology has been able to
offer unique insights into the metallome of WT ocular tissue in the past, though it
has been at the mercy of matrix effects and polyatomic interferences that LA-ICP-
MS is notoriously susceptible to. This body of work comprises a combination of
quantitative LA-ICP-MSI and PIXE analysis and has comprehensively described
the metallome of not only elements amenable to ICP-MS analysis such as copper
and zinc, but also to the wider metallome excluded by studies confined to ICP-
MS analysis such as phosphorus, sulphur, chlorine, potassium, calcium, and iron.
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Additionally, the datasets herein include a widely used retinal degeneration
model, Rho-/-, which has described the structural changes that occur within
Rho-/- tissue from the perspective of the metallome. This study has
demonstrated the changes that occur to the metal species within Rho—-/- tissue
and how the changes to the structure affect the distribution of essential elements.
With a wider understanding of not only the WT metallome but that of Rho-/-
tissue as well, this study contributes to the wider understanding of ocular tissue

and how elements from across the periodic table behave in the retina.

From the essential elements measured within WT ocular tissue, it can be seen
that there is a highly organized structure within the mouse retina.®® The
distributions of these elements, however, are not uniform to one another, some
elements remain relatively homogenous through different layers within the retina,
whereas copper can be seen to vary in concentration distinctly between each
identifiable layer within the retina. The existence of this complex relationship
between structure function and the wider metallome is poorly understood;
however, the high spatial resolution imaging of these structures may help to
inform ocular physiology and pathology in the future. In addition, the ocular tissue
from the Rho-/- mice demonstrated the structural changes that have occurred
as a result of the deletion of rhodopsin. The retinal tissue of Rho—-/— mice has
reduced structural organization and is missing layers, namely, the outer
segments. In LA-ICP- MS and PIXE images, these structural changes can be
seen to occur but do not affect the distribution or relative concentrations of the
metals observed. These data, however, were purely qualitative; so, should further

quantitative work be undertaken in the future, some physiological as well as
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structural changes may be observed through mapping elemental concentrations

in Rho—-/- tissue.

The metallome is a widely explored yet poorly understood part of ocular
pathology, yet methodologies and techniques for the characterization of such
tissue have become increasingly more accessible in recent years. In addition, the
use of multimodal work- flows has greatly benefitted the field of metallomics, with
PIXE and LA-ICP-MS as prime examples of complimentary datasets, utilizing the
sensitivity of ICP and the robustness and spatial resolution of PIXE. These data
demonstrate a foundation by which future studies relating to the ocular metallome
may build, utilizing more complex sample sets and eventually progressing to

patient tissue.
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Abstract

Eye conditions are a complex class of diseases that affect billions of the
population worldwide. The study of ocular disease in the pursuit of therapeutics
is a multimodal and multidisciplinary effort spanning generations. Ocular ‘omics’
as part of bioanalytical science may demonstrate a beneficial tool within
ophthalmology. Here, demonstration of a workflow that utilises multiple
technigues in sequence is optimised to build a platform for multimodal ocular
‘omics’. Starting with the least destructive technique, this study demonstrates
how the use of desorption electrospray ionisation (DESI) and matrix assisted
laser desorption ionisation (MALDI) mass spectrometry imaging techniques can
be used to generate multitudes of datasets from single pieces of tissue. By
exploring the field of metabolomics and lipidomics through DESI and peptidomics
using MALDI in both mouse and human tissue, the study herein sets out the
inception of a multidisciplinary approach in bioanalytical science to ocular

disease.

1.0. Introduction

Ocular ‘omics’ may hold the key to future directions of pathology within the field
of ophthalmology. For decades research into ocular disease has resided in the
fields of genetics and immunology, these methodologies have been crucial in
finding proteins and targets of interest within the field of ocular pathology.? In
recent years, more and more studies involving the genetic and proteomic

pathology of ocular disease have begun to coalesce around the doctrine
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describing chronic inflammation and the wider influence of the innate immune

system as a major cause of disease within ocular tissue.?®

One of the major biological systems thought to be involved with age -related
macular degeneration (AMD) is the innate immune system. The innate immune
system is one of the first lines of defence against foreign bodies and helps serve
to recruit immune cells to clear infection and is crucial for clearance of dead cells
and extracellular debris.? In diseases such as AMD, the innate immune system
can have a protective role. The innate immune system employs a number of
proteins to conduct these protective processes, a major class of which are known
as pattern recognition receptors (PRRs).3® As the disease state produces
inflammatory material such as drusen and buildup of extracellular matter, the
PRRs react to the damage associated molecular patterns (DAMPSs) and pathogen
associated molecular patterns (PAMPS) produced in the diseased tissue and
elicit an inflammatory response.®® However, some postulate that selected
proteins within the innate immune system do not have protective roles and rather
can be detrimental to those suffering with AMD.?7-12 One theory to support this
suggests that the over-reaction from PRRs in the innate immune system can lead
to chronic inflammation, which on turn can cause further damage to the affected
regions. These PRRs, and their associated proteins have been seen as crucial

to further the understanding of how the innate immune system functions.3-6:12-22

1.1. TLR2
Notably, toll-like-receptors (TLRs) and related proteins have been seen to have

some involvement in the pathways that cause the onset of diseases such AMD.
TLRs are a part of the wider innate immune system, the downstream signalling

of which forms a key part of the immune and inflammatory response, In 2004
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Kindzelskii et al. noted the protective role of TLRs, namely TLR 2 and 4 against
infection in the anterior region of the eye.?® In addition, Gliven et al. exhibited the
TLR2-rs5743708 polymorphism caused individual to carry a four times greater
risk of having AMD in later life.? Furthermore, West et al. and Fujimoto et al. were
able to link choroidal neovascularisation, as found in wet AMD, to be mediated
by TLR2, and Mulfaul et al. was able to link retinal degeneration to TLR2.%78.11.24
Considering the role that TLR2 and other TLRs have in innate immunity, and the
perceived protective role of TLR2 in inflammation, the association of TLR2 with
ocular pathology leaves adequate scope for further exploration into the role of

TLR2 in AMD pathogenesis.

1.2. SARM1
Sterile alpha and TIR motif—containing 1 (SARM1), is an adaptor protein for toll-

like receptors, and has a role in the regulation of downstream signalling pathways
of TLRs. It has been known to be one of the key domains involved in axon
degeneration, in response to injury as part of an immune response.?® SARM1 has
been implicated in a variety of diseases, such as amyotrophic lateral sclerosis,
traumatic brain injury, and chemotherapy induced peripheral neuropathy, where
its activation may play a crucial role.?® Additionally, SARM1 has been found to be
expressed in the retina and has been reported to have a pro-degenerative role
within the photoreceptor layer of a retinal degeneration model, with SARM1
deficiency exhibiting a protective role for retinal degeneration.?” Thought to be
activated as a metabolic sensor, SARM1 consumes NAD*, which in turn can lead
to metabolic collapse and cell death.?>?” As such, SARM1 has been identified as

a potential therapeutic target.
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1.3. NLRP3
NOD-like receptor protein 3 (NLRP3) is a key protein within the innate immune

system, and is essential for the formation of the inflammasome.3#152834 The
literature relating to NLRP3 and its association with AMD is still however limited,
and only recently have breakthroughs relating to what may be a crucial role for
NLRP3 in AMD pathology and future therapeutics. Like other PRRs, NLRP3 acts
as a receptor that responds to ‘danger’ associated signals, and in turn produces
the inflammatory response, a role which has been used to associate NLRP3 with
AMD pathology. Tseng et al. were able to show an upregulation of NLRP3 in the
progression of geographic atrophy (GA) and wet AMD, indicative of an
inflammatory response in AMD.%° In addition, Liao et al. were able to link NLRP3
with retinal degeneration induced by reactive oxygen species (ROS), suggesting
further that the suppression of NLRP3 may be beneficial to ameliorate retinal
degeneration.3* Tarallo et al. also exhibited that genetic or pharmacological
inhibition of NLRP3 would help to combat AMD onset through the reduction of
Alu RNA accumulation implicated in GA AMD.?° However, in 2012 Doyle et al.
were able to show NLRP3 provided a protective role for the ocular anatomy by
eliciting this immune response in the presence of drusen, one of the symptomatic
manifestations of AMD.?° This work, specifically that of Doyle et al. and Tarallo
et al. which helped to further the understanding of ocular pathology, however was
seemingly questioned, with Kosmidou et al. citing insufficient immunological
specificity being the reason to argue against the role of NLRP3.3° The paper
suggested that due to the lack of reagent specificity, there may be reason to doubt
the expression of NLRP3 within the human retina at all. Whilst further
immunological studies have been conducted in spite of this proposal by

Kosmidou et al., without the use of another technique to study NLRP3, disproving
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the hypothesis put forward by Kosmidou et al. could prove difficult. The
production of data in the pursuit of pathological understanding and novel
therapeutics must however exist without compromise. Consequently, the
methods developed within this study aimed to conceive a method of observing
NLRP3 within human ocular tissue without the need for immunological reagents

and help to bolster advances within the ophthalmologic field of research.

