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Secondary ion mass spectrometry excels at determining the spatial
distribution of lipids in tissue, and thus has been used as a tool to elucidate the
pathophysiologic mechanisms/etiology of Alzheimer’s disease. However, secondary
ion mass spectrometry struggles to detect larger macromolecules such as the
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stained using Thioflavin T, a fluorescent molecule whose size is within the
instrument's range of detection and that specifically binds to amyloid plaques. The
samples were then analysed with secondary ion mass spectrometry to detect the
characteristic fragment of Thioflavin T. This method proved successful and allowed
for the comparison of amyloid plaque locations with the spatial distribution of

various lipid species.

21



2. Declaration

I hereby declare that no portion of the work referred to in the thesis has been
submitted in support of an application for another degree or qualification of this or

any other university or other institute of learning.

3. Copyright

The author of this thesis (including any appendices and/or schedules to this
thesis) owns certain copyright or related rights in it (the “Copyright”) and he has
given The University of Manchester certain rights to use such Copyright, including
for administrative purposes.

Copies of this thesis, either in full or in extracts and whether in hard or
electronic copy, may be made only in accordance with the Copyright, Designs and
Patents Act 1988 (as amended) and regulations issued under it or, where appropriate,
in accordance with licensing agreements which the University has from time to time.
This page must form part of any such copies made.

The ownership of certain Copyright, patents, designs, trade marks and other
intellectual property (the “Intellectual Property’’) and any reproductions of copyright
works in the thesis, for example graphs and tables (“Reproductions’), which may be
described in this thesis, may not be owned by the author and may be owned by third
parties. Such Intellectual Property and Reproductions cannot and must not be made
available for use without the prior written permission of the owner(s) of the relevant

Intellectual Property and/or Reproductions.

22



Further information on the conditions under which disclosure, publication
and commercialisation of this thesis, the Copyright and any Intellectual Property
and/or Reproductions described in it may take place is available in the University IP
Policy,

(see http://www.campus.manchester.ac.uk/medialibrary/policies/intellectual-
property.pdf), in any relevant Thesis restriction declarations deposited in the
University Library, The University Library’s regulations,
http://www.manchester.ac.uk/library/aboutus/regulations) and in The University’s

policy on presentation of Theses.

23



4. Acknowledgements

I would like to thanks the University of Manchester and the US-UK
Fulbright Commission for the opportunity to come to the UK and to study at the
University. I would also like to thank Professor John Vickerman for first agreeing to
sponsor my scholarship application, for providing the opportunity to research in the
lab, and for all the guidance and support over the past year. I would like to thank
Dr. Nicholas Lockyer for co-sponsoring my master’s thesis and for providing
guidance as I learned about SIMS and integrated myself into the lab. I would like to
give a special thanks to Dr. Sadia Sheraz, as she has been a very patient mentor
despite my many mistakes. Learning how to use the J105 has been one of the most
complex things I have ever done and I would never have been able to even scratch
the surface of understanding without Sadia’s help. I would also like to give a special
thanks to Irma Berrueta Razo for all of her help learning to run and operating the
J105 and for helping me to formulate my thesis. Also a huge thanks to Irma for
helping me to procure the tissue samples. I would like to thank Giles for being a
friend when I just arrived in Manchester and for taking me under his wing and
introducing me to the basics of SIMS. Finally, a large thank you to the rest of the
lab for all the camaraderie, support, and help over the past year.

I would like to thank Dr. Hervé Boutin for providing the tissue samples used
in this thesis.

I would like to thank for my parents for raising me to be inquisitive and to

have a love for learning. I would lastly like to thank my fiancée Jaden for all of her

24



support throughout this entire year; with your support and encouragement this year

would not have been possible.

25



5. Introduction

5.1 Project Aims

The aim of this project is to identify amyloid-beta plaques in rat brains that
have been transgenically modified to develop Alzheimer’s disease. Since the
peptide amyloid beta is too large to be detected by secondary ion mass spectrometry
(SIMS) and since Alzheimer’s diseased brains are studied with in this lab, this
project sought a way by which to identify these neuroplaques.

Thioflavin Tis a small molecule that is known to bind to amyloid plaques.
Further, Thioflavin T is small enough that it is within the range of detection by
SIMS. Thus this project looks at the viability of using Thioflavin T stain to
determine the location of the amyloid plaques, a task that is essential in the study of
Alzheimer’s disease. Hopefully this technique will allow future researchers to be
able to relate the vast amount of information that can be obtained through SIMS to
the location of the amyloid plaques.

Another portion of this study was to compare the sputter yields of the Cgo ',
Ar,’, and (H,0)," primary ion beams to determine which beam would be best for the
tissue imaging of the Alzheimer’s diseased mice brains. The sputter yield measures
the amount of material removed by each primary ion; while most of the materials
sputtered are neutral molecules, less 1% are ions, known as secondary ions, but these
secondary ions are able to be analysed by mass spectrometry. While it is

traditionally held that sputter yields and secondary ion yields are proportional, these

26



experiments explored whether the new (H,O),  primary ion beam is able to produce

a greater number of secondary ions without requiring a proportional sputter yield.
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5.2 SIMS Introduction

5.2.1 History of SIMS

The origins of secondary ion mass spectrometry (SIMS) stretches back to
when J.J. Thomason, a Mancunian by birth, observed the effect of positive ions upon
a metal plate during his discharge tube experiments in the early 1900’s." This early
observation, along with his mass-to-charge ratio discovery, laid the foundation for
the field of mass spectrometry and specifically for SIMS. Nearly half a century later
in 1949 at the University of Vienna, Herzog and Viehbdck built a prototype SIMS
instrument that was designed for analytical use. Their instrument consisted of two
electrical fields; the first acted on the anode ray used to produce the beam for
sputtering and the second was used to push the positive ions sputtered by the beam
towards the detector. Their instrument was under high vacuum, thus enabling them
to avoid losing ions due to gas scattering.” Later, in 1967, using a similar
instrument, Herzog would partner with Helmut Liebl in Massachusetts at the
American company GCA where they analysed moon rocks provided by NASA.?

In the late 1960s, Alfred Benninghoven developed the first instrument to
perform static SIMS.* All previous instruments and methods had used dynamic
SIMS where very high energetic primary particles with high fluence were used to
bombard a sample. Such bombardment removed hundreds of monolayers each
second and thus such technique could only be used for bulk characterisation of
solids, yet this increased damage was necessary due to the limited sensitivity of
detectors of the time. Benninghoven’s technique for static SIMS instead reduced the

primary ion current by several orders of magnitude thus allowing the removal of less
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than 1% the very top monolayer. In order to then detect the now much-diminished
secondary ion flux, Benninghoven switched from the prevalently used amplifier to a
counter tube, which counted single ions allowing for increased sensitivity by a six
orders of magnitude.” Benninghoven’s instrument now allowed scientists to perform
surface analysis and static SIMS became one of the most powerful and important
instruments in the field of surface analysis. The next large breakthrough in SIMS
instrumentation came in 1979 when Benninghoven and others replaced the
quadrupole mass analyser with a time-of-flight (ToF) mass analyser. This allowed
for a theoretically unlimited mass range, a solution to the limited mass range that the
quadrupole offered. An additional major advantage is that because it is a parallel
rather than a scanning instrument, the ToF analyser also permitted the collection of

all the ions emitted. Thus was born the ToF-SIMS.*

5.2.2 Primary Ion Sources

Today time-of-flight mass analysers are still mainly used, but many advances
have been made in regard to the primary ion source. Early techniques used inert gas
ions, Ar” and Xe', which generate high yields of elemental ions and worked very
well with inorganic materials.” Scientists, however, were becoming increasingly
interested in organic materials. In the late 1980s, Briggs and Hearn began using
liquid metal atomic primary ions. They created a Ga™ primary beam, which allowed
for an increased focus, thus opening up the possibilities of high spatial resolution
mapping.’ While this allowed for the detection of larger molecules such as lipids, it

however failed to provide adequate ion yields to realise molecular imaging at the
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smallest probe size. Ions from the sample material are formed as the primary ions
bombard the sample, transferring kinetic energy from the primary ion to the atoms of
the target. This sets off a cascade of collisions as the atoms impacted by the primary
ion then collide with many more atoms. Some of the collisions return to the surface
and force atoms or molecules to be ejected. Of all these atoms or molecules being
ejected, known as the sputter yield, >99% are neutral and <1% are charged.” The
amount of charged ions produced is related to two factors: the ionisation propensity
of the sample molecules and the primary ion that causes the sputtering. Around this
time, studies had found that in order to increase the ejection of secondary ion yield
for larger molecules, it was necessary to get the cooperative action of multiple atoms
all moving upwards at the same time.” Thus, in order to increase the number of
atoms moving up, scientists decided to increase the size of primary ions sputtering
the sample. So in 2001, Ionoptika Ltd and the Vickerman group in Manchester
developed a liquid metal cluster ion beam. This ion beam used gold clusters for a
primary ion with Aus" being the most effective ion.* Soon after, IONTOF, another
mass spectrometer company, came out with bismuth ion cluster beam. The
effectiveness of these liquid metal cluster ion beams was readily apparent, as the
secondary ion yield had in some case increased one thousand times and larger
masses came into detection range.”

While such increases began to allow for biological tissue imaging, the quest
for even better ion beams had not ceased. In 2003, the Vickerman group began
using polyatomic ion beams with Cey" ions. The key to this advancement was in the

increased number of atoms within the primary ion. When a Cy' ions impact with
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the surface, two factors come into play: first the impact causes Cgo" primary ions
bonds to break apart reducing the kinetic energy that is transferred to the sample,
and second the kinetic energy is now partitioned over 60 Carbon atoms, thus kinetic
energy transferred to the sample is spread out over the impart zone. This however
means that only a very small amount of the kinetic energy is directed at the surface
of the tissue sample resulting in less damage. The result was a greater sputtering
with less penetration than with gold or bismuth ions.” While the
buckminsterfullerene ions once again increased the range of molecular detection and
provided increased secondary ion yields, the SIMS community was still not
satisfied. They began to wonder if they increased the size of the primary ion cluster
even more, would they be able to once again increase the sputtering while
decreasing the penetration? In 2001, the Matsuo group published a paper describing
the use of argon ion clusters.'” Later the Vickerman group in Manchester showed
that indeed the argon ion clusters beam did have a gentler means of ejecting
secondary ions with reduced damage, but there was not a uniform increase in
secondary ion yields."" While the Ar," cluster beam was useful, the desire for even
greater secondary ion yields still remained. In 2013, along with Tonoptika, the
Vickerman group engineered their Ar," cluster ion gun so that it could also produce
water ion clusters. Early studies comparing (H,0), ions to Ar, ions found an
increase in signal of ten to fifty times (Figure 1, next page). It still remained
unknown if this increase in signal was due simply to a general increase in sputtering
(that is, total material removed) or if the water ions were actually more adept at

ionising molecular fragments and thus increasing the secondary ion yield.
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Figure 1: Comparison of signal intensity for 10KeV Aro00" beam and 10KeV H,0," cluster ion beam
on multiple films. '

5.2.3 J10S5 3D Chemical Imager

In recent years, another new technology has become available in terms of
mass spectrometry instrumentation. The J105 3D Chemical Imager (Figure 2, next
page) emerged from discussions between lonoptika Ltd., Professor John Vickerman,
and Dr. Nick Winograd of Penn State University. This is the instrument that was
used to perform all the SIMS experiments in this dissertation. The J105 utilises
three new advances: a direct current (dc) ion beam, a temporal and spatial linear
buncher, and a tandem MS/MS capability."> Prior to this, most ToF-SIMS

instruments utilised a pulsed primary ion beam, which permitted time between
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Figure 2: Schematic of the J105 3D Chemical Imager produced by lonoptika in Southampton, Uk

pulses for secondary ions to be sent from the sample to the time-of-flight mass
analyser detector, thus giving time for the analyser to handle the load. Instead, the
DC primary ion beam of the J105 is constantly creating secondary ions allowing for
an increase in mass resolution as well as spatial resolution.'” To manage the
constant creation of secondary ions, a linear buncher has been added to the time-of-
flight analyser. The buncher is first filled with secondary ions that have been sent up
from the sample, and then the buncher applies an acceleration field, 7 keV at the
entrance of the buncher and 1 keV at the end, forcing the secondary ions to fire
through the buncher towards the ToF analyser.'* This acceleration creates a time
and spatial focus as the secondary ions exit the linear buncher and enter into the ToF

analyser. Since the secondary ions are all traveling at different speeds as they leave
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the buncher, a special harmonic field ToF reflectron is needed. This allows the
secondary ions to be analysed based on only their mass to charge, and not their
energy. Finally, two filters are applied so that MS/MS can be performed, thus
allowing for an even greater identification of compounds. The J105 3D imager, in
combination with its DC polyatomic cluster ion beams, allows for efficient imaging
of tissue and even makes 3D imaging a possibility — a task that would take other

ToF-SIMS instruments much too long."®

5.2.4 SIMS use in Biological Samples

In the early 1970’s, SIMS was first used to characterise renal tissue and red
blood cells.'” Today as ion beams have progressed and allowed for an increase in
high spatial resolution mapping, imaging of biological tissues has become quite
common. For tissue imaging, the primary ion beams most often used are either a
liquid metal ion source, such as Au;.3" or Bij_7", or a polyatomic ion beam, such as
Ceo or SFs"."® One benefit of using a liquid metal ion source is that they provide
sub-500 nm spot size. The spot size describes how focused the beam is when it
impacts the sample. The spot size is also used to determine the optimum size of
each pixel: if a spot size is 500 nm, then each resulting pixel for that image can be
made as small as 500 nm. Another benefit to a cluster ion from liquid metal ion
source is that it creates a large amount of secondary ions. This increase in secondary
ions, however, comes at the cost of increased chemical damage done to the sample.*
This is where polyatomic ion beams excel; as they impact the sample, the energy is

partitioned between the atoms of the primary ion and thus less damage is done to the

34



sample.'” Today polyatomic ion beams are able to provide as focused a spot size as
the liquid metal ion sources, as Cgo primary ion beams have been able to achieve
spot sizes of 150 nm but Ar," cluster beams have yet to go below a spot size of 2
um. 2

Beyond renal tissue and erythrocytes, ToF-SIMS has been utilised to image
the human spinal cord, mouse bone marrow, rat cardiac tissue, xylem transport
tissue in maple trees, osteoarthritic human cartilage, mouse duodenum, and human
cancer cells - just to name a few.*'*’” Using this technique allows for label-free
analysis and identification of small molecules and fragments of larger
macromolecules. These images provide an insight into the spatial localisation of
molecules where antibodies and staining dyes are not required. Over the years,
many have contributed to the ever-growing library of fragments, making

identification of the mass spectrum even easier. Table 1 is a list of common positive

fragments found in the most brain samples derived from a 2011 paper by Nicholas

Winograd.*®
Molecule Label Mass  Formula Species Reference
Cholesterol CH 369.3 Co7Hus [M+H-H,0]" 29, 30, 31
- CH 3853  CypHyO [M-H]" 29, 30
Phosphonosphingolipid  (2-AeP) 126 C,HoNPO; Fragment 32
- (2-AeP) 184 CSleNPO Fragment 33
S'hyd“’:zil:f“ta““ic CH 1150  CsHy0; [M-2H]" 34

Table 1: A list of common SIMS positive ion fragments found in brain sarnples.28
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While many molecules have been characterised in the literature, one challenge in
SIMS imaging is that most biological molecules have yet to be chronicled.” If an
investigator is interested in localising a particular molecule not previously addressed
in the literature, a film of solely that molecules

must be made to determine that molecule’s distinctive fragmentation pattern. These
films are often made by dissolving the molecule of interest in ethanol, water, or
chloroform and then adding the solution to a conductive substrate such as a silicon
or indium tin oxide. The samples are dried by either spin coating or freeze drying,
creating a uniform film.?® The films are then analysed with SIMS resulting in a
unique fragmentation pattern often with one ion being the most dominant. Upon
analysing the sample tissue, the molecule of interest can then be located by finding
that molecule’s distinctive ion fragment.’’