1.4. Mouse Models
Mouse models are an established method for studying pathology in biological,

medical and analytical sciences as they can be genetically modified, have a
relatively short maturation period and are economically viable for many studies.
However, though the use of mice in ocular pathology is equally well established,
the use of mouse models in the study of macular degeneration can be
disputed.?3® As nocturnal creatures, mice have less exposure to UV, a key
producer of reactive oxygen species in the retinal cycle, which are species
thought to contribute to AMD, amongst other diseases. 3’ Additionally, mice
crucially lack a macula; however there is good evidence to suggest that the
parallels between physiological processes within the eyes of both mice and
humans, as well as disease associated genes, is relatively strong, and
information can be gathered from mice to inform on human ocular pathology.*36:38
For example, processes that result from ageing have been observed in mice, and
the retinal degeneration genes have been identified within mice. 3 Moreover,
some of the key symptoms and indicators of AMD have been observed in mice,
such as drusen formation, the thickening of the Brusch’s membrane (BrM),

choroidal neovascularisation and regional RPE dropout.!
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1.5. Human Tissue Studies
Though the effects can be life-changing, AMD is not considered to be a life-

threatening disease. 3949 As a result, enucleation is not used as a treatment as
with other diseases such as uveal melanoma.*! As such, few AMD patients lose
their eye surgically, relying on post-mortem donations for use in biomedical
research. However, post-mortem ocular tissue donations are relatively rare, with
one study citing the majority of non-donations being as a result of family wishes
(48%).4> These issues, alongside medical exemptions result in a global
undersupply of ocular tissue for use in research. Consequently, there have been
relatively few pathological investigations into AMD with human tissue, and even
fewer that use a sufficient number of participants to inform on AMD within the

human population.

1.6. Mass Spectrometry
Using the different categories of ‘-omics’ such as proteomics, lipidomics,

metabolomics and metallomics, untargeted mass spectrometry (MS) has long
been a crucial utility for biomarker discovery. Increasingly advanced technologies
in mass spectrometry have allowed for the development of spatial ‘-omics’, with
recent studies citing spatial resolutions of 10um in DESI-MSI, 5 um and lower in
MALDI analysis*344, and in sub micrometre scales in SIMS.#>4¢ The discovery of
not only key biomarkers in tissues, but their spatial geometry at sub structural
levels has caused a shift in the way that MSI is applied to biomarker discovery.
In addition to the advances in spatial characterisation of tissue, the field of
untargeted ‘-omics’ has benefitted greatly from the increase in mass resolution
permitted by modern instruments. With untargeted analyses, many studies are

by default constrained to use untargeted approaches for discovery exclusively;
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relying later on targeted approaches to verify findings. Though this is still standard
practice, the increased mass resolutions have transformed previously dubious
tentative identifications into increasingly substantial discoveries. Recently, the
virtues of these advancements have been combined, as increasingly diminishing
dwell times in modern instruments has allowed for the routine MS imaging of
biological tissues at low spatial resolutions, at mass resolutions of 200,000 fwhm

in timeframes typical of standard-resolution imaging instrumentation.*’

Multimodal approaches have been exhibited in numerous studies in the past few
decades.*¢4849 ‘True’ multimodal approaches that utilise the same sections as
opposed to serial sections share the benefits of other multimodal approaches, for
MSI, the ability to gain spatial information about multiple classes of compounds
offers a potential to revolutionise the approach to untargeted biomarker discovery

within mass spectrometry imaging.

1.7. DESI
Desorption electrospray ionisation (DESI) has become one of the most significant

soft ionisation technologies within the field of mass spectrometry imaging (MSI).
By employing a fine stream of electrostatically charged droplets onto tissue, the
creation of secondary ions occurs within the tissue surface with minimal damage
to the tissue.5%-°2 DESI is most suited to the analysis of smaller species such as
lipids and metabolites, and in the past has been used for the investigation of drug
distributions within tissues. Consequently, DESI has provided a significant utility
for the investigation of lipidomics and metabolomics, with multiple studies taking
advantage of its soft ionisation capabilities.*®5%:53 The soft nature of the ionisation

of DESI lends it to use in the early stages of the multimodal approach, allowing
183



for DESI images to be acquired prior to analysis by more destructive techniques

or even histological staining and imaging.

1.8. MALDI
MALDI-MSI has long been a staple of mass spectrometry imaging, and over the

past four decades has provided key spatial information about key species within
tissue, from small molecules to intact proteins. Amongst the ‘-omics’ possible by
MALDI-MSI, peptidomics has also been one of the key branches of MALDI
analysis.>*>’ Key to peptidomics is sample preparation and preservation. Often
this means that once sectioned, tissues destined for peptidomics by MALDI
analysis must be vacuum sealed and stored at -80 °C, or immediately put through
washing steps. Additionally, through tryptic digestion, matrix application and
analysis, it must be ensured that the tissue remains hydrated. For a true
multimodal approach, wherein multiple soft ionisation techniques are combined,
the virtues of DESI make direct analysis prior to MALDI sample preparation
possible. However, due to the complex requirements for peptidomics, DESI
imaging must take place in conditions that support the ongoing hydration of the
tissue by exposing the tissue for limited amounts of time within ambient
conditions. Alongside a sealed chamber for acquisition, reduced duty cycles, and
corresponding increased scan rates, DESI analysis can take place in a relatively
short window, immediately prior to MALDI sample preparation. Consequently,
there was an opportunity to combine the two approaches, and allow for multiple
analytical techniques to be combined in order to gain a rich, multidimensional
dataset from the same tissues, in the hope that richer datasets could lead to

better conclusions about ocular pathology.
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2.0. Methods
2.1. Instrumentation & Parameters

2.1.1.Sample Materials
Mouse tissue was obtained from Department of Clinical Medicine, School of

Medicine, Trinity College Dublin. Sectioned mouse tissue was obtained from
Department of Clinical Medicine, School of Medicine, Trinity College Dublin,
where mice were raised and culled in conditions that adhere to the principles laid
out by the internal ethics committee at TCD, and all relevant national licences
were obtained before commencement of all studies before being processed &
sent to Shefield Hallam University Human samples were obtained from AMSBIO
(Abingdon, UK) and Accio Biobank (Newmarket, UK). Trypsin was obtained from
Promega (Southampton, UK). Acetonitrile, methanol, ethanol, chloroform. and
glacial acetic acid were obtained from Fisher Scientific (Loughborough, UK). a-
hydroxycinnamic acid (CHCA), trifluoroacetic acid (TFA), and octyl-a/B-glucoside
(Oc/Glc) were obtained from Sigma Aldrich (Gillingham, UK). Xtra adhesive poly-

lysine slides were obtained from Leica Biosystems (Newcastle, UK).

2.1.2.Washing
Wash steps were performed on ocular tissue by submerging slides of tissue in

50ml of freshly prepared solvents in starting with 70% EtOH (1min), followed by

90% EtOH (1 min), CHCIs (30s) and 90:9:1 EtOH:gAcOH:H20 (1 min)

2.1.3.Enzymatic Digests
First, 20 yg/mL of MS-grade trypsin (Promega, Southampton, UK) was prepared

in 50 mM NH4HCO3 with 0.1% octyl-a-B-glucoside applied to the tissue via the
use of sequencing grade trypsin. Then, 15 layers of 45 °C trypsin were applied at
10 psi N2 pressure and at 20 yLmin using an HTX M3+ Sprayer (HTX Imaging,

Chapel Hill, NC, USA). Following application, the samples were placed in a
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humidity chamber containing 50% methanol before incubation overnight at 37 °C.
On removal, the samples were allowed to reach room temperature before matrix

application.

2.1.4.Matrix Application
A matrix consisting of 5 mgmL?' a-cyano-hydroxycinnamic acid (CHCA) was

prepared in a 50% acetonitrile solution with 0.01% TFA. It was then sonicated
and syringe-filtered prior to application using an HTX M3+ (HTX Imaging, Chapel
Hill, NC, USA) at 80 °C, using a solvent flow rate of 100 yLmint and a N2 pressure
of 10 psi, in 8 layers.

Following matrix application, the samples were either used in MALDI analysis
immediately or placed into slide mailers, vacuum sealed and stored at -80 °C for

a maximum of 1 week.

2.1.5.MALDI-MSI
For MALDI analysis, a Waters Corporation Multi Reflecting Time-of-Flight (MRT)

was used. The instrument was operated in MRT mode, wherein the flight path
was over 47 m and the resolution was 200,000 FWHM. The 2 kHz laser was
operated at 1 kHz and was attenuated with 2 ND filters. The primary variable filter
was applied at a laser intensity of 300 arbitrary units, and the secondary fixed
filter was engaged. The laser was rastered over the sample at 125 yms™, utilizing
a 25 um step size. A quad profile and a set of transfer radiofrequencies was set
for optimum transmission of the analytes between 700 and 2500 Da, and the scan

rate was setto 0.1 s.
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2.1.6. DESI-MSI
For DESI-MSI, a second Waters Corporation MRT was used with a DESI-XS

source fitted. The instrument was operated in MRT mode. For analysis, a DESI
solvent of 98% methanol was used, with 200 pguL*leucine enkephalin (LeuEnk)
as an internal standard. DESI images were acquired using a flow rate of 2 yLmin"

1, a spot size of 30 ym and a scan time of 0.1 seconds.

2.1.7. Data Handling & Analysis
Data acquisition and processing were conducted using MassLynx version 4.2,

HDI version 1.7, (Waters Corporation, Wilmslow, UK) and SCIiLS Lab MVS
version 2022b Pro (Bruker GmbH, Bremen Germany). For DESI analysis, a
continuous lock mass correction (CLMC) was applied, using LeuEnk as an
internal standard. Partial least squares (PLS) and principal component analysis
(PCA) were conducted with MetaboAnalyst 5.0. In silico digests were performed
using the PeptideMass tool provided by UniProt and cross-references with the

UniProtKB the SwissProt Databases.

3.0. Results and Discussion

3.1. DESI Optimisation
DESI is a relatively new technique, having been proposed by Cooks et al. in 2004.

Since then there have been numerous advancements in the capabilities of DESI-
MSI. Notably the sprayer head used to deposit solvent onto tissue as part of DESI
experiments has been greatly improved and the streams of solvent deposited can
be controlled with much higher accuracy than previously.*® Consequently, an
investigation into the highest achievable spatial resolution without detriment to
signal intensity was conducted using a lipidomic profile of human ocular tissue.

Figure 2 shows the different pixel sizes applied to the same ocular tissue in
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different regions. The ion images, formed from m/z 782 (PC 36:4) shows how a
reduction of solvent flow rate in combination with a decreased scan rate can
improve the ability to spatially resolve lipids within tissues. Additionally, the image
shows examples of oversampling in lower pixel size images. To increase the
spatial resolution achieved, the solvent supply was reduced to a flow rate of 1
uLmint and parameters in (Figure 1) were altered. For increased spatial
resolution di can be reduced, to a height of 0.5-1mm from the surface of the
sample, reducing the diameter of the spray incident on the sample. Figure 2
shows how the acuity of the m/z images can increase with parameters set to
decrease spot size. The images also demonstrate the loss of signal achieved
from a reduction in flow rate and spot size. This relative reduction is a direct result
of decreased ionisation efficiency as the incident solvent has a reduced incident

velocity and the surface area per pixel is reduced.

| HV Power Supply

Solvent

Nebuliser Capillary Inlet to Mass Spectrometer

Spray Capillary

Figure 1 A schematic of a desorption electrospray ionisation source (DESI) and

the incident angle of the source («) the angle of the transfer line (/) the cone

height (d1) and the inlet height (d2).
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Figure 2 DESI-MSI images of a human ocular tissue, showing the m/z ion 782,
normalised to total ion chromatogram acquired at varying pixel sizes, exhibiting
the effect of different pixel sizes on the quality of images. Higher levels of detalil
can be found in the smaller pixel size images, however larger pixel sizes show

higher intensities.

3.2. Analysis of WT and transgenic ocular tissues by DESI
In order to assess the capabilities of DESI for future lipid and metabolomic studies

with the innate immune system, a study involving three tissue types was devised.
189



The tissues consisted of a wildtype (WT), and two knockouts which had species
relating to the innate immune system deleted; SARM1” and TLR2". For each
tissue type, 3 animals were utilised, and from each animal, six technical replicates
were produced. For maximum transmission of ionised species, and efficiency of
data production, a pixel size of 30 um and a solvent flow rate of 2 plmin-t was

used.

With a total of 54 DESI images acquired, MetaboAnalyst was used to conduct
partial least squares (PLS) and principal component analysis (PCA) on the DESI
mass spectra of the ocular tissues. In order to refine the statistical model, High
Definition Imaging software (HDI v1.7) was used to create regions of interest
containing only the ocular tissue, as to remove any signals produced by the
surrounding embedding media. In order to ascertain what could be considered
‘on-tissue’ a pilot study using a Uniform Manifold Approximation and Projection
(UMAP) on representative images from each tissue group. The UMAP, performed
by MSI Segmentation software (v2.1 Waters Software Labs) allowed the tissue

to be distinguished from the embedding media (Figure 3).

Figure 3 A schematic illustrating the process of segmentation performed by the

Uniform Manifold Approximation and Projection (UMAP)
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Following the export of the ROIls, the images were grouped by tissue type and
put through data reduction schemes prior to PLS analysis. The PCA data (Figure
4) showed that the deletion of SARM1 and TLR2 in the tissue provided few
differences between the knockouts and the WT. Using PLS to determine
differences (Figure 5) the loadings from PC1 and PC2 were used to define m/z
values of significance. The data showed the most differences from the WT were
exhibited by the SARM1 tissue types. One example of a high scoring ion was
m/z 760.5858, which, when compared to the Human Metabolome Database
(HMDB), was tentatively identified as PE-NMe2(20:1(112)/15:0) (A0.920344
ppm). PE-NMe2(20:1(112)/15:0) is a phosphatidylethanolamine, which has been
speculated to be associated with a-synuclein homeostasis, the disruption of
which is responsible for the dysregulation that can lead to amyloid build-up in
diseases such Parkinson’s disease. %° As amyloid build-up may play a role in
drusen build-up, the detection of phosphatidylethanolamines in ocular tissue
could prove useful in future studies. In this particular case there was a perceived
heightened concentration of PE-NMe2(20:1(112)/15:0) within the SARM1"
tissue type.

Further analysis of the PLS-DA data also saw an increase of another
phospholipid ~ within ~ SARM17  tissues. It ~was found that
PC(20:5(6E,82,117,147,17Z)-OH(5)/P-18:1(92)) was found to be heightened in
SARM1” tissues. Whilst this phospholipid is involved in a variety of metabolic
processes, one of the most notable characteristics of this species is that it is
oxidised. An increased incidence of phospholipids that are in their oxidised state
within certain tissue types could indicate that the deletion of a protein, in this case

SARML1, is increasing the incidence of oxidative processes. Oxidation and lipid
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peroxidation are closely associated with the dysregulation of the innate immune

system, and furthermore, the chronic inflammation associated with age-related

ocular diseases such as AMD.

-20 0 10 20 30 40 50

x x x
+
¥ +* + * +
x X x X x x x x X x X x
A + at +
B+t a2 e ek + s 7 fia
4 X A Apn Tx x Ap A
PC1 4% x A xp & x A
Ea s 4 + By “ x & tx &
20.2 % A a B8 A 4w 8 L4 xx® 4
%ﬂ' * o tigat o+ e
A A x x A
X &% s st fa g .
A 2 a A
2 r T ¥ ¥
S-
24 A b x VN 1-N a X
- a a a A
<7 +a Xa PC2 “u *a & a+ a &
k=]

- a A a A
@ ax 15.6 % . ; s x f
oa A + x RN x 5% + X ox A

/ﬁ& ot + ;AEs K o .. TN
A A A A
+ A N e E»EA x4+ % o -?M:
[=] x X
. +’¢x % + + » *
a x X, x A x A
F3 X 48 + Axa 4 x’%* Ax
A X A
4 TR - ﬁ&ﬁéﬁ NS oy e B xfxﬁ? %:A
A + x| =+ + +
= +AAA ) %-A-AE + 2‘ + AXA
. . PC3 .
a 9.2% a a
X X X X
x x x x
o
g
&1 + % x T x PC4 x *
“hx B Aa dxt +oxg pea 4 Xt
o %;AKAA A X 4 +A§‘g a af 8% * * &
fa Ta % x@ s x x o T owds x %Jr:A@r
< | +H X O + + * + X
kS x x x x
+ + + +
T ¥ T B
7-Y a £
A A A
& m TE Hal pas . s a At 37
a A L et 4+ AB . AL L8 A A
4 88 * opl x +x
cuf 4L 0N aolpx £ X Sriagls | PC5
* x x| [x ¥ x x X 7.1 %
% % X X % x + - x T x . 0
x x x x
+ + +
T T T T T T T T T T T T T T T T T T
30 20 -10 0 10 20 30 60 40  -20 0 20 40 30 20 10 0 10 20

A SARM + TLR2 x WT

Figure 4 The top five principal components found in an unsupervised principal

component analysis (PCA) of WT (blue [x]), SARM1” (red [4]), and TLR2"

(green[+])tissue types.
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Figure 5 (A) A 2D scores plot created from a partial least squares discriminant
analysis (PLS-DA) analysing WT, SARM17, and TLR2" tissue types (B) the
variable importance in projection (VIP) scores of a selection of m/z values
identified by PLS-DA, and three-colour scales representing the relative intensities
of the ion in each tissue type.