Another challenge in SIMS tissue imaging is sample charging which causes a

loss of signal — often presenting as a dark spot on an image (Figure 3).

Figure 3: Example of charging. Rat wild-type brain was run at: 20KeV Cg,' primary ion beam, 22V
Bias, Ion Dose 2.05E12 ions/cm’, Spot Size 7.5um. When the bias was increased to 45V the sample
ceased to charge.
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The bombardment of charged primary ions combined with the ejection of secondary
ions and electrons forms a flux. This flux of the incoming and outgoing charged
particles can cause the sample to be positive or negative depending which charge is
lost the most.”® This net charge can cause the primary ions to be deflected away
from the region of interest or hinder the ejection of secondary ions, resulting in a
loss of signal.®® Charging is often worse with thicker tissue samples, thus it is
important to use as thin a sample as possible. To counter balance charging, the J105
uses a stage bias can be added to the sample. The stage bias simply adds a voltage
to the stage that helps to compensate for the flux of the incoming and outgoing
charged particles on the tissue’s surface. While adding a stage bias can help to
minimise charging, increasing the stage bias too much will reduce the flux of
charged particles too much leading to a loss of signal — thus the right balance needs
to be found for each tissue type.

Another issue to consider during SIMS imaging is tissue damage. While
primary ion bombardment causes the ejection of secondary ions, this bombardment
can also do extensive chemical damage to the sample. The primary ions can implant
into the sample, surrounding surface molecules can be fragmented and distorted, and
the mixing of atoms can all occur. Thus upon each primary ion bombardment, a
crater of damage is left; the size of this crater depends both on the composition of
the sample and on the primary ion beam. This crater is defined as the damage cross-
section, ¢, and this is an area whose molecular spatial orientation is no longer
unaffected. It becomes important that no primary ion hits again in a previously
damaged area or else the information gathered would not reflect the molecular

structure of the original tissue but rather would be recording damaged tissue (the
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essence of the static SIMS approach).” In 1981, Benninghoven estimated that the
damage cross-section for an Ar’ primary ion beam on peptide film was 10™* cm**
Thus, it has been calculated that for static conditions to apply the ion dose ought not
to exceed 10" ions/cm”.*' More recently, it has been shown that polyatomic primary
ions, Cgo" and SFs", only have a damage cross-section of 107 cmz, thus making it
possible to surpass the static limit with these primary ions beams.*** The beauty of
the new polyatomic cluster ion beams is that it is possible bombard more than 1% of
the surface since the chemical damage caused by the polyatomic cluster ion beam is
minimal. Thus it is possible to analyse one sample multiple times without having to
worry about re-analysing damaged tissue.

Finally, sample preparation must be considered when working with tissue
samples. The most common type of sample preparation and the procedure used in
the experiments described in this thesis is cryo-sectioning. Cryo-sectioning is
performed by immediately freezing the tissue sample after animal sacrifice. The
desired sample is removed from the animal and then flash frozen in liquid nitrogen.
The tissue requires such rapid freezing in order to preserve the ante mortem
condition of the tissue.* In order to obtain workable samples, the frozen tissue has to
be sliced using a cryostat to create 8um - 20um thick sections. These super thin
sections are then carefully placed onto a conductive wafer such as silicon or indium
tin oxide. The newly sectioned samples can be stored in an -80°C freezer for up to
several months or can be allowed to thaw and used immediately.** In these
experiments, the tissues were placed back into the -80°C for several weeks and then

desiccated at room temperature under vacuum for one hour before being placed into
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the TOF-SIMS.* This use of desiccation helps to reduce the chemical dispersion of

lipids and decomposition in the tissue.

5.2.5 SIMS Imaging of the Brain and Alzheimer’s Disease

The brain is an excellent tissue for ToF-SIMS analysis due to the abundance
of lipid species found in the white and grey matter and of metabolites that cannot be
analysed through blood analysis. SIMS has been used to image the lipids
surrounding “song control nuclei” of zebra finch brains, abnormal distribution of
boron-containing amino acids in rat gliomas, qualification of aluminum in the
human brain, and lipid distribution in Alzheimer’s disease patients.***’ The focus
on the study of neurodegenerative diseases, such as Alzheimer’s disease, has
increased over the reason years as these diseases have become increasingly
diagnosed. SIMS, with its unique ability to determine the spatial localisation of
lipids and metabolites, seems like an ideal instrument for the study of Alzheimer’s
disease since several studies have suggested an abnormal lipid metabolism or

. . . . . 50-52
interaction may be present in diseased patients.

While lipid abundance studies
are essential, they fail when lipid distribution is not correlated with the location of
the amyloid plaques associated with Alzheimer’s disease. Therefore in this thesis,

the focus will be upon determining a method by which the amyloid plaques can be

located.
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5.3 Alzheimer’s Disease Introduction

5.3.1 Statistics of Alzheimer’s Disease

Alzheimer’s disease is a neurological disease that causes a progressive
decline of cognitive ability, ultimately resulting in the death of the patient.
Alzheimer’s disease currently has no cure and the diagnosis is difficult as
postmortem histological stains of the brain are the only definitive diagnosis.”® In
2013, there were estimated to be 5 million patients in the United States and 800,000
in the UK who were suffering from dementia thought to be Alzheimer’s disease.”*"
Worldwide, in 2013, there were estimated to be 44.4 million cases of Alzheimer’s
disease with this number expected to increase to 75.6 million by 2030 and 135.5
million by 2050.>° Currently, one in every nine Americans over the age of 65 is
diagnosed with dementia thought to be associated with Alzheimer’s disease.
Recent studies have reported that nearly 500,000 patients in the United States and
60,000 patients in the UK die each year due to Alzheimer’s disease.”*>> In 2011,
three-quarters of Americans knew someone who had the disease or had passed away
from Alzheimer’s disease. As a result, this disease is now the second most-feared

disease in America and 22% of Americans state that they are most afraid of getting

Alzheimer’s disease.’’

5.3.2 Clinical Progression of Alzheimer’s Disease

As a neurodegenerative disease, Alzheimer’s ultimately leads to death as the
neurons in the brain eventually decay, but for many, death is a release from a long

and debilitating disease. Alzheimer’s disease has six clinically defined stages: first a
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clinically symptom-free period, followed by five stages with varying, worsening
degrees of cognitive impairment (Figure 4).°° Physicians often measure cognitive
ability with a mini-mental state examination, a thirty-question survey that helps to

diagnose dementia.
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Figure 4: The five stages of clinical symptoms associated with Alzheimer’s disease. >’

The first of stage of Alzheimer’s disease is when the patient experiences no
impairment and function is normal. While memory and cognitive ability at this time
are unimpaired, the underlying pathophysiological disease processes have begun in
the brain.”” The pre-symptomatic stage can often last 20 to 30 years as
neuroproteins aggregate to form neuroplaques and tangles in the hippocampus.®' It
is only once these neuroplaques and tangles reach a certain threshold that clinical
symptoms appear. This manifestation of symptoms brings on the second stage of
Alzheimer’s disease, known as mild cognitive impairment. At this stage, the patient
might experience some lapses in memory — occasionally forgetting common words
or the location of frequently used items. However, these lapses are not regular

enough that the patient, their family and friends, or a physician would notice.>
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The third stage is classified as mild Alzheimer’s disease. In this stage the
neuroaggregates begin to appear not only in the hippocampus but also now in the
frontal lobe and temporal lobe of the brain. The temporal lobe is responsible for
speaking and understanding speech while the frontal lobe of the brain is responsible
for thinking and planning.®* Thus, at this stage of the disease, the patient noticeably
struggles to come up with names or the right words, forgets material that they have
just read, and has difficulty with planning and organising.”> Despite the decrease in
cognitive ability, medical professionals performing a mental state examination still
might not be able to diagnose dementia. It is only in the fourth stage, moderate
Alzheimer’s disease, when the symptoms become obvious. Patients begin to forget
recent events, lose their ability to remember what day it is, and become increasingly
moody and withdrawn. During this period of the disease, the proteins that support
the walls of the neurons are aggregating and neurons are decreasingly receiving
nourishment and removing waste.**

During the fifth stage, cognitive ability radically declines as patients begin to
forget their personal history, experience major personality and behavioral changes,
and need increasing help with activities of daily living (ADLs), including eating,
dressing, and handling toiletries. The patient is able to distinguish between familiar
and unfamiliar faces, but is mostly unable to remember why someone’s face is
familiar.”> At this period, the neuroprotein aggregation is widespread throughout the
cortex and the brain begins to shrink due to neuronal death (Figure 5, next page). In
the sixth and final stage, very severe Alzheimer’s disease, the patient becomes
unable to have conversations, care for themselves, or even remember their own

name. The brain has atrophied significantly due to neuronal death, and muscle

42



movement and swallowing become increasingly difficult. Patients will often die to
an infection - since the immune system is very weak — or due to malnutrition — as the

patient is no longer able to swallow.®

Figure 5: T1-weighted MRI scans of an initially asymptomatic patient with genetic familial
Alzheimer's disease. Scans were done over a 4-year period and the first symptoms of Alzheimer’s
disease were recorded between image 4 and 5. The red areas indicate loss of brain volume as the
disease progresses.

On average the time from first symptom to death is 8.5 years, but some
patients may live as long as 20 years after presentation of their first symptoms.®’
This disease slowly debilitates the mind and the patient gradually forgets all about
themselves and their loved ones. Perhaps Pat Roberson best captures the true
rawness of this disease: “I hate Alzheimer's. It is one of the most awful things
because, here is a loved one, this is the woman or man that you have loved for 20,

30, 40 years, and suddenly, that person is gone. They're gone. They are gone”.®®
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5.3.3 Pathophysiology of Alzheimer’s Disease

Alois Alzheimer first described the neurotangles and neuroplaques present in
this disease in 1907.%°  While the causes of this disease are unknown, several
theories have been proposed.”’ This dissertation will focus mainly on the most
widely accepted theory, the Amyloid Cascade Hypothesis. This hypothesis
postulates that aggregates of the neuroprotein amyloid-beta are the toxic species that
cause the pathology of Alzheimer’s disease.”’ The theory further posits that the
formation of the plaques is due to an imbalance between production and clearance of
amyloid-beta. As this imbalance increases, more and more free amyloid- beta exists
which eventually leads to the formation of neurotangles and neuroplaques.

In 1985, scientists determined that the peptide amyloid-beta formed the core
of the neuroplaques.”’ Amyloid-beta is a 37- to 49-amino acid peptide, but it is
believed that amyloid-beta is most toxic when it is 40 to 42 amino acids in length.”
Amyloid-beta is a fragment of a larger protein, cleverly named amyloid precursor
protein, which is an integral membrane peptide partially responsible for synaptic

formation and neuroplasticity.”>”*

Two enzymes, -secretase and y-secretase, cleave
the amyloid precursor protein to form amyloid-beta, a soluble 4 kDa peptide.”

The soluble amyloid-beta undergoes a conformational change to a form that
is rich in beta-pleated sheets. It is in this state that the 42-amino-acid amyloid-beta
acts as a prion and causes the same conformational change to occur in other

amyloid-beta peptides.”” These beta sheet peptides then begin to stack upon each

other first, forming dimers, then oligomers, followed by protofibrils, and finally the
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mature fibrils or plaques that are seen in posthumous autopsies (Figure 6).

Protofibrils
Oligomers et Mature fibrils

Monomer Dimer
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Figure 6: The process by which misfolded monomers grow to form fibrils.”

The oligomers range in size from three peptides to twelve or fifteen peptides
before being classified as protofibrils.”® The mature fibrils can grow to be quite
large, averaging about 50 um, but can be as large as 200 pm in humans and
transgenic mice.”® For a long time, it was assumed that the mature fibrils or
neuroplaques were the toxic species, but recent research has suggested that the
oligomer is the harmful form. In this new theory, the brain attacked by the harmful
oligomer forms the mature fibrils as a means of protecting itself. The mature
plaques have been shown to be stable and thus the formation of plaques could be an
evolutionary protective mechanism.”” This theory has become quite popular in
neurodegerative disease research in the last 5 years. While much of the underlying
research has been promising, not enough time has passed for drugs to come to
market based on this new theory.