The datasets gathered from the three tissue types exhibit the complexity of ocular
tissues. Whilst there is known differences between the tissues, the deletion of
singular proteins is minute in comparison to the complexity of the wider ocular
anatomy. Consequently, the differences in the tissues, as seen in Figure 5A are
relatively small. The observable differences however may hold key data that

could help with unravelling the complexities involved in ocular pathology.

3.3. MALDI
The successful analysis of mouse ocular tissue for the detection of key peptides

relating to the innate immune system has been previously described. ©° In
addition the combination of peptidomics by MALDI imaging and metallomics by

LA-ICP-MS has been demonstrated in tandem using the same tissue. With the

expense of mouse model tissues and the scarcity of human samples, the ability
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to get multiple datasets from singular tissues has always been coveted, with
multimodal imaging using MSI and histology being commonplace. With the
advancement of soft ionisation techniques such as DESI, the combination of
DESI and MALDI is possible. Figure 6 shows the ions observed in a mouse ocular
tissue in a DESI-MSI experiment investigating lipidomics, in addition to a MALDI
image from the same tissue section investigating peptidomics. With the ability to
conduct statistical analysis of large groups of ocular tissue through metabolomics
and lipidomics by DESI-MSI, and peptidomics by MALDI-MSI on the same tissue
sections, the field of pathology stands to gain the ability to produce multifaceted
datasets from single tissue sections. Given the relative stability of the metallomic
landscape within ocular tissue, the additional DESI step is unlikely to have
detrimental effects to the multimodal MALDI/LA-ICP-MS approach, meaning
three dimensions of high-resolution imaging could be achieved from single

tissues.
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Figure 6 MSI images produced using DESI and MALDI. (A) 30 um DESI image

of an endogenous phosphocoline m/z 782 (PC 36:4) (B) 30 um DESI image of
an endogenous phosphocoline PC(18:1(92)-0(12,13)/22:1(132)) (C) 25 pm
MALDI image of histone (AGLQFPVGR) in blue. (D) 25 pm MALDI image of
TLR3 (LDLSSNPLK). All images produced within the figure are from two

experiments performed on the same TLR2 tissue.

3.4. Preliminary Human Studies
The importance of human tissue for the use in studies has already been greatly

accentuated as part of this study. Furthermore, the crucial nature of the presence

of NLRP3 within the human retina has been stressed in the literature surrounding
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AMD. 293134 This study, whilst limited in its ability to sample from large
populations of human tissues, and was limited to healthy tissues, aimed to
present some preliminary work with human tissue. Analysis was performed on
retinal sections of human tissue that had undergone a tryptic digest, as described
above. By utilising a 25 pm spatial resolution, peptides expressed within retinal
tissue could be correlated to specific regions of the retinal microanatomy. With
the aim to characterise the peptides relating to the proteins within the innate
immune system, the MALDI-MRT was tuned to allow transmission of the masses
in the range of 700-2500 Da. Through this method, multiple masses within the
peptide range were found to localise discretely within the retinal regions of the
ocular tissue (Figure 7). Using an in silico digest to compare masses of interest
that fit these criteria, one mass, m/z 971.5626, was found to be close to the
theoretical value of a peptide from NLRP3 (m/z 971.5632, position 544-552,
sequence TNVPGSRLK) this tentative identification, which has a mass error of -
0.6 parts per million (ppm) is an extremely close match for the peptide and
thereby the mass is likely to be associated with NLRP3. Due to modern advances,
high spatial and mass resolution mass spectrometry images can be acquired in
timescales previously reserved for acquisitions that prioritise one or the other. As
such the tentative identifications found in Figure 8 can be identified within a high
mass tolerance and can be distinctly localised to discrete structures within the

human retina.
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Figure 7 A 25 um MALDI MS image of a healthy human retina containing NLRP3
(blue) within the retina, as well and two contrasting ions within choroid (green)

and the sclera (red)

4.0. Conclusion
The objective of this work was to support the ophthalmologic research into

diseases such as age-related macular degeneration in addition to informing on
the wider field of ocular disease. The work presented is a compendium of
methodologies and workflows that can be utilised in future for the investigation of
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ocular tissue.®%61 Herein these methodologies have been demonstrated, utilising
their power to show the rich datasets that can be obtained from ocular tissue.
DESI-MSI has been shown as a powerful technique for the analysis of different
ocular tissues, with slight changes between different mouse models being
observed, such as the increased presence of oxidised species in transgenic
tissues. Additionally, the DESI-MSI can be demonstrated to be an incredibly soft
analysis technique, allowing MALDI-MSI, a particularly unforgiving technique in
terms of sample preparation, to be used in sequence with the analysis
successfully, showing the presence of peptides such as histone and tentative
identifications of TLR3 proteins within ocular tissue that has been analysed by
DESI. MALDI was also able to begin to potentially rectify unresolved disputes
within the literature about the presence of NLRP3 within the human retina by
exhibiting a tentative identification of an NLRP3 peptide within human tissues.3®
The data herein, whilst significant in its own right, is suited to be held as a
foundation for further research into ophthalmology by MSI. The multimodal
approach utilised herein may, in future help to answer some of the questions
surrounding ocular disease and its intricacies. The ability to use DESI in tandem
with MALDI analysis furthers the field’s desire to make the field of mass
spectrometric ‘-omics’ multimodal and multifaceted.*%:6%-63 The ability to obtain
multiple datasets from the same tissue may be key in the future for identifying
proteins of interest, and indeed the identification of drug targets. In addition, the
preliminary work put into human ocular tissue not only provides an insight into the
power of ocular MSI, but also may aid in the protection of significant advances in

ocular disease pathology from dubiety from the wider research community.
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Chapter 6

Discussion



Discussion

1.0. Background

Investigations into ocular pathology are long established within the
research community, however it has only been in the past decade or so
where investigations from the Doyle lab group, at Trinity College Dublin
have highlighted some of the fundamental proteins and pathways
involved in the pathology of AMD, namely the innate immune system and
its associated proteins. More recently, mass spectrometry (MS) at
Sheffield Hallam University has been used in the pursuit of clarity around
ocular pathology, utilising matrix assisted laser desorption ionisation and
inductively coupled plasma mass spectrometry imaging (MSI). In addition
to multimodal MSI investigations into uveal melanoma, collaborations
with Trinity College Dublin have been fruitful in the investigations of

AMD."-3

2.0. Innate immunity and inflammation in AMD

Doyle et al. had pioneered new research into AMD, linking inflammation
to ocular pathology, providing evidence to support innate immune
proteins involvement in ocular pathology. In 2020, Ozaki et al. provided
evidence to support that SARM1 deficiency could promote photoreceptor
cell survival.

Doyle et al. had pioneered research into the innate immune system in
relation to AMD, showing clear links to immune dysregulation and
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3.0.

symptoms similar to that of AMD.*° Studies however reached a critical
stage when a study by Doyle et al. highlighted the importance of NLRP3
in initiating an inflammatory response to drusen components, providing a
protective role in AMD.* This paper built on previous research linking the
inflammasome to AMD, and helped build a case for the involvement of
NLRP3 in AMD pathology, however the major share of the work was
called into question in a paper by Kosmidou et al.’® In the study,
Kosmidou et al. drew attention to the fact that the work by Doyle et al.
conflicted with that of Tarallo et al., who had suggested that it was
NLRP3 deletion that had a protective role in AMD."-'2 Furthermore,
Kosmidou postulated that the results found in each of the studies may
have been misguided, and that the contradictory results were in fact the
direct result of insufficient reagent specificity in the experimental design,
even postulating that NLRP3 may not even be expressed in the human
retina.'® This perceived discrepancy in the literature laid the path for the
introduction of a validatory method to be used in conjunction with
immunological methods, providing scope for the necessity of analytical
techniques such as those used in this body of work to be used in ocular

research.

Elemental analysis

Separately, metals have been identified as being of major importance in
ocular pathology. For example in AMD, it is thought that the exposure to
non-essential elements such as cadmium and lead are responsible for
the increased incidences of AMD in smokers.'3'® From 1992 to 2001, the

National Eye Institute, part of the National Institute for Health (NIH),
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funded the Age-Related Eye disease study (AREDS). AREDS
highlighted the importance of essential metals in the homeostasis of
ocular tissue, and how any disruption of this could lead to issues in later
life, recommending supplementation of zinc to help prevent AMD.'3:19.20
In addition, the pathways highlighted by Doyle et al. are intrinsically linked
to the inflammatory pathway, and it is of note that reactive oxygen
species are cleared in a manner dependent on zinc and copper
containing superoxide dismutase, and that a zinc deficiency caused
immune dysregulation and the production of pro-inflammatory species in

aged mouse models.?!2?

Imaging of metals has been an ever-evolving field, with LA-ICP-MSI
emerging as a relatively accessible and high-resolution imaging
technigue.?® Imaging of the ocular metallome has been demonstrated in
the past, studying the spatial distribution of various elements in the
context of ocular disease, and furthermore there have been successful
quantitative studies of the ocular metallome in the context of AMD.?124-27
Quantitative imaging however has been less accessible, with techniques
such as micro particle induced X-ray emission (UPIXE) holding the best
guantitative abilities, and fewer strategies being employed by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS).21 ,24-30

4.0. Approaches to AMD Pathology

The literature surrounding AMD, and the methods used to study it had

highlighted that there had been significant advances made in the field,
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however there was still scope for further investigations into AMD
pathology. Furthermore, advances in mass spectrometry imaging, and
other related techniques provided adequate scope to improve upon
existing investigations into the characterisations of ocular tissue. The
existing work into AMD had been limited, and spatial resolution of the
proteomic, lipidomic and metabolomic species relating to AMD was even
more uncommon. 3136 The metallomic studies into ocular disease have,
however, been much more established. There have been examples of
guantitative studies into essential and non-essential elements within
ocular tissue in the context of ocular disease, as well as spatial
characterisations of metal species within the ocular metallome. There
have, however, been few studies that combine the quantitative studies
with spatially resolved ones, and even fewer that utilise a multimodal

approach.

This study however was able to demonstrate the power of high-resolution
guantitative imaging of metals in biological tissue and was able to
demonstrate the utility of such techniques to the unique field of ocular
pathology. In addition, the multidisciplinary approach utilised here
allowed a novel, multimodal dataset to be obtained from ocular tissue that
helped to marry multiple techniqgues and demonstrate how future work
could use the same multimodal approach to further understanding of

ocular disease.
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5.0.

Initial Optimisation

The first study in this body of work (Millar et al., Chapter 2) focused on
the preliminary steps in developing a method for the analysis of peptides
relating to proteins within the innate immune system and related
pathways by MALDI-MSI, and the development of a quantitative
methodology for the mass spectrometry imaging of metals within ocular
tissue, (using LA-ICP-MSI to be performed in sequence with the MALDI
analysis). Porcine ocular tissue, and mouse ocular tissue were used as
material to test the viability of the MALDI-MSI methodology for the
analysis of tryptic peptides relating to the pathology of AMD. The study
aimed not only to detect the species, but to provide spatial data to
correlate the proteomics to regions within the ocular anatomy.
Consequently, a sequence of strategies was devised from existing
imaging methodologies to ensure that spatial peptidomics was possible
within the ocular tissue. The steps within the methodology, which
included the removal of salts and lipids, the on-tissue digestion and the
application of matrix were employed to enhance the peptide signals
available from the tissue. With microstructures within ocular anatomy in
divisions smaller than 20 um, the conservation of the localisation of the

analytes was crucial to the success of the experiment.

As such, each step within the methodology had to ensure minimal
disruption of the species of interest within the tissue. Wash steps,
inspired by works including that of Angel et al. Norris et al. and Chughtai
et al.3"-3% were used to remove interfering ions from the tissues, were

developed, and saw significant reductions in the presence of
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phosphocholine lipid species, and through the removal of species that
could cause analytes suppression. Additionally, the inclusion of a reagent
to promote protonation, and prevent tissue drying to improve tryptic
digestion. A wash method was devised that saw significantly higher
detection of tryptic peptides within the ocular tissue. The target proteins
of this study were often membrane-bound, making them notoriously
difficult to access by enzymes.*® However, it has been widely reported
that the inclusion of detergents can improve the efficacy of a tryptic digest
by helping to mobilise species within the tissue, whilst still allowing the

conservation of the spatial distribution of the analytes.*'42

As a result, multiple surfactants were trialled to determine their efficacy
for tryptic digestion in MALDI-MSI. The use of OcGlc, a commercially
available surfactant saw a significant increase in the intensity of peptides
within MALDI images. The OcGlc not only provided an increase in
sensitivity for a peptide from histone, but also increased the observed
intensity of TLR peptides. In addition to surfactants as enzyme additives,
the use of an additive was trialled within the MALDI matrix itself, as the
use of basic compounds such as aniline can improve sensitivity and
selectivity of methods through the suppression of background peaks.*
The study highlighted the importance of some of the intricacies of sample
preparation prior to MSI experiments. MSI often involves special
considerations for sample preparation over solution or profiling based
experiments, and the detection of tryptic peptides can be especially
challenging, particularly when the proteins of interest are less accessible.

As there are limited studies utilising MS to study PRRs, and to date no
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publications referencing the detection of peptides from PRRs by MALDI-
MSI, it was crucial to optimise a MALDI imaging workflow in the context
of PRR peptides within ocular tissue for the success of this study. The
optimisation conducted aided the ability for the detection and spatial

characterisation of peptides related to the innate immune system.

Whilst the study showed that the use of surfactants such as octyl-a-3-
glucoside were seen to improve detection of peptides, a more targeted
approach for the membrane bound species could have been taken. Use
of more potent reagents for the mobilisation of inaccessible species have
been trialled in the past, notably with similarly membrane bound
species.®* 1,1,1,3,3,3-hexafluoropropanol (HFIP) is a strong solvent, that
in relatively small quantities can aid the solubilisation of membrane bound
protein such as TLR4. In the past, HFIP has been used in the
solubilisation of proteins to improve peptide signal from membrane bound
proteins. In addition, the use of HFIP for the solubilisation of the
membrane bound aquaporin AQPO in ocular tissue has been
successful.#44¢ In solution, the use of OcGlc, as utilised in this study
(Millar et al. Chapters 2,3,5) was shown to give clean, good quality
spectra, allowing the target protein and its peptides to be observed. When
HFIP was employed by Redeby et al, however, there was an increase in
sensitivity by 10-fold.*446 The use of experimental organic solvents within
the literature could have further benfitted this study. The use of
detergents has been widely reported in MALDI-MSI and its ability to help
the mobilisation of species without extreme instances of delocalisation.

HFIP, and other organic solvents are less well characterised for the use
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in MSI experiments but nonetheless introduce a potential avenue to
explore in relation to sample preparation for unique classes of proteins,

that has been left unexplored within this study.

In addition, the use of aniline, a compound that helps form an ionic liquid
matrix when added to CHCA, that helps to suppress interference from
CHCA adducts, was explored as part of the matrix preparation procedure
in this study (Millar et al., Chapter 2). The use of aniline proved to be a
useful addition to the study, with no distinguishable reduction of image
quality, the aniline additive managed to greatly reduce the observed
intensity of CHCA adduct ions. The use of matrix additives is common,
with many utilising organic acidic compounds such as TFA, as in this
study, or use of formic acid to promote protonation. There is however a
subdivision of literature surrounding MALDI matrices that encourages the
use of a multitude of matrix combinations and matrix additives, in addition
to the use of different solvent compositions, and matrix application
techniques in pursuit of improved detection of different analytes when
using MALDI. Further experiments in future exploring more combinations
of matrices and solvent compositions may be a viable option to improve

further the work herein.