In both diseased and healthy cells, clearance of the prion peptide is
modulated by a host of enzymes or low-density lipoprotein receptor-related protein;
thus, many postulate that the issue is not in the clearance of amyloid-beta because
there are too many different systems that would need to fail in order to produce

78,79

disease. Instead, it may be an excess of production of amyloid-beta, such that

the clearance is not able to keep up; this hypothesis is supported by many cases of
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familial Alzheimer’s disease. Familial Alzheimer’s disease, unlike sporadic
Alzheimer’s disease, has a specific gene mutation that is genetically inherited and
the symptoms present much earlier. One example of this is where the amyloid
precursor protein has a duplication causing an overexpression of amyloid-beta.*
These patients will have excess production of amyloid-beta since the overexpression
of amyloid-beat exceeds the rate of clearance resulting in an accumulation of the

peptide within the cell.

5.3.4 In Vitro Detection of Amyloid Plaques

For researchers and pathologists, it is necessary to use dyes in order to detect
the plaques, which otherwise are unable to be seen by the naked eye. Alois
Alzheimer first used Congo Red, an azo dye, to identify the strange deposits back in
1907.% Congo Red is still used today by pathologists performing autopsies since

Congo Red bound to amyloid plaques gives off an apple-green birefringence (Figure

7) when viewed with a polarised light source, making identification rather simple.®'

Figure 7: Left: Amyloid plaques stained with Congo Red and viewed under a microscope with normal
light. Right: The same sample but viewed with a polarised light, demonstrating the "apple green"
birefringence.®
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Congo Red also has been shown to bind to amyloid-beta oligomers and protofibrils
in addition to larger neuroplaques, an important characteristic with the increased
focus on amyloid oligomers.* The use of Congo Red, however, for in vitro studies
has recently decreased since the dye also binds to collagen, a structural protein found
in abundance throughout the body.

Another amyloid dye that is commonly used is Thioflavin T, a bright yellow-
green benzothiazole dye that has a molecular mass of 318.86 Daltons and a

monoisotopic mass of 318.0957 (Figure 8).*
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Figure 8: Structure of Thioflavin T.*

While Congo Red has a poor functional specificity, the fluorescent small molecule
Thioflavin T excels in this area. While Thioflavin T does bind to the protein elastin
and other beta-sheet rich proteins, the background tends to be diminished since
elastin and other beta-rich proteins are sparse in brain samples. Upon binding to
amyloid plaques and oligomers, Thioflavin T increases in fluorescent intensity and
undergoes a red shift of its emission spectrum.®” Free Thioflavin T has an excitation
and emission of 350 nm and 440 nm, respectively, while bound Thioflavin T has a
red-shifted excitation and emission of 440 nm and 490 nm, respectively.**®” Thus,

the amyloid aggregates can be easily identified in an analysis using these longer
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wavelengths. It is believed that Thioflavin T binds to amyloid beta by fitting into a
“channel” that runs the length of the beta sheet (Figure 9, front view).
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Figure 9: Computer modeling of Thioflavin T's interaction with a protein beta sheet. The figure
shows Thioflavin T nestled into the "channel" running along the beta sheet and that the m orbitals of
Thioflavin T’s benzothiazole and a benzamine ring interact with the both the n orbital and CH groups
in the beta sheet.*®

It is hypothesised that steric interactions occur between the dye and the protein,
which might explain the increase in fluorescence of Thioflavin T.* More recent
research has suggested that the m — m and CH— & interactions between the beta sheet
and fluorescent dye stabilise the Thioflavin T molecule, thus causing the increase in
fluorescent intensity (Figure 9, side view). While there is believed to only be one
binding site per amyloid-beta unit, it is debated whether a single Thioflavin T binds
or whether the Thioflavin T binds as a dimer.”® While this stoichiometry plays an
important role in amyloid aggregation assays, it is less important in tissue staining
since aggregates can be composed of thousands if not millions of monomers.
Therefore, for these many reasons, Thioflavin T is the industry standard for small
molecule amyloid aggregate staining.

Thioflavin S, another benzothiazole dye, is derived from Thioflavin T. To
create Thioflavin S, Thioflavin T is methylated and sulfonated, resulting in a mixture

of compounds with varying molecular weights and structures.®” Unlike the brilliant
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yellow-green of Thioflavin T, Thioflavin S has a muddy yellow colouration. Further
Thioflavin S does not give off an increased fluorescence nor does it have a shifted
absorbance spectrum. Thioflavin S is used often in aggregation studies where only
purified amyloid proteins are present. Thioflavin S and Thioflavin T, however, are
generally used interchangeably and give similar results since both bind to aggregates
using the same mechanism.

The other industry-standard method of detecting amyloid-beta plaques is by
using antibodies. This method is the most specific technique; the antibody binds to
the amyloid-beta and a secondary fluorescent antibody then binds to the primary
antibody. There is some concern that some of these antibodies bind to the monomer
in addition to the oligomers and plaques thus giving false-positives for aggregates.”!
Since the molecular weight of these antibodies is roughly 150 kilodaltons, they are

outside the scope of SIMS detection and were thus not used in this project.
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6. Comparing Sputter Yields of Primary Ion Beams
6.1 Sputter Yield Introduction

6.1.1 Project Aims

The study of sputter yields for primary ion beams is essential to determine
which ion beam is most adept for specific tissue studies. These experiments were
performed during the first few months of my time in Manchester and thus served as
a first introduction to ToF-SIMS. This data would then guide my project as I
selected the primary ion beams to be used later in the rat brain analysis. These
studies compared the sputter rates of three primary ion beams (Ceo ", Ar,', and
(H,0),") on four thin films (Irganox 1010, L-arginine, synthetic angiotensin IT and
haloperidol) and an unwashed silicon wafer. These five samples were used to
determine sputter yields for a variety of molecular types because of the unique
properties of each and the variation in their molecular weights (Table 1); Irganox
1010 is an antioxidant, arginine is a amino acid, angiotensin II is a small peptide, the
silicon wafer is an inorganic material which also formed the substrate for the thin

films, and haloperidol is a small pharmaceutical molecule.

Compound Silicon Arginine | Haloperidol | Angiotensin II | Irganox 1010

Molecular
Weight

Table 2: Comparing the molecular masses of the samples.
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After the films had been deposited on the silicon wafer, the thicknesses of the
films were measured with a NanoCalc thin film reflectrometry system. The films
were then placed inside the J105, taking note of the position of the film, and
sputtered for a determined amount of time. Several craters were sputtered in each
film, so care was taken to ensure that the craters did not overlap. After sputtering,
the crater dimensions were measured using a digital holographic microscope, DHM,
to estimate the size of each crater. Finally, the sputter yields were calculated by
dividing the volume removed by the number of ions that bombarded the sample.
These results were then compared with values for Co" primary ion sputter yields
reported in the literature to validate our methods.

One of the most important parameters in the sputter yield experiments was
the depth of the films. The films needed to be sufficiently thick for two reasons.
First, it was important that the sputtering would not go completely through the film
and into the silicon wafer. If this occurred, there would be no way to determine the
sputter yield since the calculation required a consistent rate of sputtering and silicon
sputters much more slowly than the films. Second, thicker films allowed for the
sputtering of deeper craters, which minimised measurement variability; DHM
measurements of a crater 30 to 40 nm deep were more precise than those of a crater
that was 3 or 4 nm deep. Therefore for both of these reasons, the films needed to be
as thick as possible. Initially, the protocols for creating the films yielded rather thin
films, but by increasing the concentration of the solutions or by adding more of the

solution to the wafers, we were able to make sufficiently thick films.
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6.1.2 Previous Research

The measurement of sputter yields has been an important aspect of SIMS
research over the years. Recently there has been a considerable incentive to find
primary ion beams that provide an increased secondary ion yield while limiting the
material sputtered (i.e. total damage done to the sample). Two recent studies have
been performed to determine molecular sputter yields using Irganox 1010 films and

293 The first of these studies was performed at the National

Ceo primary ions.
Physical Laboratory (NPL) in Teddington, UK in 2007. This study used a single

layer film of Irganox 1010; results for this study can be found in Table 3.

Kinetic Energies in keV Results in nm’/ion
Ceo' Energy 2007 NPL Study”” 2010 VAMAS Study”
10 82+8 ~80+ 10
20 163+ 16 ~ 160+ 20
30 254 +25 ~225+10
40 Not Studied ~350+ 200

Table 3: Sputter Yields for various Cgo" primary ion beam kinetic energies on Irganox 1010 films.
The results for the 2007 NPL study were found within a table in Shard et al. 2008 paper,94 but the
results for the 2010 VAMAS study were estimated from a graph found within that paper.gz’93

The second of these studies was a VAMAS (Versailles Project on Advanced
Materials and Standards) interlaboratory study performed in 2010. A total of 20
laboratories took part in this depth profiling study, including the Surface Analysis
Research Centre in Manchester. This study used a multiple layer film that alternated

between Irganox 1010 and Irganox 3114. The Irganox 1010 layers were
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approximately 100nm thick, while the interrupting Irganox 3114 layers were only
3nm thick. Since the sputtering rates of Irganox 3114 and Irganox 1010 with Ceo"
primary ions only differ on average by 14.1% and since the Irganox 3114 layers
were so thin compared to the Irganox 1010 layers, this data was also used for
comparison.”® Table 3 displays the results from this study as well. These previous
results provided a benchmark by which we could compare our initial Cgo" results and
thus validate our method.

As discussed in the chapter 5.2.2, previous 10 keV (H20)1000" cluster ion
experiments have been done in this lab showing an increased yield of secondary ions
when compared to the secondary ion yields of 10 keV Arjgo0 (Figure 1, page 32).
Other unpublished data from the Vickerman group compares the secondary ion yield
for (H,0)," cluster ion and C" primary ions (Figure 10). This graph illustrates a
seven-fold increase in secondary ions from 20 keV (H,O)s000" sputtering relative to
the secondary ion yield of 20 keV Cg," primary ions. Part of this chapter is to
determine if this increase of secondary ion yields is due to an increase in sputter

yields or if the water is more adept at creating secondary ions.

:
L ; B 10 keV Ar "
25 B 10 keV (H,0)1000"
% 4 w: 20 keV (H,0)1000"
x 3 o = M 20 keV (H;0)3000"
B2 N 20 keV (H,0)s000"
S 1 . N 20 keV Cg,*

Y

[M+H]+ [2M+H]+
m/z

Figure 10: Arginine films secondary ion yields for various Ar,', Cg', and (H,0), primary ions. An
ion dose of 5E11 ions/cm” sputtered the sample and the secondary ion yield was determine using
ToF-SIMS. Secondary ion yields were measured by Dr. Sadia Sheraz.
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6.2 Sputter Yield Experimental Design

6.2.1 Irganox Film Preparation

Irganox 1010 (chemical structure depicted in Figure 11) is the molecule most
commonly used in sputter yield experiments because, when dissolved and
evaporated, it forms a molecular solid with excellent integrity and superb

reproducibility.

Figure 11: Molecular Structure of Irganox 1010.95
To create the Irganox 1010 films, new silicon wafers (Agar Scientific) was washed
three times by placing the wafers into a pure chloroform solution (Fisher Scientific)
and sonicated for five minutes for each wash. After the three washes, the silicon

wafers were allowed to sit until dry. During the washes, 0.012 g of Irganox (Ciba
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Specialty Chemicals) was weighed and dissolved in 500 pL of chloroform, creating
a 20 mM Irganox 1010 solution. These solutions were then made into films using a
spin caster (Laurell Technologies Corporation). The spin caster uses a vacuum to
hold the silicon wafer and spins the wafer utilising centrifugal force to create
uniform films. The spin caster was set to 1700 RPM and 10 pL was dispensed by
pipette before the axial rotation began — known as static dispensing. Once
dispensed, the spin caster was turned on, causing the Irganox 1010 solution to spread
out uniformly and form a flat film on the surface of the silicon wafer. To obtain a
thicker film, 10 uL was dispensed fourteen additional times while the spin caster

was revolving at 1700 RPM — known as dynamic dispensing.

6.2.2 Arginine Film Preparation

L-Arginine is one of the larger amino acids, with a molecular weight of

174.2 g/mol, but arginine also makes a stable and reproducible film (Figure 12).

Ox__OH
HoN
HN.___NH
NH,

Figure 12: Chemical structure of L—alrginine.96
This amino acid is commonly used for films in the Manchester laboratory and is
found abundantly in the body and in tissue samples. To make arginine films, the

silicon wafers were washed and sonicated for five minutes each in four different
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solutions: first in hexane (Fisher Scientific), then water (Sigma-Aldrich), then
methanol (Sigma-Aldrich), and once again in water. A 287 mM arginine solution
was created by dissolving 50 mg of L-Arginine (Fluka BioChemika) in 1 mL of
water. A 7 pL aliquot was pipetted onto the washed silicon wafer in static mode
followed by an additional 7 pL aliquot being added in dynamic mode with the spin

caster set to 6700 RMP. This produced uniform, thick, and reproducible films.

6.2.3 Angiotensin II Film Preparation

Angiotensin II is one of the larger molecules that can be detected with ToF-
SIMS, but is a very small peptide with only 8 amino acids: Asp-Arg-Val-Tyr-Ile-

His-Pro-Phe (Figure 13).

Figure 13: Space filling model of angiotensinogen, the parent molecule of angiotensin II before
enzymatic degradation. The black arrow indicates where angiotensinogen is cleaved by renin to form
angiotensin I. The green arrow indicates where angiotensin-converting enzymes cleave angiotensin I

into the 8-amino-acid peptide angiotensin .’
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Angiotensin II plays an important part in mammalian homeostasis as it controls
blood pressure and blood volume. Angiotensin II concentration is regulated by
renin, which is released in the kidney when blood pressure or volume is too low.
Renin stimulates a release of angiotensinogen from the liver and also cleaves this
precursor protein into angiotensin I in the blood stream. Angiotensin I travels to
lung alveoli where angiotensin-converting enzymes cleave angiotensin I into
angiotensin II. Angiotensin II then travels to the adrenal gland where it stimulates
aldosterone production. In turn, aldosterone causes increased water reabsorption in
the kidney’s nephrons, which increases blood volume and pressure.”® While
angiotensin II will not be found in abundance in the brain, we were interested to see
if sputter yields differed amongst type of molecular films.