6.0. Optimisation of a multimodal workflow

As a further nuance of MALDI sample preparation, the use of a robotic
sprayer has been widely reported for the successful application of both
enzyme and matrix for improved conservation of analyte localisation. In

this work, the use of a HTX Imaging (Chapel Hill NC, USA) M3+ sprayer
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was used as a benchmark on which to build a suitable methodology
(Millar et al., Chapter 3). This study benefited greatly from the
advancements in technology that have taken place in MALDI imaging
sample preparation and taking advantage of the unique capabilities of
commercial robotic sprayers such as the M3+, the work explored the use
of high flow rates of matrix to improve the co-crystallisation of analytes
by allowing the dissolution of the analyte on the tissue surface. This
perceived improvement of analyte co-crystallisation has been made
possible by a combination of high application temperatures and a volatile
organic matrix solvent, which allows the spatial localisation of the species
in the microstructures of the tissues, to be conserved, whilst improving
analyte detection. In the past, use of sublimation apparatus, airbrushes,
and acoustic multi-spotters have been used in a similar way to deposit
matrix without mobilising the species in the tissue, however the relatively
dry application methods cannot produce similar efficacies when it comes

to analyte dissolution.

With advancements in technology, there is room within the space of
MALDI-MSI sample preparation to push the boundaries of the sample
preparation procedures, and in future, it could be beneficial for a further
exploration of the use of different matrices and matrix solvents in order
to achieve analyte sensitivity and spatial resolution that would have
previously been unachievable. Within the scope of this study, significant
steps have been made to improve the efficacy of the described protocols,

however there may be room for further development into a highly targeted
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sample preparation strategy for MALDI-MSI of peptides relating to ocular

disease.

As discussed, the conservation of the 2D arrangement of analytes within
biological tissue is crucial for the success of an MSI experiment, but the
labelled ‘success’ of a methodology is defined by other factors. Work at
the start of this project (Millar et al. Chapter 2) was performed using the
MALDI source on a Waters Corporation (Wilmslow, UK) SYNAPT G2-
HDMS, which had a theoretical laser spot size of 45 uym and was
operated at a spot and pixel size of 50 um. However, the latter part of this
project used a Waters Corporation Multi Reflecting Time-of-Flight (MRT)
instrument, fitted with a UMALDI source, with a theoretical spot size as
low as 15 um.*’” Therefore, previously successful methodologies for
sample preparation that were once considered viable for the
conservation of spatial resolution could be considered inadequate. When
operating the uMALDI source, this study (Millar et al. Chapters 3 and 5)
utilised a spot size larger than the minimum spot size of 15 ym, and
instead used a spot size of 25 um. Using these parameters, in
combination with the optimised HTX M3+ trypsin and matrix application,
high spatial resolution images of key species relating to AMD and ocular
disease such as SARM1 and NLRP3 were observed within ocular tissue

and were used to divide the retinal anatomy into up to 3 distinct regions.

However, in ocular tissue, the microstructures within the tissue are
confined within 10-20 um layers (Millar et al. Chapter 4; Figure 1), and

there is at least 7 distinguishable layers within the mouse retina at this
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resolution. Therefore, by utilising a higher spatial resolution, and a
smaller pixel size, further subdivisions of the ocular anatomy could be
made as part of a MALDI-MSI experiment. For this study the chosen spot
size of 25 um was elected as a compromise, allowing for improved

sensitivity given the diminished abundance of the target analytes.

The relatively increased spot size not only afforded larger tolerances
within sample preparation, allowing for high flow rate matrix application,
but also improved sensitivity within the MALDI source, as larger spot
sizes have been shown to improve ion yield.*® There are examples of
investigations into ocular tissue that have achieved much higher spatial
resolutions, though the studies in question often target more abundant
species, such as lipids and metabolites, that are compatible with high-
resolution matrix application techniques such as sublimation.3'324% The
work presented herein (Millar et al. Chapters 3,5) represents some of the
highest spatial resolution peptide imaging ongoing within ocular research
using MALDI-MSI, nonetheless, it is possible that in the in future there is
room for the application of a higher resolution MALDI-MSI methodology

to be applied to peptidomics within ocular tissue.

In addition to high spatial resolution, the change of instrument to the MRT
allowed for routine analysis to be conducted at a mass resolution of
>200,000 FWHM, as opposed to the mass resolution of 40,000 FWHM
offered by the SYNAPT G2-HDMS. High mass resolution analysis is
routinely conducted within the field of MALDI-MS, and more recently,

combinations of the MassTech (Columbia, MD, USA) AP-MALDI source
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and high mass resolution instruments such as the ThermoFisher
(Waltham, MA, USA) Exploris 480 have achieved mass resolutions of
240,000 FWHM in MALDI imaging experiments. However, due to
instrument constraints, scan times of up to 200 ms were necessary to
achieve the mass resolutions within an imaging experiment, prolonging
the overall experiment time, making some high mass resolution imaging
experiments untenable. 50 With the launch of the MRT, which can perform
MALDI imaging at a scan rate of 100 ms, there has been a shift that has
encouraged high spatial and high mass resolution imaging. This study
(Millar et al. Chapters 3,5) has demonstrated the ability for MALDI in the
acquisition of peptide imaging data from ocular tissues using the
minimum scan time allowed by the instrumentation, demonstrating that
high mass resolution and high spatial resolution MALDI imaging
experiments can be conducted in a timely manner. These advances in
the configuration of imaging instrumentation, and experiments such as
those described herein (Millar et al. Chapters 3,5) should aid the shift
within the field of MALDI mass spectrometry imaging into a space

wherein high mass and high spatial resolution images are more common.

Despite the targeted nature of the sample preparation for the MALDI
experiments, the MS experiments described in Millar et al. Chapters 2,3,5
were inherently untargeted approaches to bottom-up proteomics. This
approach allowed for the exploration of the wider proteome, whilst using
targeted data analysis to extract information about key proteins and
processes from the experimental data. Whilst these experiments can

cause issues such as high data volumes and issues with interferences,
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some of the experiments described (Millar et al. Chapter 3) provided an
insight into possibilities surrounding future work into ocular pathology. A
MALDI experiment using a tryptic digest on ocular tissue (Millar et al.
Chapter 3) was able to detect the instance of copper chaperone for
superoxide dismutase (CCS) within retinal tissue. Though the detection
of this species may seem insignificant, the work detailed here (Millar et
al. Chapters 3,4), and in the wider literature imply that there is significant
importance that can be attributed to the antioxidant processes and wider
homeostatic roles of essential metals such as zinc and copper within

ocular pathology_13’21'22151

Detection of species such as CCS (Millar et al. Chapters 3) was not an
intended result of the work herein, but it introduces a compelling
argument for the construction of an imaging strategy that could combine
the work exhibited within the literature, and the studies within Millar et al.
Chapters 3,4 relating to zinc and copper distribution within the healthy
and diseased eye, and the works investigating the role of the
inflammatory pathways and the wider innate immune system (Millar et al.
Chapters 2,3,5). There has been a distinct interest in the role of
copper/zinc superoxide dismutase (SOD1) in the anti-inflammatory
processes that may be dysregulated as a result of, or as the root of age-
related macular degeneration. Developments in metal imaging have
shown (Millar et al. Chapters 2,3) that the spatial characterization and
guantification of metal species can be achieved at high spatial resolutions
and at relatively low limits of detection. Crucial however to the utility of

these data is the form in which the essential elements are inhabiting. If
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for example, there is an increase in zinc concentration within the
diseased eye, the utility of that information is entirely dependent on that
zinc accumulating as free zinc, or as part of a complex. For example, if
there is an elevated presence of zinc in its antioxidant form as a complex
with SOD1 within the diseased eye, it could be perceived as a response
to the inflammation, which may in turn help or hinder the diseased state
of the tissue. However, if the elevated levels of zinc were in fact a direct
result of accumulation of free zinc, there is a high chance that the zinc
would exacerbate the diseased state, as ‘free’ or loosely bound metal
ions are known to exert toxic effects in biology.®? The detection of metal
complexes as part of an imaging experiment however can prove to be
difficult, as few imaging ionisation techniques can preserve the non-

covalent interactions once the species enter the gas phase.

Two strategies have been used to date to conduct native mass
spectrometry imaging, liquid extraction surface analysis (LESA), which
can give a spatial resolution of 400 - 1000um, and nano desorption
electrospray ionisation (nano-DESI) which has been demonstrated at a
spatial resolution of as low as 10um. However, it is nano-DESI that in
2022 demonstrated the imaging of a protein-metal complex by MSI at a
spatial resolution of 200 um.%3 This technology alone has the potential to
revolutionise the mapping of the non-covalent interactions of protein-
metal complexes, however, in combination with the metal imaging
capabilities demonstrated within this body of work (Millar et al. Chapters
2,4), there is a real potential to fuel a new field of research within ocular

pathology.
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7.0.