The angiotensin II films were the hardest to make consistently and often the
film would be non-uniform. The angiotensin II solution was prepared by dissolving
0.3 mg of [Asn1,Val5] Angiotensin II (Cambridge Bioscience) in 250 puL of ethanol
(Fisher Scientific). The silicon wafers were washed and sonicated for five minutes
first with water and then twice with ethanol. 20 pL of the angiotensin II solution
was then added to the silicon wafers in static mode, followed by another 20 puL.
added in dynamic mode with the spin caster set to 990 RPM. While most of the
early films were homogenous, after many repetitions, several were produced that

were fairly uniform and were usable for these experiments.
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6.2.4 Haloperidol Film Preparation

Haloperidol (Figure 14) is a small pharmaceutical drug that is used to treat

schizophrenia and other psychological issues.”” The molecular mass of haloperidol

OH
0O Cl

Figure 14: Chemical structure of haloperidol.'
is 375.9 g/mol, thus providing a mid-sized molecule for sputter yield analysis.
Haloperidol forms a deep blue film that is very uniform and easily reproduced.
Silicon wafers were washed and sonicated for five minutes first with methanol and
then twice with chloroform. A 0.08mM haloperidol solution was made by
dissolving 8 mg of haloperidol (Sigma-Aldrich) in 250 pL of a 10:1 chloroform to
methanol solution. Two aliquots of 7 uL were then dynamically added to the

washed silicon wafers with the spin caster set to 2700 RPM.

6.2.5 Unwashed Silicon Wafers

Our final experiments used plain unwashed silicon wafers, which provided a
hard inorganic that would indicate how “hard” the polyatomic primary ions were.
Previous experiments in the lab had shown that Cyy" primary ions were able etch a
crater in the silicon, while Ar,” primary ions could sputter silicon for hours and

barely leave a mark. Therefore, we were interested to see if (H,O),' cluster ions
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would create a crater in the silicon wafers or if they would leave them unscathed like
their gas counterpart Ar," cluster ions. For many of the films, sputtering would last
for a few minutes to an hour, but the sputtering of silicon lasted for several hours
each time. Since previous experiments in the lab had shown extremely low rates of
sputtering from Ar," primary ions, they were omitted in these experiments. While
unwashed, careful care was taken to ensure that the silicon wafers to be used were

clean and freshly removed from the protective coverings.

6.2.6 Measuring Film Thicknesses

In order to determine the uniformity and consistency of each film, we used

the NanoCalc-XR thin film reflectrometry system from Ocean Optics (Figure 15).

This instrument utilises the reflective index of the molecular film to determine the
film thickness. First a blank, washed silicon wafer would be placed under the
Fiber Optic Bundle

6 illumination fibers
around 1 read fiber

Transmitted and

Measurement System reflected light

Spectrometer and
Lightsource

Figure 15: Schematic of The NanoCalc-XR thin film reflectrometry. ot
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fiber optic bundle with six illuminating fibers and one read fiber, which would

determine the reference height of the silicon. Next the film, which had been spin-

cast onto a silicon wafer similar to the reference sample, would be placed under the

fiber optic bundle — being careful not to move the probe’s arm and thus alter the

reference height. The illuminating fibers shine down onto the film and the light

from the probe passes through the film and is reflected back to the read fiber, but not

all the light is reflected back to the fiber bundle as the molecules in the film disperse
some of this light. Since the user tells the NanoCalc the reflectrometry index for the

film, the Nanocalc then estimate the thickness of the film by measuring the intensity

of the reflected light. Reflectivity indexes for the films are provided in Table 4.

Compound | Silicon | Arginine | Haloperidol | Angiotensin II Irganox
Reflectivity | 1.664 1.594 1.660 1.483
Index

Table 4: Table of the reflectivity indexes for the films used in these experiments. Silicon wafers were
not measured for thickness since there was no film on the surface. Technically Silicon has a
reflectivity index of 3.420.

In order to measure the uniformity of the samples, each film was measured

eight times at various points on the film. If a film had high levels of variation, it

would not be used; only the most uniform of samples were used. The measurements

in Table 5 are an example of the uniformity of several of the films that were used in

these experiments along with the standard deviation, o, of the measurements.

Film Measurements in nm
1 2 3 4 5 6 7 8 c
Irganox 148.4 | 149.2 | 148.7 | 145.0 | 151.0 | 147.1 | 147.1 | 151.0 | 2.04
Arginine 163.5 | 165.6 | 1652 | 165.1 | 163.3 | 164.4 | 164.6 | 164.1 | 0.82
Haloperidol | 90.8 910 | 919 | 91.6 909 | 91.0 | 92.1 | 93.0 | 0.78
Ang 11 211.8 [212.5] 211.6 | 206.0 | 215.2 | 219.2 | 219.5 | 209.1 | 4.68

Table 5: Measurements of film thicknesses from NanoCalc demonstrating the uniformity of films
used in this experiment. o is the standard deviation of the measurements.
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6.2.7 Sputtering

Sputtering experiments were carried out under high vacuum conditions in the
J105 3D Chemical Imager (Ionoptika, Ltd.). The polyatomic ions used in these
experiments were: 10 keV Ceo', 20 keV Ceo', 40 keV Ceo", 20 keV Arsgo’, 20 keV
Arzgp0', 10 keV (H20)s00 ", 10 keV (H20)2000", 20 keV (H20)s00", 20 keV (H20)2000 ",
and 20 keV (H,0)4000". The ion current for each beam would be measured on the
stage before and after each sputtering experiment. Each sputtering experiment was
set to raster an area of 250 nm by 250 nm. The beams rastered the films in direct
sputtering for a specific amount of time. With the time and current known, the total

sputtering ion count can be calculated (Equation 1):

Ite™! = Total Ion Count

Equation 1: Total ion count is determined by current (/) measured in (picoAmps), time (), measured
is (s), and divided by the charge of an electron (e), measured in (4 - s).

Total Ion Count is a tally of all the primary ions that leave the ion gun and impact
the surface of the film. This is why total ion count is unitless (Equation 2):

pA (ﬁ) X (ﬁ) X s = Total Ion Count

Equation 2: Total Ion Count is a unitless tally of primary ions. The charge of an electron has units of
Amps and seconds. These are negated when multiplied by current (p4 converted into 4) and time (s).

Initial experiments were cautious since we did not know how long to sputter each
film. After learning approximate sputter rates, we were able to hone our
experiments to obtain optimal depth of craters. Sputtering for silicon ranged from
45 minutes to three hours, while sputtering for Irganox lasted between 2 minutes and

10 minutes. Thus there was quite a range in how long sputtering would last.
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6.2.8 Digital Holographic Microscope

In order to determine sputter yields, the total volume removed is divided by the
total ion count. The ion count was calculated during the sputtering, but the total
volume removed had to be determined by digital holographic microscope, DHM
(Lyntec). Unlike a typical optical microscope, the DHM does not record the image;
instead, it records the wavelength of light that is captured by the objective. An
algorithm then reconstructs these wavelengths and a “hologram” is created.
Whereas traditional microscopes use a lens to reconstruct the image, the DHM
replaces this with an equation. The benefit to this type of acquisition is that both the
amplitude and the phase are acquired, while normal light microscopes only utilise

the amplitude of light (Figure 16).

"\

AMPLITUDE

: SPECIMEN

LIGHT
TO OBJECTIVE

—> PHASE

SPECIMEN

UNDISTURBED LIGHT

Figure 16: DHM utilises both the phase and amplitude of light to create a digital hologram.102

For the source of light, the DHM uses a 300 to 400 nm laser that reflects off the
sample. Similar to the NanoCalc, the laser will be directed at the sample and, with
the reflective index of the sample having been entered by the user, the computer

calculates what ought to be reflected off of the sample. The computer generates a
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predicted phase and compares this with the actual phase of the reflected light. These
are then combined in the “Phase View” in the computer program “Koala” and

“Medusa” that accompanies the DHM (Figure 17).

Figure 17: DHM generated “Phase View” of a crater. The blue arrow indicates an area where
computer calculated phase and measured phase are the same. The black arrow indicates an area
where the phase predicted and the phase measured is different.

Where the phase predicted and the phase measured are different, an interference has
occurred. This can be either an area where the film has a crater or extra material on
top of the film (Figure 17, Black Arrow). The computer algorithm uses these

differences in phase to construct a hologram (Figure 18).

Figure 18: Computer algorithm calculates the difference in phases (left) to create a hologram (right)
that contains information regarding the heights of the sample.
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This newly created hologram no longer depicts changes in phase, but actually
calculates variations in height. Thus, the depth of the craters can be determined.
The DHM has several limitations that had to be addressed before accurate
data could be obtained. First, an estimation of the depth for the film had to be
supplied to the computer program. The estimation had to be within 300 to 400 nm
since phases repeat and the algorithm needed to know within which phase to
calculate. To solve this problem, the thickness of the films was determined by the
NanoCalc as previously described. Another limitation was that if the sample was
not perfectly in focus, then there would be artificial heights and depths. Thus great
care had to be taken to ensure that each sample was in focus. Finally, each sample
had to be perfectly flat. If the film was not perfectly flat, then the DHM would
measure this as a slope and the proper depths of the craters would be inaccurate.
While many of our samples appeared to be uniformly flat, to ensure absolute
flatness, we ordered four Irganox 1010 films from NPL (Figure 19). These films
were made through thermal evaporation, as opposed to spin casting, giving an even
more uniform surface. NPL tested the thickness of each of the films finding them to
be 47.65 nm, 47.31 nm, 47.12 nm, and 47.50 nm thick. While initially the
limitations of the DHM were problematic, once these solutions were implemented,

the data were consistent and repeatable.

Figure 19: NPL Irganox 1010 film prepared through thermal evaporation. This photo was taken after
sputter yield experiments as little squares can be seen on the film. Photo taken 10 March 2014.
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6.2.9 Calculating Volume Removed

Since the holograph contained the data for the variations in heights, this
could be used to calculate the volume of the crater. The craters formed by Coo'
primary ions were nearly perfect cuboid (Figure 20A) and so determining the
volume was only a matter of measuring the length, width, and depth. The craters
formed by Ar," and (H,0), " cluster ion beams, however, are hardly cuboidal (Figure
20B) and simply measuring the length, width, and depth would give a volume that
was too large. A consistent protocol needed to be developed that would accurately
describe the volumes, and to ensure that all the volumes were calculated by the same

method.
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Figure 20: Computer-calculated cross section of craters. (A) Craters formed from Cgy' primary ions
sputtering gave a nearly perfect cube shape. (B) Craters formed from Ar," and (H,0), primary ions
sputtering gave sides that were sloped and angled making the determination of the volume difficult.

The solution was to measure the length and width not to the edge of each

crater, but to measure the length and width at half the slope of the sides. While the
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sides were sloped, they were for the most part uniformly sloped. The assumption of
this method was that the extra volume included at the bottom of the crater (Figure
21, red arrow) would be nearly equal to the volume not counted at the top of the
crater (Figure 21, blue arrow). This would give an estimation of the volume that

neither was too generous nor too small (Figure 21).
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Figure 21: Demonstration of half-the-slope-volume calculations. (A) The typical sloping slides are
seen in the cross section of this crater made through (H,0)," primary ions sputtering. The red box at
the center of the crater is the area of this computer-generated cross section where the width stretches
from half one slope to half the other slope. (B) Using computer drawn shapes, the actual volume of
the cross section is drawn here to demonstrate that the half-the-slope-volume calculation is a valid
estimator of the actual volume. (C) The drawn green and purple shapes are moved to form
approximately the same red box that is seen in panel A. The black arrows show that the white and
purple triangles are drawn out to the side showing that the area overlapping and the area without
coverage are approximately the same. Red arrow indicates the extra area that is included at the
bottom of the crater but has not actually been removed in the sputtering experiments. The blue arrow
indicates the area that sputtering has removed, but is not included in the half-the-slope-volume

calculations.
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While these estimations are very close to the actual volume, it must be
stressed that these are estimations. Definite volumes would be preferred, but this
was not possible with the instrumentation that was available. Others in the group
tried to use atomic force microscopy (AFM) to estimate the volume of the craters,
but the AFM was only able to determine the volume of a small part of the crater and
thus was unhelpful. The goal of these experiments was not, however, to determine
the definite volume of the craters, but rather to compare the sputter yields of
different primary ions. As long as we used the same protocol to estimate volume on
all of the craters, this method would allow for an accurate comparison.

To determine the length and width of the crater, the red and blue vertical
lines seen in Figure 22 had to be moved to half way down the slope of the side.
Medusa would then calculate the width of the cross-sectional view (Figure 22 green
circle). The same would be done to determine the length. These lengths and widths
would be transferred to the hologram and marked (Figure 23, next page - blue box 1

& 2) so that the depth would only be measured in desired area.

Height [nm]
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Save Data ] [ Save SnapShot ] Cursor 1 123.225 24

Cursor 2_357.562 -28
4

Figure 22: Medusa cross-sectional view and measuring the width of the crater from half slope to half
slope.
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The Medusa software then determines the height or depth of the film where
the user drew the blue squares in the hologram window seen in Figure 23. While
ideally the surface of the film would be uniformly zero, this rarely occurred (Figure
23, red circles). Even with the Irganox samples from NPL, the surfaces still had
slight variations. To solve this, the computer-calculated average height of the
surface was determined and subtracted from the computer-calculated average depth
of the crater (Figure 23, green circle) to produce the actual depth of the crater

(Equation 3, next page).

-135

Figure 23: Hologram window of the Medusa software. The user draws the blue boxes and the
computer program gives the average height or depth of those areas. Since the surface of the film is
not uniformly flat (but -4 nm, -4 nm, -6 nm, and -2 nm), the surface had to be averaged (-4 nm) and
then subtracted from the calculated depth (-35 nm) to give the actual depth (-31 nm). It should also
be noted that box 3, which is the estimated depth, seems off center, but this is from half the slope to
half the slope. Boxes 1 and 2 are drawn based off of cross-sectional views and then box 3 is drawn to
be that exact length and width of those two boxes. Box 8 is not actually 0 nm, but is a programing
error where the last box drawn is always 0 nm.
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Average Crater Depth = -35 nm
Average Surface Height =(-4+-4+-6+-2)/4 = -4 nm

Actual Crater Depth = (-35nm - -4 nm) =-31 nm

Equation 3: Calculating the actual depth of the crater by subtracting the average surface height from
the average crater depth.

Finally, the measured width, height, and calculated depth would be multiplied to

give the total estimated volume of crater (Equation 4).

(Width)(Length)(Depth) = Wlume
Width=234 nm

Length=257 nm
Depth = -31 nm

3
Estimated Wolume = 1.86E6 nm

Equation 4: Calculation of the estimated volume of the crater.
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6.3 Sputter Yield Results

The calculated volumes were divided by the total ion counts to determine
sputter yields. To confirm the effectiveness of our procedure, we compared our
results with the previously found results for 10 keV Cgo', 20 keV Cgo ', and 40 keV

Ceo sputtering on Irganox 1010 (Table 6 & Figure 24):

Kinetic Energies in keV Results in nm’/ion
Ceo' Energy 2%?3 degI;L 201 ’(S) Jg};ﬁms Our Study
10 82+8 ~80+ 10 62.0 £ 18
20 163 £ 16 ~ 160 £ 20 152.6 £41
30 254 £ 25 ~225+10 Not Studied
40 Not Studied ~ 350+ 200 397.2 £ 106

Table 6: Comparison our studies with previous studies for 10 keV Ceo', 20keV Cqp', and 40 keV Cgo"
sputtering on Irganox 1010 films.

Ceo" & Irganox 1010 Comparasion
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Figure 24: Graphical representation comparing 2007 NPL Study92 with our data, showing that the
two follow a similar trend.

Our results correlate very closely with previous data, demonstrating that our method
of measuring crater volume is a viable protocol. The following pages are graphical

representation of our results (Figure 25-Figure 29):
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Sputter Yields for Irganox 1010 Films
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Figure 25: Sputter yields for Irganox films. Irganox 1010 was the most extensively tested film. The data demonstrates that sputter yields increase as the kinetic
energy of the beams increase. When kinetic energies are constant, Cy," primary ions sputter similarly to (H,0)," cluster ions, but both sputter greater than 20 keV
Ar," cluster ions. Cg" primary ion and (H,0)," cluster ion experiments were repeated in at least triplicate. Ar," cluster ions experiments were only performed
once.

71



Sputter Yields for Arginine Films
90.0
80.0
70.0 T
60.0 T
H
s
S 500 —
~N
ME 40.0 — 1
=
— 30.0 EEEEEEE—— ———— 4
<
3 20.0 B 1 _
;
s 10.0
3
) 00 T T T T T T T T T T T 1
= o o = o o o
= S b S 3 S S
[90] N [ [} N <
o < = N o )
= > L = S S
- [5) o =~ <= <=
[} ~ N [} = =
-~ =) -~ [} Q
o N (= 2 i~
~N N (=) o
~ ~

Figure 26: Sputter yields for arginine films. Arginine results show a greater variability within cluster ion types than appeared in Irganox 1010 studies. While 20
keV (H,0)s00" and 20 keV (H,0),000" sputter similarly, there is a large drop in (H,O)4000" cluster ion sputter yields. Similarly, 20 keV Arsgo" cluster ion has a
greater sputter yield than 20 keV Ar,g', indicating that the larger polyatomic primary ions sputter less than smaller polyatomic ions. 20 keV Cq" primary ions
had the greatest sputter yields. 20 keV Ceo', 20 keV (H,0)s00", and 20 keV (HZO)ZOOO+ cluster ions were tested in at least duplicate, while 20 keV Arsg”, 20 keV
Araooo’, and (H,0)4000" cluster ions were tested once.
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Sputter Yields for Haloperidol Films
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Figure 27: Sputter yield results for haloperidol films. All haloperidol sputter yield experiments were run once except for 20 keV Cg," primary ion experiments,
which were run in duplicate. Similar to the sputtering of Arginine, 20 keV Ceo" primary ions had the greatest sputtering effects and 20 keV Arsgo” cluster ions have
a greater sputter yield than 20 keV Aragoo” cluster ions. Variation within (HzO)n+ cluster ions is not seen as (H,0)4000 » (HZO)ZOOJ, and (H20)500+ primary ions all
sputter between 80 and 90 nm®/ion.
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Sputter Yields for Angiotensin II Films
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Figure 28: Sputter yield results for angiotensin II. All angiotensin II experiments were run once. Overall sputter yields are much less than Irganox 1010, arginine,
or haloperidol. 20 keV Ar,gy" primary ions sputter much less than 20 keV Cgy" or 20 keV (H,0)s0o" cluster ions. 20 keV Cq" or 20 keV (H,0)s00" cluster ions had
similar sputter yields.
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Sputter Yields for Silicon Samples
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Figure 29: Sputter yield results from silicon sputtering. All silicon sputtering experiments were performed once. Ar," cluster ions were not tested since previous
experiments performed in the lab showed no visible sputtering. Once again, sputter yields are greater when the kinetic energy is greater. 20 keV Cg, primary ions
also once again had the greatest sputter yields.
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6.4 Sputter Yield Discussion

6.4.1 Comparing (H,0)," and Ar," sputter yields for Irganox 1010.

Ar," and (H,0)," are both two newly discovered gaseous primary ions but
the above data suggests that the sputter yields produced by these ions are different.
While sputter yields are comparable for haloperidol and arginine films, there is a
large difference when Irganox 1010 and angiotensin II are sputtered. Further
evidence of the two beams’ differences can be seen in (Figure 1, page 32), where
water primary ions create as much as 50 times more secondary ions compared to
argon yields.

One way of comparing the two beams is by looking at each beam’s universal
sputtering yield plot. Previous research has shown that there is a universal equation
for sputter yields per primary ion (Figure 30), forming a linear regression when
sputter yield per numbers of atoms in the primary cluster (Y/n) is plotted against

energy per number of atoms (E/An) on a log-log plot.
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Figure 30: Log-log plot demonstrating the universal sputtering yield plot where Y/n is the sputter

yield per numbers of atoms in the primary cluster and E/An is energy per number of atoms. 103
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The Seah 2013 paper describing the universal sputter yield of argon provides
an excellent set of data for comparison. In Figure 31A (next page), Seah creates a
sputtering yield plot for argon sputtering on Irganox 1010. When we compare our
own water sputtering data on Irganox 1010 (Figure 31B), a similar line appears.
When we graph own argon and water sputtering data, we find that the water cluster

beam appears to have a higher sputter rate per nucleon than argon (Figure 31C).'”
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Figure 31: Universal sputter yield plots for argon and water cluster ion beams. (A) Seah 2013 data
plotting argon sputtering on Irganox 1010 with linear regression fitting. 103 (B) Our data plotting
water primary ions sputtering on Irganox 1010 for 10 keV (H20)500+, 10 keV (H20)2000+, 20 keV
(H20)500+, 20 keV (H20)2000+, and 20 keV (H20)4000+. In order to compare Seah’s argon results (A)
with our water results (B), the units must be slightly different. Seah’s data measures energy per
number of atoms in the cluster, i.e. At would have 2000 atoms in each cluster and so the energy
of each cluster would be divided by 2000. In order to accurately compare our data for water, which
consists of both hydrogen and oxygen atoms, I chose to graph Energy per water molecule in each
cluster, i.e. (H20)4000+ will have 4000 water molecules and so the energy of each cluster will be
divided by 4000. This insures that our comparison is per ion unit. This comparison is not to
determine a universal equation for the water cluster ion beam, but rather to demonstrate that our water
data also appears to follow a similar universal sputter yield trend. While (A) and (B) are graphed per
ion unit, they cannot be graphed on the same axes, thus for (C), our water sputtering data and our
argon sputtering data are graphed using the unit Energy per nucleon (i.e. the combination of neutrons
and protons within the atom or molecule — argon has 40 nucleons and water has 18 nucleons). (C)
shows that the water cluster ion beam has a greater energy per nucleon than argon.
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6.4.2 Comparing primary ion sputter yields of Arginine.

We can also use log-log plots to analyse C¢o" and water cluster ion beams.
The raw data (Figure 26) suggest that the sputter yield from the water cluster ion
beam is equal to or less than the sputter yields of the Cgo" primary ion beam at
similar kinetic energies. In arginine film experiments specifically, the Cqo and
water cluster ion beams behave similarly with the exception of 20 keV (H20)4000+
cluster ions, which sputtered three times less than the 20 keV Cq" primary ions.
When all the experiments using arginine film are plotted on the log-log plots (Figure
32, next page), the Ceo" primary ions sputtering appear on the top right, (H,0)s0"
cluster ions sputtering are in the middle, and (H,O)000" cluster ions sputtering can
be seen in the bottle left. These positions correlate to the “removal power” of each
nucleon within the cluster ion. A nucleon is the heavy particles that make up the
atom’s nucleus, which includes protons and neutrons — this provides a better
comparison than trying to compare a carbon atom and a water molecule. Table 7

calculates the sputtering per nucleon for the three experiments in Figure 32.

Experiment | Energy/nucleon | nm’>/ion | nm’/nucleon

20 keV Cego" 27.78 43.1 0.0599
20 keV (H20)s00" 2.22 35.7 0.0040
20 keV (Hy0)a000" 0.28 16.3 0.0002

Table 7: Calculating the nm*/ion nucleon for 20 keV Cg", 20 keV (H,0)s00", and 20 keV (H>0)4000 -
While each nucleon of a 20 keV Cg" primary ion beam removes 0.0599 nm’,
each nucleon of a 20 keV (H,0)4000 cluster ion beam removes 300 times less. This
means that in a tissue experiment, the water cluster ion beam would provide more
control over the amount of sputtering and the Cgo' primary ion beams provide

increased sputtering.
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Figure 32: Log-log plot of the Cg', Ar,", and (H,0)," cluster ions on an arginine film. Three
experiments are pointed to and the sputter yields of these three experiments are discussed above in

Table 7.

When this data is compared with the previous data for secondary ion
production on arginine films (Figure 10), it becomes clear that this increase in
secondary ions seen with (H,O),  cluster ions compared to Cgo' primary ions is not
due to an increased sputter yield, as (H,0), cluster ions sputter less than the Ceo"
primary ions experiments. Instead, this suggests that (H,O)," cluster ions induce an
increased yield of secondary ions through an unknown mechanism.

More recent secondary ion yields were measured again for arginine; this
time, using beam energies of 20 keV (Figure 33A, next page). Two secondary ions
for arginine were measured: 349 m/z: [2M+H]", an arginine dimer ion, and 523 m/z:
[3M+H]", an arginine trimer ion. These results demonstrate a similar increase in

secondary ion yields created by the water cluster ion beam. (H2O)s0o" and

80



(H20)2000" cluster ions have secondary ion yields 1.25 to 1.5 times greater than the
secondary ion yields of Cg" ions, but the secondary ion yields of (H2O)4000" are 2.5
to 3.5 times greater. Since each sputtering experiment received a 5 x 10'" jon dose,
we are able to predict the relative sputter yields for each experiment (Figure 33B).
This graph shows that (H2O)4000 cluster ion sputtering is only expected to remove a
quarter of the material that would be expected with Cgo" primary ion sputtering;
however, (HyO)000" cluster ion sputtering creates 10 to 14 times more secondary
ions than would be predicted, suggesting that the (H,O)," cluster ions form

secondary ions through a new method.
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Figure 33: Comparison of secondary ion yields with predicted sputter yields for 20 keV Cg", 20 keV
(H20)s00", 20 keV (H20)5000, and 20 keV (H,O)4000'. Each secondary yield experiment received
SE11 ion dose, and secondary ion yield is measured for the initial layer. Predicted sputter yields were
calculated by multiplying the applied ion dose by the sputtering rates calculated above in Figure 26.
The graphs illustrate that secondary ion yield rates of 20 keV (H20)4000+ are 10 to 14 times greater
than the secondary ion yield rates of 20 keV Cg,'". Secondary ion yields were measured by Dr. Sadia
Sheraz.
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These early studies provide a general sense that the increased secondary ion
yields seen in the water cluster ion beam are not due to the typically held
mechanisms of sputtering. Water, while mostly H,O, also contains varying
concentrations of 'OH, and H;O". It might be that these charged water species
induce increased ionisation by transferring or receiving free electrons and or
protons. Experiments will continue in the Vickerman laboratory to better describe
these increased secondary ion yields as well as to seek an explanation for this
increased rate of secondary ion production.

In choosing a cluster ion beam for tissue samples, three other factors needed
to be considered beyond secondary ion yields. The first was reproducibility. While
the water cluster ion beam gives more, and a larger range of, secondary ions, the
beam is still a prototype and was under development for a large part of my time.

The second issue to consider was tissue charging. The Ar," cluster beam was unable
to sputter cholesterol-rich portions of the brain without charging, thus leaving large
portions of images without signal. Finally, spot size needed be taken into
consideration. Both the water cluster ion beam and the argon cluster beam struggled
to obtain spot sizes smaller than 10-15 um, while the Cg" cluster ions could achieve
a spot size of better than 3.5 um. Thus, for the tissue experiments in the next
chapter, I chose to use the Cgo" cluster ion beam because it provided the best spot

size, the best reliability, and did not exhibit excessive charging.
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7. Mouse Brain Tissue Analysis
7.1 Tissue Staining and SIMS Analysis Introduction

7.1.1 Project Aims

After our study to determine the sputtering rates of the various ion cluster
beams, the project transitioned to tissue sample analysis. Brain tissue samples were
collected from triple transgenic mice designed to develop Alzheimer’s disease — the
3xTg-AD mouse model. While ToF-SIMS provides a picture of the lipid
distribution in these diseased tissues, the amyloid plaques cannot be seen since they
can be hundreds of thousands of kilodaltons and thus are outside the range of
detection. Further, if these proteins were analysed to determine a characteristic
fragment, there would be no way to determine if this characteristic fragment came
from a monomer or a vast neurotangle. Thus as part of my project, I set out to
determine a way of detecting the oligomers and large plaques using ToF-SIMS so
that these characteristic markers of Alzheimer’s disease could be correlated to the
lipid and metabolite localisation that is readily seen in ToF-SIMS analysis.