Investigation of Essential Elements

The metallomic aspect of this work was rooted in the developments in
ocular research previously conducted at Sheffield Hallam University, and
its multimodal investigations into uveal melanoma, and the high-
resolution approach used for the analysis of cell aggregates.’®* The
metallomic research conducted at SHU has utilised a LA-ICP-MS
platform, and has historically used a New Wave Research (Bozeman MT,
USA) 193 nm laser ablation unit coupled to a Perkin Elmer (Seer Green,
UK) NexION 350X ICP-MS. This work was not an exception, however
benefitted from not only an updated laser ablation system; the Elemental
Scientific Lasers (Bozeman MT, USA) ImageBio266 laser ablation
system, but also the use of an ion beam analysis (IBA) centre at the

National lon Beam Centre (NIBC) at the University of Surrey (UoS).

Metal species have long been of interest within pathology, and more
specifically within ocular pathology, however due to the complexity and
heterogeneity of ocular tissue, little research has been conducted that
was able to distinguish the elemental characteristics of different
anatomical substructures of ocular tissue. In addition, few studies have

adequately compared tissue types by LA-ICP-MSI.

Laser ablation ICP-MSI is an extremely robust and relatively inexpensive
technique for the analysis of metals.>® Due to sensitivity issues, the

spatial resolution achievable by LA-ICP-MSI in recent years has been
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poorer, but as demonstrated in Millar et al. Chapter 1, there have been
significant developments in the resolution and sensitivity achievable by
modern LA-ICP-MS instruments. The ImageBio266 is an LA unit
designed specifically for the creation of metal images from biological
tissue. The 266nm laser benefits the analysis of biological tissue by
allowing the user to operate with little concern of ablating the glass
beneath the biological tissue. % In addition, it also benefits from a square
spot size, helping to avoid further artefacts from the experiment. In
addition, the analyte plume is created and extracted in a fast moving He

atmosphere allowing for good sensitivity even at small spot sizes. %

The study set out to create a semi-quantitative strategy for the
guantitative analysis of elements within healthy and transgenic ocular
tissue to further the understanding of the elemental changes that occur
as a result of retinal degeneration. The aim of the studies undertaken was
to determine the viability of the analysis of metals of interest. In the
literature, essential elements such as selenium®8° phosphorus?’-61,
iron27’52’62'68, Copper13,20,52,62,67,69-72 and ZinC13,20,21,24,51,52,62,69-71,73-80 have
all been highlighted as having key importance for age-related macular
degeneration and ocular disease. The ICP-MS system at SHU is a single
guadrupole NexION 350X. As a single quadrupole system, there are
certain isotopes of trace elements that are extremely difficult to detect
(Table 1). Selenium is one of the hardest to detect, as with a mass of 80
amu, has an interfering peak with the dimer of argon (*°Ar2*). This is
problematic, as argon (“°Ar) is used to supply the source of the ICP-MS

and can become ionised and detected alongside selenium. Additionally,
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as a single quadrupole mass analyser is only capable of selecting single
m/z per mass scan, it is unable to distinguish between the two species.
Using a single quadrupole, there are however strategies that can be used
to help mitigate background noise created by interfering polyatomic
species. The NexION 350X however can utilise kinetic energy
discriminatory (KED) mode in which incident gas helps to filter polyatomic
interferences though probability of collision. In this study, (Millar et al.
Chapter 2) the utility of KED mode for the effective detection of iron. The
experiment showed a 5,000-fold reduction in noise levels, and the
apparent detection of *6Fe where previously undetectable. There was
however, a significant reduction in overall signal, with an almost 100-fold
reduction in the signal of copper from tissues when using the KED gas.
This loss of signal is a result of the lack of specificity permitted by KED
mode, which relies on the principle that larger, polyatomic species are
more likely to be inhibited by an incident gas due to their higher collisional

Cross section.

Due to already low levels of elements that were crucial to this study such
as copper and zinc, further studies within this project did not utilise the
KED technology for problematic elements. This reduction in sensitivity is
one of the issues associated with the non-specificity of strategies such
as KED, and whilst KED was one of the most important steps for the
avoidance of spectral interferences for ICP-MS systems, the introduction
of reaction cells that utilised reaction gases scope that ICP-MS can
attain.®! Reaction cells have the ability to selectively react to either the

analyte or the interference. This reaction gas, typically ammonia, oxygen
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or hydrogen is able to alter the mass to charge ratio of the analyte by
changing the charge state or the mass of the polyatomic molecule. Whilst
more targeted than a collision gas within KED strategy, reaction gases
can cause side reactions, and more interferences can be produced within
the reaction cell. For this reason, the introduction of triple quadrupole
ICP-MS systems has revolutionised the capabilities of ICP source. By
selection of single m/z values in in the first quadrupole (Q1) the reaction
in the collision cell (Q2) can be made exclusively with ions of a certain
m/z value, and likewise, Q3 can be used to select for a specific m/z for

detection.

The use of multiple quadrupoles for the selection of elements can be
useful when dealing with particularly problematic species such as iron or
calcium, however even with the resolving power afforded by modern ICP-
MS instruments, there is still a need for reaction gases. The use of
reaction gases can introduce multiple issues, notwithstanding the need
to wait for the gases to enter and exit the collision cell. This extra period
of time extends the dwell time, which can be detrimental when conducting
imaging experiments, and in addition can be problematic when used in
conjunction with transient signals such as those given by LA units. As a
conseqguence, there may be some use for a triple quad ICP in conjunction
with the LA-ICP system, especially in analysing regions of interest, but

imaging experiments may not be viable.

Focusing on the key elements identified in the literature, a strategy for

the quantitative imaging of copper and zinc was conceived (Millar et al.
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Chapter 3). This strategy, based on hydrogels, was designed to allow the
comparison of elemental concentrations within ocular tissue, and was
applied in a study that compared wildtype (WT) and transgenic mouse
ocular tissue (Millar et al. Chapter 4). Sagittal sections of the ocular tissue
were used to characterise the concentration and distribution of copper
and zinc in the retinal microanatomy, as well as the lens, cornea, and
ciliary bodies of the eye. To model the changes that occur within a
diseased state, the same experiments were conducted on WT and
rhodopsin knockout (rho™) tissues, which exhibit a lack of rods, and
subsequent degradation of the retinal substructures. Utilising the
guantitative strategy developed in Millar et al. Chapter 3, the loss of these
substructures was visualised, and by using semi-quantitative techniques,
the concentration of copper and zinc was characterised. The experiment
was able to show a high spatial resolution characterisation of the effects
of a diseased state on the metals within ocular tissue, Additionally, by
utilising region of interest (ROI) analysis, the concentrations of individual
substructures of the retina could be interrogated in a semi-quantitative
manner. Though the results yielded showed little change in
concentrations when looking at the same substructure between samples,
the methodology had proven its utility for the characterisation of metals
within ocular tissue. By applying this method to different disease models
within mice, or indeed to study the diseased state in human samples,
more information surrounding the metallomics of ocular disease could be

ascertained.
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By exclusively analysing the elements readily detectable by a single quad
ICP-MS the study could have been perceived as insular. Through
collaboration with the University of Surrey, and the United Kingdom
National lon beam Centre (UKNIBC), some of the work completed herein
was conducted using ion beam analysis (IBA), and specifically the use of
micro-particle induced X-ray emission (UPIXE). Despite remaining
relatively unchanged for a number of years, PIXE remains an extremely
powerful technique, but the complexity, footprint, and the need for

expertise to conduct PIXE analysis, PIXE remains relatively inaccessible.

As a result, few studies can benefit from the wide capabilities offered by
PIXE. With spatial resolutions as low as 1um, and the ability to image all
elements between 2*Mg and 23U without the effects of polyatomic
interferences, PIXE could be an essential tool for the study of ocular
disease. The studies herein (Millar et al. Chapter 3) utilised the power
afforded by PIXE to analyse wildtype and transgenic ocular tissue, and
the metallomic changes that occurred in rho”-. By using PIXE, in addition
to copper and zinc, which were analysed by LA-ICP-MSI; phosphorous,
sulphur, chlorine, potassium, calcium, iron, and aluminium zinc and
copper were able to be characterised within WT and rho”- ocular tissue.
Data from the PIXE was able to show that the metals not characterised
by ICP; phosphorous, sulphur, chlorine, potassium, calcium, iron, and
aluminium, were in fact similarly localised within the ocular tissue to that

of copper and zinc observed by LA-ICP-MS.
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Table 1 A table of isotopes, and their corresponding polyatomic
interferences, observed when analysing them by ICP-MS. The full list has
been compiled by by May et al. the elements listed here are those which

are considered relevant to this study, and the isotopes listed are the most

abundant.