In a previous lab, I had used Thioflavin T to determine neurodegenerative
protein aggregation rates and thus knew that this molecule binds to oligomers and
larger aggregates and falls within the detection range of ToF-SIMS. Thioflavin T is
typically used to stain tissue and many protocols exist for its use, thus the
application to tissue was very easy. Finally, Thioflavin T exists as a salt with a
monoisotopic mass of 318.0957, composed of a Thioflavin T positive ion in
conjunction with chloride, making detection of Thioflavin T with positive ion SIMS

ideal.
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Early trials with Thioflavin T in ToF-SIMS found the secondary ions yields
to be excellent but the secondary ions overwhelmed the tissue images, thus the right
stain concentration had to be found. The ideal Thioflavin T staining concentration
and protocol were devised. Tissue samples were analysed, then stained, and then
analysed again, which allowed the correlation of areas of aggregation with the
unaltered pre-stain images.

In the last part of this chapter, I will briefly discuss the localisation of lipids
surrounding the amyloid plaques in a few of the samples that were analysed. While
the study correlating amyloid plaques with localised chemistry are only preliminary,
the method for detecting amyloid plaques has been established and will be used in

this laboratory in the future.

7.1.2 Previous Research

While the usage of SIMS for tissue analysis is widely utilised, the use of
tissue stains and SIMS has been limited. This dissertation might describe the first
instance of analysing a stain with ToF-SIMS in order to gain additional information
from the tissue. While there is no documentation concerned with the use of ToF-
SIMS to analyse a histological stain, there have been several previous papers where
tissue stains and ToF-SIMS images have been compared or overlaid. The first of
these is an article by Alain Brunelle in which he examines whether optical images
from the stained samples could be overlaid with images produced from ToF-SIMS
analysis.'”* Brunelle stained healthy rat brains with Hematoxylin and eosin in an
effort to correlate stained cholesterol deposits with the cholesterol secondary ions

seen using ToF-SIMS. The study, however, found that the two images could not be
84



easily overlaid due to distension in the tissue. The distension occurred as tissue
samples were imaged under high vacuum for ToF-SIMS, but under atmospheric
pressure for microscopic images. This variation in pressure, along with the
dehydration of the tissue that is experienced when the tissue is under a microscopic
light for an extended period of time, causes the tissue’s structure to be variable.
While the use of a fixation agent is designed to prevent this distension, Brunelle
shows that fixation agents caused a loss of signal in ToF-SIMS acquisitions. While
their goal to overlay ToF-SIMS acquisitions and histological stains was not
achieved, their work provided a framework for the experiments described in this
dissertation.

The Johansson group at the Karolinska Institutet in Stockholm, Sweden also
published a paper that used both ToF-SIMS and stains. This paper described the co-
localisation of cholesterol and amyloid-beta plaques in 18-24 month old triple

105 The cholesterol was

transgenic Alzheimer’s disease (3xTg-AD) mouse models.
imaged with a ToF-SIMS ION-TOF and the amyloid plaques were stained via p-
FTAA, an amyloidotropic fluorescent dye developed by the Johansson group. These
studies overlaid the ToF-SIMS and histological stains, demonstrating the co-
localisation of the stains and surrounding cholesterol. Their figure (next page)
depicting the ToF-SIMS cholesterol deposits (Figure 34A) and then with the added
overlay of the p-FTAA stain (Figure 34B) provides a convincing case for the co-

localisation of cholesterol and amyloid plaques in triple transgenic AD mouse

models.
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Figure 34: Johansson Group Image from published article demonstrating the co-localisation of ToF-

SIMS-identified cholesterol, m/z 369 (white arrow, A) and p-FTAA stained amyloid-beta aggregates
(blue spot, B).105

The Johansson paper does not comment on any problems with distention or
problems overlaying these two images. This paper provided an excellent benchmark
for the identification of amyloid plaques and an introduction to the chemistry

surrounding these plaques.
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7.1.3 Structure of the Mouse Brain

Amyloid plaques are most often found in either the isocortex or hippocampus

regions of the brain (Figure 35). These regions are surrounded by white matter that

is rich in lipids and cholesterol. While these regions can be initially difficult to
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Figure 35: Anatomical image of a sagittal cut mouse brain. 0

identify in SIMS and fluorescent microscopy images, identification is easier once the
white matter has been identified. The white matter has the appearance of a golf club
cradling the hippocampus and the isocortex is then found between the white matter
and the edge of the brain (Figure 36, next page). Figure 36A is a fluorescent
microscopy image where within the hippocampus the pyramidal neurons can be seen

(P2
S

forming a backwards shape.'”” It is within these neurons that hippocampus
aggregation occurs.'” Figure 36B is a ToF-SIMS image that shows a wider view so
that a large portion of the isocortex can be seen.

Once the structure of the brain has been determined, the identification of
plaque is the next step. Figure 37 (page 89) gives a demonstration of what a
Thioflavin-stained aggregate looks like on a fluorescent microscopy image. These

blotches of high fluorescent intensity are generally 20 um to 70 um in diameter
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depending on the age of the mice. Further, rarely are they perfect circles but rather

as a slowly added jumble resembling a nest, as can be seen in the electron

microscope image of an amyloid-beta aggregate in Figure 38 (next page).'”’

Pyramidal Isocortex

White Matter
Neurons

Hippocampus

Isocortex

Figure 36: Anatomy of the brain identifying the isocortex and hippocampus for A) fluorescent
microscopy and B) ToF-SIMS images.
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Figure 37: 3xTg-AD mouse model brain tissue stained with Thioflavin S depicting increased
fluorescent due to amyloid-beta aggregates found in the pyramidal neurons of the hippocampus.lo8

Figure 38: Electron microscope image of an amyloid-beta plaque demonstrating the stringy
109

aggregates forming clumping together to form a mesh-like structure.
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7.2 Tissue Analysis Experimental Design

7.2.1 Collecting Mouse Brain Samples

The model mice and wild-type mice used in this experiment were raised and
provided by Dr. Hervé Boutin. The triple transgenic mice, 3xTg-AD, have had three
genes modified with four point mutations inserted: APP (KM670/671NL), MAPT
(P301L), and PSEN1 (M146V). This widely used strain develops both extracellular

198119 The triple transgenic mice used in these

plaques and tangles after 12 months.
experiments were sacrificed after 15 months. Wild-type mice were not raised with
the 15-month 3xTg-AD mice, so instead 9-month wild-type mice were used, but
these were raised under similar conditions and regimens. Mice were allowed ad
libitum access to water and food and were raised under humidity, temperature, and
light-controlled conditions. All animal procedures were performed under the
University of Manchester project license number (40/3076) and adhered to the UK
Animals (Scientific Procedures) Act (1986).'"

Mice were deeply anesthetised with isoflurane and decapitated, and the brain
was snap frozen in isopentane at -40°C. The brains were stored in the -80°C
freezers for a few weeks until they were sectioned to 8 um using a cryostat in a
sagittal orientation and placed onto small silicon wafers. All sectioning took place at
-20°C. The silicon wafers with adhered tissue were placed into test tubes, sealed
with lids, and wrapped in parafilm to prevent water from seeping in and ruining the
samples. Samples were placed into a cooler with dry ice, quickly transported back
to the lab, and finally placed into an -80°C freezer until they were stained or

analysed.
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7.2.2 Staining Protocol Development

Before the analysis of the tissue could begin, the staining protocol first had to
be developed. The process of staining the mouse brains for amyloid plaques had to
overcome multiple obstacles. The first of these was to determine if a characteristic
secondary ion for Thioflavin T could be detected using ToF-SIMS. To determine
this, a film of pure Thioflavin T was made and then analysed. Thioflavin T (Sigma)
was dissolved in 100% ethanol. This solution was then filtered through a 0.2 um
membrane filter (Whatmann) and 5 mL was then added to an unwashed silicon
wafer. Instead of spin casting the film, the solution was allowed to sit for 20
minutes as the ethanol evaporated. Once dry, another 5 mL would be added and
then allowed to sit for 20 minutes. This was repeated once more for a total of 15 mL
of total volume added to the silicon wafer.

The newly formed film was then placed inside the J105 3D Chemical
Imager. The Thioflavin T film was analysed in positive ion mode. Since Thioflavin
T exists as a positive ion associated with a negative chloride ion, it was most likely
that the detection of Thioflavin T would be in positive ion mode. The film was
analysed with a 4.5 pm spot size and an ion dose of 2.18E12 ions/cm’, producing the
mass spectrum seen on the next page (Figure 39). While the Thioflavin T and
chloride conjugate has a monoisotopic mass of 318.1 Daltons, the Thioflavin T ion
has a monoisotopic mass of 283.1 Daltons. This mass of 283.1 m/z can be seen in
the spectrum below as the largest ion fragment [M-C1]", yet this was not the most
prolific secondary ion detected. Instead a secondary ion with the molecular mass of
267.1 m/z was by far the most abundant species. This secondary ion is most likely

created as a result of a loss of -NH; or —-CH4 group [M-Cl-NHz]Jr or [M-CI-CH4]+.
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Thus, the presence of two secondary ions, 267.1 and 283.1 m/z, indicate the

presence of Thioflavin T and thus the location of amyloid-beta aggregates.
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Figure 39: Mass Spectrum of Thioflavin T film. Experiment was conducted with the Cg," primary
ion beam, a 4.5 pum spot size, 11 pA, 500 shots, a tile 290 um x 290 pum, 64 pixels/square, and a 12%
Duty cycle for a total ion dose of 2.18E12.

After determining that the stain was detectable in ToF-SIMS, the next step
was to determine the best staining protocol. The first consideration of the staining
protocol was the concentration of the histological dye. While it was imperative to
stain the amyloid plaques sufficiently, over staining would cause an excessively
bright background. During an early experiment, a Thioflavin T stain concentration
of 0.02% was used to stain a triple-transgenic Alzheimer’s-diseased mouse brain.
The tissue was imaged prior to and after staining. The total ion image for pre- and
post-stains can be seen below in Figure 40. The post-stain image (Figure 40B) is

oversaturated due to an overly concentrated Thioflavin T stain. Even though the
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tissue is washed thoroughly, the small molecule is still in excess due to the high
concentration of the stain. Thus, a less concentrated stain of 0.002% was developed

which provided excellent differentiation, as seen in Figure 60.

Figure 40: Total Ion Images for pre (A) and post (B) 0.02% Thioflavin T staining of a triple
transgenic mouse brain, hippocampus region. A) Analysed with the C4o" primary ion beam, a spot
size of 7.8 um, a current of 10 pA, 250 um x 250 um tile size, 32 x 32 pixels, ion dwell was 200
shots, a 50% duty cycle, for a total ion dose of 2.05E12. B) Analysed with the Cg," primary ion
beam, a spot size of 7.8 pum, a current of 4 pA, 250 um x 250 pm tile size, 32 x 32 pixels, ion dwell
was 200 shots, a 75% duty cycle, for a total ion dose of 1.23E12.

Additionally, most staining protocols call for a fixation agent to be used to
prevent distension. This however was not possible since such fixation agent would
be everywhere in the tissue and would thus overwhelm the mass spectrum analysis,

104 Therefore,

leading to oversaturation or a loss of signal as described by Brunelle.
extreme care had to be taken to limit the damage to the tissue. A common means of
washing the tissue after staining is by placing the tissue under slowly moving water,

but without a fixation agent, this would result in the total degradation of the tissue.

Instead the tissues on silicon wafers were carefully placed into small glass tubes for
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all the washings. Some protocols called for very long washes but these were

shortened to maintain tissue integrity.''>'">

Instead of long washes as the literature

suggests, each wash was only performed for 1 minute, thus preventing tissue decay.
Another consideration was the concentration of the dehydration and washing

solutions. Most protocols call for dehydration and washes to be done in pure or very

concentrated ethanol for an extended period of time."'*'°

However, such strong
concentration of ethanol would dissolve the lipids and cholesterol when left to wash
for 20 to 30 minutes. This was something that could not be avoided. No matter how
short these washes were, most of the lipids would dissolve. Figure 41 compares the
cholesterol distribution in a wild type mouse brain prior to ethanol wash (Figure 41,
A) and then post ethanol wash (Figure 41, B). The cholesterol clearly has been
dissolved in the ethanol washes. Since a large portion of this study was to correlate
the lipid distributions to the location of the amyloid plaques, a procedure was
developed where SIMS would be performed before and after staining. Once the
location of the plaques was determined in the post-stain image, the pre-stained

images could be analysed on the computer to determine the lipid chemistry

surrounding the plaques.

A

Figure 41: Pre and post stains of wild type mouse brain, hippocampus region, looking at cholesterol
distribution (369 m/z). Tissue was stained as described in the next section, 7.2.2. Both tissue were
images with the Cg primary ion gun with a 7.7 um spot size, 22 pA, 250 um x 250 um tiles, 200
shots, 32 x 32 pixels, 24% duty cycle, 16 x 10 tiles for an ion dose of 2.16E12.
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While the presence of ethanol dissolves the lipids, ethanol was essential for
the washing away of unbound Thioflavin T from the tissue samples. If the ethanol
solution was too strong, this could contribute to the disintegration of the tissue, but if
the ethanol concentration were not strong enough, then oversaturation would occur.
Thus an appropriate concentration for the washes had to be determined.

Finding this proper balance in ethanol concentration required much trial and
error. So instead of staining and then analysing each trial with ToF-SIMS, a process
that would take 5 hours for each sample, the tissue would be stained and then
analysed with fluorescent microscopy, which only took minutes. Oversaturation and
under staining can both be easily recognised with florescent microscopy, which
allowed for a large number of trials. The concentration of ethanol washes ranged
from 0% (all water) to 100% in these trials. Figure 42 compares, the fluorescent
microscope images for two different wash protocols to illustrate the effect of
different ethanol concentrations. Figure 42A was washed first with 80% ethanol and
then 70% ethanol for 1 minute each, while Figure 42B was washed twice with 50%
ethanol for a minute each. The stain washed with 80% ethanol and then 70%
ethanol provides an excellent contrast between the stained plaques and the
background while the two 50% ethanol washes result in an oversaturated
background. Thus, the 80% ethanol and 70% ethanol one-minute washes were used
for the staining protocol in this project as they provided excellent differentiation but

were short and therefore preserved the integrity of the tissue.
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Figure 42: Fluorescent microscopic images of stained wild-type mouse brain, hippocampus region.
Both tissues were dehydrated in 70% ethanol and 80% ethanol each for 1 minute before being stained
in 0.002% Thioflavin dissolved in 80% ethanol for 8 minutes. A) This sample was washed in 80%
ethanol and 70% ethanol for 1 minute each before being rinsed twice in deionised water each for a
minute. B) This sample was washed twice in 50% ethanol for 1 minute each before being rinsed
twice in deionised water each for a minute.
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7.2.3 Staining Protocol

After initial ToF-SIMS analysis, samples were removed from the J105 3D
chemical imager and placed into a desiccator with a vacuum pump attached. The
samples were kept in the desiccator for an hour before they were removed. During
this time, the Thioflavin T solution was prepared. 0.01 grams of Thioflavin T was
dissolved in 80% ethanol to create a 0.02% Thioflavin T solution. A 1.5 mL aliquot
from the 0.02% Thioflavin T solution was then added to 13.5 mL of 80% ethanol to
form a 0.002% Thioflavin T solution. To remove undissolved micelles, the solution
was then filtered through a 0.2 pm membrane syringe into a new glass container.

After desiccation, the tissue was removed and placed into a solution of 70%
ethanol for 1 minute. Next it was placed into a solution of 80% ethanol for 1 minute
before being moved into the 0.002% Thioflavin T solution for 8 minutes. After the
staining, the tissue was a bright yellow and needed to be differentiated with washes.
The tissue was then placed into an 80% ethanol solution for a minute followed by
washing another minute in a 70% ethanol solution. Finally, the tissue was placed
into deionised water for 1 minute and then moved to another glass container of
deionised water and allowed to wash for an additional minute. After the washes
were complete, the tissue lost the majority of its colouring and was placed back into
the desiccation vacuum for an hour. Once desiccation had been completed, the
tissue was placed back into the ToF-SIMS for post-stain analysis.

Fluorescent imaging was carried out after the post-stain ToF-SIMS analysis.
All fluorescent imaging used the Olympus BX51 fluorescent microscope with a
FITC filter. Fluorescent images were captured by the computer program Olympus

Cell" and saved to a flash drive.
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7.2.4 SIMS Conditions

The 20 keV Cg' primary ion beam was used for all tissue analysis done in
this dissertation. Attempts were made with the Ar,  cluster ion beam, but the
charging with this beam was unable to be resolved. All tissue samples, whether
stained or unstained, were desiccated under vacuum for one hour prior to analysis.
The silicon with the tissue sample was secured to a copper sample stub by small
screws. This stub was placed into the ToF-SIMS sample prep and moved into the
analysis chamber using the Ionoptika automated sample handling. Once in the ToF-
SIMS analysis chamber, the current of the ion beam was measured in a Faraday cup
on the sample stub and then noted. Next, the spot size was determined by measuring
the edge of a mesh grid, which covered a different Faraday cup on the sample stub.
The spot size correlated to the size beam and the spot size thus would be the size of
the pixels (e.g. if the spot size was 7.5 um, then each pixel would be 7.5 pm). Once
spot size and current were determined, the optical gate was aligned on the edge of
the silicon wafer, but not on the tissue. The optical gate is the field of secondary
ions that is produced by sputtering. When the optical gate is aligned, this ensures
that the extraction field is directly above where the secondary ions are being
produced, which maximises secondary ion yields. After alignment, the optical gate
was checked on the tissue, either using very weak beam strength or on an unwanted
portion of the tissue. This was performed because the optical gate shifts as the
height of the sample changes and the tissue is slightly higher than the silicon wafer.
Finally, the stage bias was checked. The bias voltage was checked at several values

to determine which voltage resulted in the greatest secondary ion yields.
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Once the stage bias was determined, experimental conditions were set. The
total ion dose, which is the total amount of ions that impact each cm? of tissue, is the
most important to keep consistent from experiment to experiment because this
allows the secondary ion yields to be compared from tissue to tissue. In order to
keep the total ion dose consistent, there were several variables that could be
adjusted. The first of these was the current of the primary ion beam. If the beam
current were increased, this would cause an increase in total ion count. Additionally,
if the number of pixels per raster area were increased, this would increase the
number of shots and thus increase the total ion dose. Finally, the duty cycle could be
changed to control the total ion dose. The duty cycle controls how many ions are
being allowed to hit the sample (i.e. if the duty cycle is 50%, then the ion beam is on
for 50% of the time).

For the experiments described in this section, the total ion dose was
maintained as close as possible to 2.0E12 jons/cm”. The current ranged from 8 pA
to 22 pA and the spot size ranged from 4.5 um to 8§ um. The total shots were
maintained at approximately 200 shots, but in later experiments were increased to
500 shots. The duty cycle ranged the most extensively, from 15% to 80%, but this
was varied to maintain a consistent total ion dose. Pixels per rastered area generally
was 32 by 32, but this was dependent upon the spot size.

Early experiments imaged the entire mouse brain, but these would often take
8 to 16 hours, so later experiments focused only on the isocortex and the
hippocampal regions. Data collected from experiments were analysed using Image
Analyser, by which the total ion mass spectrum and individual ion images were
generated.
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7.3 Tissue Analysis Results

To determine if the stain was successful, the post-stained transgenic brain
tissue images were examined for high intensity spots of Thioflavin T’s secondary
ions of approximately 20 um to 70 um in size — correlating to amyloid plaques.
After seeing these on several of the stained transgenic tissues, the post-stained wild-
type tissue images were examined to demonstrate that these spots were something
truly unique to the transgenic mice brains. Finally, fluorescent images of the
transgenic mouse brains were taken to confirm that the high areas intensity area of
Thioflavin T secondary ions were in fact Thioflavin T. The first set of
representational images for the unstained wild type mouse brain (Figure 43-Figure

49) is presented below:
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WT Pre-Stain’

Total Ion Count

Figure 43: Total Ion Count for wild-type mouse brain anaylsis - hippocampus and isocortex regions shown. Pre-stain analysis was done with the following
parameters: Cgo' primary ion beam, spot size 7.8 um, current 10 pA, tile size 250 um x 250 pm, pixels 32 x 32, ion dwell 200 shots, duty cycle 50%, total ion dose
2.03E12 ions/cm”. A stage bias of 45 Volts was added to the sample. Analysis was done with Image Analyzer.
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Figure 44: The same sample as Figure 43, but image depicts the yields for the secondary ions with a mass-to-charge ratio of 125 m/z. This fragment is from the

phosphate head of phosphonosphingolipids. These phosphate heads are present throughout the hippocampus and isocortex regions, but very few are found in the
white matter.
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Figure 45: The same sample as Figure 43 &Figure 44, but image depicts the yields for the secondary ions with a mass-to-charge ratio of 184 m/z. This fragment is
a larger ion from the phosphate head of phosphonosphingolipids. Again these phosphate heads are present throughout the hippocampus and isocortex regions and
have a similar concentration as the 125 m/z fragments.
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Figure 46: The same sample as Figure 43-Figure 45, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 369 m/z. This secondary
ion is a fragment of chloestrol. Cholesterol is seen in high frequency in the white matter regions surrounding the hippocampus. Very little cholesterol is found in
the hippocampus or isocortex.
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Figure 47: The same sample as Figure 43-Figure 46, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 385 m/z. This secondary
ion is a larger fragment of cholestrol. This fragment is seen with less intensity in the white matter than was seen with the secondary ion 369 m/z, however there
does appear to be a greater frequency of this cholesterol fragment in the hippocampus and isocortex.
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Figure 48: The same sample as Figure 43-Figure 47, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 267 m/z. The secondary
ion with a mass-to-charge ratio of 267 m/z is the characteristic fragment for the Thioflavin T molecule as determined in earlier experiments. Areas of high intensity
are not seen, but rather diffused background.
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Figure 49: The same sample as Figure 43-Figure 48, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 283 m/z. This secondary
ion is the second most frequent fragment for the Thioflavin T molecule as determined in earlier experiments.
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These seven figures provide a baseline for all other experiments. The first
(Figure 43) provides the Total Ion Count, illustrating the frequency of all ions. The
dark area near the top left of this image is a cross section of the lateral ventricle, part
of the larger ventricular system in the brain that contains the cerebrospinal fluid. In
the image above, no cerebrospinal fluid remains, but instead what is seen in this
empty space is the silicon wafer below. Another area of darkness can be seen at the
bottom of the image; this is where the brain tissue ends and once again only the
silicon wafer is present. Areas of high intensity can be found in the white matter
surrounding the hippocampus and isocortex, correlating to the rich cholesterol
deposits found in this region.

Figure 44 & Figure 45 show the mass spectrum images for fragments of the
phosphate head of phosphonosphingolipids, 125 m/z and 184 m/z respectively. As
expected, the phosphate head of phosphonosphingolipids is plentiful in both the
isocortex and the hippocampus region. The distribution of the ions can be seen
throughout these two regions, but there might be some charging occurring near the
bottom edge of the sample. There is also a noticeable lack of phosphate head
fragments in the white matter surrounding the hippocampus — also an expected
result.

In Figure 46 & Figure 47, the single ion images, 369 m/z and 385 m/z
respectively, for cholesterol are presented. The frequency and distribution of these
ions are different than the fragments presented in Figure 44 & Figure 45. Here,
areas of high intensity are found in the white matter of the brain with a few diffuse

deposits of cholesterol appearing in the hippocampus region. The intensity of the
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369 m/z fragments is greater than that of the 385 m/z fragments, but these larger
fragments are less common when using the Cg” primary ion beam.

Finally, Figure 48 & Figure 49 are included to serve as a negative control, by
showing that no major ion fragment is present at 267 m/z or 283 m/z, which is
characteristic of Thioflavin T. While some background exists (most likely a less
common fragment of cholesterol), there are no intense secondary ion fragments at
this mass-to-charge ratio. Thus we are confident that fragments measured in stained
samples are truly Thioflavin T fragments, not background noise.

The next set of images (Figure 50 through Figure 53) are from the same
tissue that was seen in Figure 43-Figure 49, but these have been stained according to
the protocol described in section 7.2.3. This set of images serves as another control,
demonstrating that areas of high intensity are not seen when only the stain and no
aggregates are present. Finally, Figure 53 is a fluroescent image of this post-stain

sample, once again demostrating that no aggregates are present.
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Figure 50: Same tissue as Figure 43-Figure 49, but the tissue has been stained according to the stain protocol described in section 7.2.3. Total Ion Count for wild-
type mouse brain anaylsis - hippocampus and isocortex shown. Post-stain analysis was done with the following parameters: Cgo primary ion beam, spot size 7.8

um, current 19 pA, tile size 250 pm x 250 pm, pixels 32 x 32, ion dwell 200 shots, duty cycle 23%, total ion dose 2.02E12 ions/cm”. A stage bias of 40 Volts was
added to the sample.
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Figure 51: Same tissue sample as Figure 43-Figure 50, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 267 m/z - the
characteristic fragment of Thioflavin T. This tissue has been analysed post-stain but there are no areas of high intenisty, which is consistent with the expectation
that no amyloid aggregates would be present in the wild-type mice. This image was provided to illustrate that the stain is not responsible for production of areas of
high intensity secondary ions that are seen when amyloid-beta aggregates are present.
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Figure 52: Same tissue sample as Figure 43-Figure 51, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 283 m/z — the second
most abundant ion from Thioflavin T. Like the image above, only a background from the stain is seen and no areas of high intensity are found.
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Figure 53: Fluorescent microscopy image of the hippocampal region of the tissue used in Figure 43-Figure 52. Tissue was imaged as described above in section
7.2.3. No areas of fluorescent intensity (like are seen in Figure 37) are seen in this image. This lack of fluorescent intensity/amyloid plaques is to be expected since
this is a wild-type tissue sample.
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Figure 50 is a total ion count image of a stained wild-type mouse brain and
several noticeable differences can be seen when this is compared with the unstained
wild-type total ion count image in Figure 43. Unlike the pre-stain TIC images in
which the empty spaces in the tissue and the silicon wafer were dark, these areas are
bright in the post-stained images due to unwashed away Thioflavin T ions. When
this stain is compared to the stain in Figure 40, this staining protocol does not cause
oversaturation. Additionally, in this post-stain TIC image, the white matter of this
image is noticeably absent because the ethanol washes dissolved most of the lipids,
though the overall structure of the tissue is intact because the structural proteins of
the tissue do not dissolve.

In Figure 51 & Figure 52 of the post-stained wild type tissue, single ion
images are generated for 267 m/z and 283 m/z, respectively — both characteristic
fragments of the Thioflavin T stain. The purpose of these two mass spectrum
images is to illustrate that no areas of high intensity are present due to staining
process itself. Figure 53, the fluorescent microscope image of the same tissue,
illustrates that there are no amyloid aggregates present, as is expected in the control
sample. These three images serve as a negative control.