Isotope Interference Ref

111Cd 95M0160+ 94Zr1601H+ 39K216021H+

11ZCd 4°Ca21602, 40AI’21602, 96Ru160+

27| 12C15N* 13C14N* 14N2 spread TH12C14N*

31P 14N1601H+, 15N15N1H+, 15N160+, 14N17O+, 1sc180+’
12180 1H+

328 1602+ 14N180+ 15N170+ 14N1701H+ 15N1601H+ 32s+

35C| 1601801H+, 34S1H+, 350|+

39K 38Ar1H+

40Ca 40Ar* 8

56F g 407160+ 40Ca160* 40Ar1SNTH*. 38Ar180* 38Ar7OH*
37C|1801H+

57Fe 40Ar1601H+ 4OCa1601H+ 40Ar17o+ 38Ar1801H+ 38Ar19|:+

63Cu 31p1602 +, 4°Ar23Na+, 47Ti160+, 23Na4°Ca+,
46Cq160TH* 3BAr12C14NTH*. 14N12C37Cl*. 16012C35CI+

662n 50Ti160+ 3481602+ 3381602 1H+ 328160180+ 3281702+
33816017o+ 32834s+ 3382+

BOSe 4OAI'2+, 3281603 +
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Neither methodology was able to show downstream effects on metal
concentration from the deletion of rhodopsin, however both were able to
exhibit the discreet layers in which essential elements are localised in the
highly structured retinal layers, and how that changed in the rho”" tissue.
The pPIXE was not only able to characterise the distribution of these
elements but was able to provide quantitative data without the need for
matrix matched standards. This ability to image and quantify elements
without any further sample preparation or calibrant optimisation, and the
relatively indiscriminate number of elements available for analysis is a
demonstration of the power of PPIXE and IBA techniques. The
concentrations observed of zinc and copper by ICP-MS however were
not validated due to their low abundance being below the limit of
guantification by PPIXE, which remains one of the most substantial

drawbacks of PIXE when comparing it to LA-ICP-MS.

Nevertheless, the combination of these two complementary techniques
is an exemplary demonstration of how a multimodal workflow can provide
powerful datasets, in future, the use of the LA-ICP-MSI quantifications
and imaging strategy, used in conjunction with IBA could prove to be a
formidable suite of technology in the efforts to inform on ocular pathology.
Future work using diseased mouse tissues, larger cohorts, or even
human healthy and diseased tissue could be crucial for the further

understanding of metallomic based ocular pathology.
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8.0. Further Development of a multimodal workflow

With the apparent significance assigned to the function, and
dysregulation of the innate immune system, and the benefits of
multimodal workflow, an experiment combining the two concepts was
conceived, and executed (Millar et al. Chapter 4). Using the MALDI
imaging protocol outlined in Millar et al. Chapters 2-3, proposed
proteomic data would be obtained from ocular tissue that had been
genetically modified to lack innate immune proteins; SARM17, and TLR2-
It had already been demonstrated that the use of LA-ICP-MSI
immediately following MALDI analysis was demonstrable. In order to add
further dimensions to the dataset, and further utilise the ocular tissue as
a valuable resource, a further imaging technigue was added to the
workflow. DESI-MSI, as described previously (Millar et al. Chapter 1) was
an ideal candidate for the use within the workflow. With the extremely
‘soft’ nature of DESI, the imaging could be undertaken prior to MALDI
analysis, obtain information about the lipids & metabolites prior to the

wash step as part of the MALDI sample preparation.

The results from DESI showed that the differences between WT, SARM1-
-, and TLR2' tissue were relatively minimal, with low scores within
statistical analysis. The analysis did however show some analytes of
interest differing in some of the tissues. Key to demonstrating the success
of the proposed workflow however was the successful subsequent
MALDI imaging that took place. The work (Millar et al. Chapter 4) was

able to demonstrate the successful imaging of peptides within the ocular
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tissue from a sample that had been used in a DESI-MSI analysis previous

to the sample preparation step.

With multiomic capabilities such as those demonstrated here becoming
ever more prevalent, there are lipidomic and peptidomic studies that have
demonstrated the utility of multiomic workflows that combine two facets
of data.83-% With the developed imaging workflows herein, there is
adequate scope for lipidomic, peptidomics, and metallomic data to be
combined to produce intensely rich datasets from single tissues. With the
right experimental design, and use of diseased tissue, or mouse models
similar to those used in this study, multiple exploratory studies could be
undertaken to inform on ocular pathology in a potentially revolutionary
way. The ability to see the lipidomic, peptidomic, and metallomic changes
that occur in a disease state could provide context to the changes that

are observed in diseases such as age-related macular degeneration.

Key to the success of such a study however would be a unigue
combination of data reduction schemes, as though rich datasets can be
informative, without the proper processing, the results can be
meaningless. With the growth and evolution of machine learning, and in
combination with pathway identification software, sense could be made

from complex ocular -omic data produced from the proposed workflow.

9.0. Final Conclusion

The work presented as part of this PhD aimed to develop and apply a

multimodal and multiomic imaging workflow (Figure 1) to inform on the
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pathology of age-related macular degeneration and aid the pursuit to
understand ocular physiology and pathology. Within this work, DESI-MSI,
MALDI-MSI, LA-ICP-MSI, and pPIXE have been employed to work
towards this goal. The study has shown that imaging of ocular tissue can
be extremely informative, and that the new high spatial resolutions
achieved by modern imaging techniques has a unique ability to co-
register species of interest to the ocular anatomy. The detection of
peptides related to the innate immune system and wider AMD pathology
could aid in the understanding of how age-related macular degeneration
can affect the proteomic landscape of ocular tissue. This study showed
how these peptides could be monitored spatially. There has also been
demonstrated a shift in the capabilities of modern techniques in the
workflow created whereby three analytical techniques can be used in
sequence to get three different datasets. The MALDI imaging work done
in this work has shown that high resolution peptidomics can be a useful
asset in the arsenal of a pathological investigation, and that with future
developments, more meaningful conclusions can be drawn from
observations within the ocular proteome. Work from Trinity College
Dublin has been verified by the work done as part of this study (Millar et
al. Chapter 4) and further insight into the effects of innate immune

proteins within ocular tissue has been explored.

In addition, the metallomic investigations have initiated extremely high
spatial resolution quantitative imaging workflows that stand to provide
greater detail and context to the decades of research into the ocular

metallome. Many studies have attempted to characterise the ocular
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metallome, though few have attempted quantitative spatial
characterisations of metals in ocular disease. The methods developed as
part of this study, when applied to a retinal degeneration model were able
to exhibit the intracacies and details of the ocular metallome, and
demonstrate the utility of metal imaging for ocular pathology. Through
experiments that yield results such as those found here, incremental
steps can be made in the effort to identify biomarkers and pursue

therapeutic targets within the field of ocular pathology.

@ ‘ DESI-MS|
§ § g E Trypsin Applied

-

:;;[: E Matrix Applied
E . MALDI-MSI
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Figure 1 Multimodal workflow proposed for obtaining multiomic data from single

tissues using multimodal imaging platform

Though the work presented here as part of this project has been an
insightful exploration into the application of mass spectrometry imaging
with ocular tissue, there is still a need for further use of mass
spectrometry imaging within ocular pathology. Multiomics in ocular
pathology remains in its infancy, yet the combination of techniques within
a multimodal workflow can not only optimise the quantity and quality of

datasets obtained from single tissues but can provide unique insights into
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the cross-talk between otherwise discrete field of pathology. In addition,
with the insights into the ocular metallome and proteome, there is
potential for MSI to inform on new therapeutic targets, as well as in the

development of new therapies.

The work presented as part of this PhD is an extensive investigation into
the powerful suite of analytical techniques available to biosciences, and
how when employed in an informed and collaborative manner can benefit
fields of research, in this case the field of ocular pathology. The research
demonstrated here is a highly novel approach to ocular pathology
investigations and as such it may be beneficial should studies like the
work described here be used as a foundation for further novel research

in ocular pathology.
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Oral Presentations

British Mass Spectrometry Society Annual Meeting, Sheffield, UK —
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International Mass Spectrometry Society Annual Meeting, Colorado
Springs (Virtual) — October 2021

British Mass Spectrometry Society Imaging Symposium , Sheffield, UK —
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American Society of Mass Spectrometry Annual Conference,
Minneapolis, USA — June 2022
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Sheffield, UK — September 2022

Poster Presentations

OurCON
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