The next set of images (Figure 54-Figure 59), the triple transgenic mouse
models (3xTg-AD) pre-stained tissue are analysed. These images will be compared
to the stained 3xTg-AD tissue samples to see if any abnormal lipid distribution is

seen surrounding the amyloid plaques.
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Figure 54: Total Ion Count for 3xTg-AD mouse model brain anaylsis - hippocampus and isocortex shown. Pre-stain analysis was done with the following

parameters: Cgo' primary ion beam, spot size 4.5 um, current 12 pA, tile size 290 um x 290 pm, pixels 64 x 64, ion dwell 500 shots, duty cycle 12%, total ion dose
2.19E12 ions/cm®. A stage bias of 40 Volts was added to the sample.
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Figure 55: The same sample as Figure 54, but image depicts the yields for the secondary ions with a mass-to-charge ratio of 125 m/z - a fragment from the

phosphate head of a phosphonosphingolipid. Once again, these phosphate heads are present throughout the hippocampus and isocortex regions, but very few are
found in the white matter.
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Figure 56: The same sample as Figure 54 & Figure 55, but image depicts the yields for the secondary ions with a mass-to-charge ratio of 184 m/z. This fragment is
a larger ion from the phosphate head of a phosphonosphingolipid.
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3xTg-AD Pre-Stain

Figure 57: The same sample as Figure 54-Figure 56, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 369 m/z - a fragment of
cholesterol. As in the wild-type tissue, the cholesterol is seen in high frequency in the white matter regions surrounding the hippocampus. The 3xTg-AD tissue
does however have less cholesterol in the hippocampus or isocortex than the wild-type tissue.
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Figure 58: The same sample as Figure 54-Figure 57, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 385 m/z. This secondary
ion is a larger fragment of cholesterol, but a less frequent secondary ion when compared to the cholesterol ion with a charge-to mass ratio of 369 m/z.
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3xTg-AD Pre-Stain

Figure 59: Same tissue sample as Figure 54-Figure 58, but this image depicts the yieids for the secondary ions with a mass-to-charge ratio of 267 m/z - the
characteristic fragment of Thioflavin T. This a control showing that no areas of high intenisty can be seen prior to staining.
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Figure 54 depicts the total ion count for the unstained 3xTg-AD mouse
model brain tissue and the characteristic white matter can be clearly seen. This
sagittal section was made closer to the midline of the brain than in the wild-type
brain sample (Figure 43), which explains why the shape of the hippocampus and
white matter appear slightly different and why the lateral ventricle is not seen. There
is no evidence to suggest that either the medial or lateral portion of the hippocampus
has an increased propensity to aggregate, so the depth of the sample should not
matter.

In the single ion images for the 125 and 184 m/z fragments (Figure 55 &
Figure 56, respectively), there appears to be very little variation when these are
compared to the corresponding wild-type single ion images (Figure 44 & Figure 45).
A similar ion distribution is seen and the intensity decreases as it nears the edge of
the sample, most likely due to a bit of charging.

In the single ion images (Figure 57 & Figure 58) for cholesterol fragments,
369 m/z and 385 m/z, there appears to be a decrease in the frequency of cholesterol
fragments in the isocortex and cortex. While several cholesterol deposits can be
seen in the wild-type tissue samples (Figure 46 & Figure 47), they are notably absent
in these mass spectrum images. The dispersed scattering of fragments in the bottom
right corner correspond to the silicon wafer and might have been due to a bit of
smudging when the tissue was placed on the silicon wafer.

Finally, Figure 59 gives the single ion image for characteristic fragment for
Thioflavin T, 267 m/z, demonstrating once again that in this particular tissue, there

are no corresponding fragments that could produce a false positive.
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In the final set of images (Figure 60 - Figure 62), the stained 3xTg-AD
tissues will be presented, demonstrating the areas of aggregation. Following these,
the fluorescent image in Figure 63 shows that there appears to be aggregation
present in this sample. Finally in Figure 64 & Figure 65, the fluorescent microscopy
image will be overlaid onto the single ion mass spectrum images to illustrate the co-

localisation of the stain.
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Figure 60: Same tissue as Figure 54-Figure 59, but the tissue has been stained according to the protocol described in section 7.2.3. Total Ion Count image of 3xTg-
AD mouse model brain anaylsis - hippocampus and isocortex shown. Post-stain analysis was done with the following parameters: C¢," primary ion beam, spot size
4.5 pm, current 11 pA, tile size 290 pm x 290 um, pixels 64 x 64, ion dwell 500 shots, duty cycle 13%, total ion dose 2.18E12 ions/cm’. A stage bias of 40 Volts
was added to the sample. As was seen in the wild-type tissue, the ethanol washes dissolved most of the lipids resulting in less pronounced white matter.
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3xTg-AD Post-Stain

Figure 61: Same tissue sample as Figure 54-Figure 60, but this image depicts the yields for the secondary ions with a mass-to-charge ratio of 267 m/z - the
characteristic fragment of Thioflavin T. The small dots of greater intensity are believed to be areas where Thioflavin T has bound to amyloid-beta aggregates and
the increased concentration of Thioflavin T produced an increased secondary ion yield in those locations. The aggregates range in size from 50 pm to 20 um in
diameter. Fluroescent imaging was used to confirm that these were aggregates (shown in Figure 30).
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Figure 62: Same tissue sample as Figure 54-Figure 61, but this image depicts the yieids for the secondary ions with a mass-to-charge ratio of 283 m/z — the second
most abundant ion from Thioflavin T. As in Figure 61, aggregates are seen in the isocortex but with less intenisty. This lesser intensity is due to the fact that this
particular ion is a less abundant fragment of Thioflavin T. The co-localisation of these secondary ions provides further evidence that these areas of intensity
correlate to Thioflavin T ions bound to amyloid-beta aggregates.
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Figure 63: Fluorescent microscopy image of the tissue sample from Figure 54-Figure 62 — hippocampus and isocortex regions. Tissue was imaged as described in
section 7.2.3. Several areas of fluorescent intensity are seen in this image corresponding the location of amyloid plaques. Image is a composite of several images
stitched together to form a single larger image of the tissue.
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Figure 64: Overlay of Thioflavin T characteristic fragment 267 m/z mass spectrum image and fluorescent microscopy image. Distension is strongly evident
between the two images, thus overlays were very difficult to attempt. Brunelle describes this same problem in his 2013 H&E paper where SIMS images and

microscopic images could not be overlaid due to variability in the tissue structure.' !
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Figure 65: Adjusted overlay of Thioflavin T characteristic fragment 267 m/z mass spectrum image and fluorescent microscopy image. Images were stretched to
align the likely areas of fluorescent intensity with secondary ion intensity. Even this process failed to align the intensity areas at the top right.
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Figure 61 & Figure 62 depict areas of high secondary ion intensity in the
isocortex for the characteristic fragments for Thioflavin T, which range in size from
20 um to 50 um. Both the size and location of the amyloid plaques correspond with
expectations. The three negative controls (Figure 48, Figure 51, and Figure 59) were
analysed along with the experiment for ions with a mass-to-charge ratio of 267 m/z
to determine whether the areas of high intensity were artifacts of the stain or the
tissue.

Figure 45, a wild-type image prior to staining, demonstrates that no other ion
is found in high quantities in an unstained healthy tissue. Figure 51, a wild-type
image after staining, illustrates that in a stained healthy tissue the stain wash
removes the majority of Thioflavin T molecules, leaving only a slight background,.
Finally, Figure 59, a transgenic image prior to staining, argues that this particular
tissue has no other ions in high concentrations with a mass-to-charge ratio of 267
m/z before staining. Thus, these areas with high concentrations of Thioflavin T
secondary ions (mass-to-charge ratio of 267 m/z) are most likely due to the binding
of Thioflavin T to amyloid-beta plaques.

The fluorescent images support the hypothesis that these areas of intensity
are in fact fluorescent Thioflavin T. While the distension in the tissue prevents a
perfect overlay (Figure 64), if the images are stretched and reduced to account for
the distension, the areas of high intensity in the two images correlate better (Figure
65). When the fluorescent images from the wild-type tissue (Figure 53) and
transgenic tissue are compared (Figure 63), the splotches of fluorescent intensity of
the Thioflavin T are abundant in the transgenic tissue indicating the presence of
amyloid-beta plaques, and these intensities are not seen in the wild-type tissue. So
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while the overlay of the two images is difficult, there clearly are areas of fluorescent
and Thioflavin T secondary ions intensities found in the transgenic tissue that are
absent in the wild-type tissue.

The introduction to this chapter discussed an article by the Johansson group
that demonstrated co-locations of amyloid aggregates and cholesterol clusters in 18-
24 month triple transgenic mice samples. This co-location is not seen in 15-month
triple transgenic mice. Despite using the same technique to determine the location of
the cholesterol deposits, the two findings are disparate. The cholesterol distribution
for the transgenic mouse (Figure 46 & Figure 47) is more comparable to the
cholesterol distribution of the wild-type mouse samples (Figure 57 & Figure 58)
than to the cholesterol distribution described by the Johansson group (Figure 34).

Finally, the ToF-SIMS images support the hypothesis that the ethanol washes
remove lipids from the tissue samples. This can be seen when Figure 54 and Figure
60 are compared or when Figure 43 and Figure 50 are compared. These images of
the total ion count (TIC) show a drastic reduction in white matter intensity after
staining has occurred. While lipids appear to have been removed, there does not
appear to be any major structural damage to the integrity of the tissue when pre- and

post-stained tissue images are compared.
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7.4 Tissue Analysis Conclusions

The struggle to compare the results from the ToF-SIMS analysis and
fluorescent imaging supports the purpose of this dissertation, as distension and
struggle adjusting overlays would not occur if the amyloid plaques were able to be
detected only using ToF-SIMS. The disparate pressure conditions used in each
technique account for the challenge to overlay the two results: during ToF-SIMS, the
tissue is under a high-pressure vacuum, but during fluorescent imaging it is under
atmospheric pressure which can cause stretching and shrinking. Additionally, the
fluorescent light of the microscope can become quite hot, further dehydrating and
shrinking the tissue. Thus, as Brunelle states in his 2013 paper, the method of
overlaying microscopy images and ToF-SIMS images is quite flawed.'"*

Another disadvantage when comparing fluorescent microscopic images with
ToF-SIMS images is the issue of depth of view for each image. ToF-SIMS provides
data only from the very top layer of the tissue, but microscopy provides a depth of
view as thick as the sample. This is evident in Figure 63 where many splotches of
fluorescent intensities can be seen on the left side of the image, but these do not
appear in the ToF-SIMS analysis. It is likely that these aggregates are below the
surface, in deeper parts of the 8 um thick tissue section. Thus when microscopic
images and ToF-SIMS images are compared, they do not produce identical results
because microscopy images add an additional depth that is not present in ToF-SIMS
images.

The case must then be made for comparing two ToF-SIMS images. In the

protocol put forward in this dissertation, the tissue samples are imaged under high
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vacuum, stained under atmospheric pressure with ethanol that washed away many of
the lipids, and finally placed back into the high vacuum and imaged once more. The
question becomes: Can the images prior to and after staining and washing be
overlaid accurately? Figure 66 demonstrates that these two images are in fact quite
aligned and could be easily overlaid. The same tile from each image was pulled out
to demonstrate that, even though lipids have been washed away during the staining,
the structure and form of the tissue remains very good. Thus the method laid out
within this dissertation is a viable and not compromised by distension and variations

in depth of view.

?. 1% :

TIC Pre-Stain

TIC Post-Stain

Figure 66: Comparison of pre- and post- stained images demonstrating the consistent alignment even
after washings under atmospheric pressure. A tile from the same location was blown up on the right,
demonstrating the structure and form of the tissue to be consistent.

After determining the location of the aggregates, the mass spectra from the

pre- and post-stained tissues can be analysed to determine if there exist noticeable
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differences between areas with and without plaques. Figure 67 compares the TIC
mass spectra between a tile with an aggregate and a control tile, using the pre-
stained sample. The spectra are aligned so that any ions present in one but not the
other can be easily identified. Interestingly, these spectra appear to be mirror images
of each other. This lack of difference could imply that the fragments of the amyloid-
beta plaques are still too large for detection. Further, perhaps the local chemistry
surrounding the plaques is not substantially different from the chemistry of the rest

of the unaffected isocortex.

TIC Mass Spectrum Comparison for Pre-Stained sample
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Figure 67: Comparison of pre-stained ToF-SIMS TIC Spectrum for aggregate and control tiles. Image
on the top right is the TIC image of the pre-stained tissue. The location of the amyloid plaques is
overlaid onto the image to illustrate that the aggregate tile does indeed have aggregates present.
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The same comparison can be made for the post-stain sample (Figure 68).
Once again, no new ions appear when the aggregate and control tiles are compared.
However, as expected, there are larger peaks for 267 m/z and 283 m/z ions because
these ions are found in much greater concentration in the aggregate tile since this is

where the Thioflavin T bound to the amyloid aggregates.

TIC Mass Spectrum Comparison for Post-Stained sample
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Figure 68: Comparison of post-stained ToF-SIMS TIC Spectrum for an aggregate tile and a control
tile. Image on the top right is the TIC image of the post-stained tissue. While there are no new ions
present, the aggregate tile has greater counts for 267 m/z and 283 m/z ions.
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Another interesting finding when comparing the images and the spectra is the
lack of cholesterol surrounding the aggregates (Figure 67 & Figure 69). The
spectrum in Figure 67 shows no increased frequency in this region. When the
images are compared side by side in Figure 69, no cholesterol deposits appear

surrounding the plaques, despite the suggestions from the Johansson Group paper.'”

Cholesterol (369 m/z)

Thioflavin T (267 m/z)

Figure 69: A pre-stained cholesterol image compared with a post-stained Thioflavin T image,
illustrating that cholesterol deposits were not found around the plaques for 15 month old mice.

It could be that the high concentration of phosphonosphingolipids in this region of
the isocortex (Figure 55 & Figure 56) suppresses the secondary ions produced by
cholesterol. Yet if this is the case, then this same repression should have been seen

in the paper by the Johansson Group since they also used ToF-SIMS to determine
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the location of the cholesterol. Could it be that these cholesterol deposits are
dependent on the age of the mice? The Johansson group used triple transgenic mice
that were 18-24 months, while the triple transgenic mice used in these experiments
were 15 months. Amyloid aggregates can be present in the human brain for 20 years
prior to the symptoms of Alzheimer’s disease. It is possible that the symptoms of the
disease may occur only once these cholesterol deposits are present. This is of course
wild speculation, but these are at least questions that future projects can investigate.
Another potential future project could look at the use of antibodies to identify
particular proteins in tissue samples. If one could find a secondary antibody with a
unique fragment, then one could identify any protein using this method. For such a
project, the tissue would first be analysed, then a primary antibody would be used to
bind to the protein of interest, followed by the addition of the unique secondary
antibody to bind the primary antibody. The tissue would be analysed again and
wherever the characteristic fragment for the secondary antibody is present, this
would identify the location of the protein of interest. This would allow the detection
of many different molecules and a unique stain would not have to be first identified.
This project presented a helpful protocol that hopefully will be used in this
lab going forward. The ability to detect the amyloid-beta aggregates enables the
study of metabolite and lipid co-localisations that might be present or absent in the
diseased brain. This type of protocol could be used for many different proteins,

amino acids, or even specific lipids, thus expanding the use of ToF-SIMS detection.
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