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Abstract of the Dissertation

The Involvement of Metal lons in Alzheimer’s Disease Pathology and
Implications for Diagnosis and Treatment
by
Andreana Charlotte Leskovjan
Doctor of Philosophy

n

Biomedical Engineering

Stony Brook University

2009

Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder and is by
far the most prevalent form of dementia in the U.S. Physically, it is characterized by
cortical atrophy, neurodegeneration, and the accumulation of neurofibrillary tangles and
amyloid beta (AP) plaques in the cortex and hippocampus. Imbalances of metal ions
such as iron (Fe), copper (Cu), and zinc (Zn), which are present in the brain normally,
have also been observed in AD brain, but the role of metal ions in the manifestation of
the disease remains unclear. Therefore, the goal of this dissertation was to determine
how metal homeostasis in the hippocampus, cortex, and in amyloid plaques is affected in
a PSAPP transgenic mouse model of plaque formation in AD as a function of age.

We examined plaques in PSAPP at four time points representing four stages of
plaque formation in AD, from pre-AD to late-AD. Results showed that Cu and Fe were
not elevated in the mouse plaques at any time point, but were elevated in Zn at the late-
AD time point. This is in contrast to endstage human AD plaques, which were enriched
in all metals, but especially Cu. Since Cu can be neurotoxic, this finding may explain the
lack of severe neurodegeneration in PSAPP mice that is a signature of human AD.

We then examined the metal ion content in the cortex and hippocampus, two
regions affected by plaque formation in human AD, in PSAPP mice as they aged.
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Results showed that in both the hippocampus and cortex Zn was elevated only at the late-
AD time point. Since the plaques were also elevated in Zn only at the late-AD time
point, this implies that Zn is not involved in plaque formation, but could hold a protective
role.

Interestingly, even though Fe was absent from the PSAPP plaques, the Fe content
in both the cortex and hippocampus was increased from early time points. Thus, the lack
of Fe in plaques implies that the elevated Fe observed in non-plaque tissue arises not
from an interaction with A, but from some other mechanism. For example, increased Fe
could result from disruption in the expression of other brain Fe regulatory, transport, or
storage proteins. Since excess Fe can contribute to lipid peroxidation and damage to
unsaturated lipids in the brain, we also examined the unsaturated lipid content of the
hippocampus. We found that the changes in Fe content in the hippocampus were
accompanied by reduced unsaturated lipid content in hippocampal white matter, which
may be evidence for lipid peroxidation.

Taken together, these results suggest that early increases in Fe and damage to
white matter reflect pathological changes related to plaque formation in PSAPP mice and
that Fe deposition could be a promising biomarker to predict early plaque deposition.
Moreover, the absence of Cu and Fe in PSAPP plaques, which are abundant in human
plaques, provides a solid path to follow for future research to identify target for drug

development or metal-targeted therapy.
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CHAPTER 1

INTRODUCTION

1.1 ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is an irreversible, progressive neurodegenerative
disorder affecting approximately 4.5 million Americans and is by far the most prevalent
form of dementia [1]. Clinically, it is characterized by memory loss, changes in
personality and behavior, cognitive decline, and eventually death [2]. Physically, it is
characterized by cortical atrophy, cellular degeneration, neuronal loss, and the presence
of intracellular neurofibrillary tangles and extracellular amyloid plaques [2, 3]. Despite
significant advances in understanding the molecular mechanisms of the disease, the
cause, a cure, or even a conclusive pre-mortem diagnosis, remains elusive.

AD is the third most common cause of death and the most common cause of
dementia among people age 65 years and older with 3% prevalence for those 65-74 years
old, 18.7% for those 75-84 years old, and 47.2% for those over 85 years old [4-6]. As a
direct consequence of improved life expectancy and current trends, by 2050, an estimated
13 million Americans will be diagnosed with AD [7]. In addition, patient care is
estimated to be over $100 billion [8] with individual costs estimated at $174,000,
according the Alzheimer’s Association. Thus, its effect on the individual as well as their
families and the health system is devastating.

AD begins slowly with mild forgetfulness and loss of interest, energy, and ability
to make decisions. During the mild stages of the disease, memory loss and confusion
become more apparent, behavior may become inappropriate, and assistance to complete
certain tasks may be required. At the final stage of the disease, the individual loses all
ability to care for themselves and needs total assistance for daily activities. People with
AD live an average of 8 years after diagnosis but may survive up to 20 years. Currently,

diagnosis of AD is made by clinical, neuropsychological, and neuroimaging assessments



showing impairment in memory and cognitive decline and the absence of other
diagnoses. However, these approaches are only 90% accurate in the mid- or late-stages
of the disease [2]. A definitive diagnosis of AD must await microscopic examination of
the brain upon autopsy.

There is no cure for AD and the only treatments available are palliative and aim to
improve cognitive and behavioral symptoms associated with AD. Currently, four
cholinesterase inhibitors have been approved for the symptomatic treatment of AD:
tacrine (rarely prescribed now), donepezil, rivastigmine, and galantamine. These drugs
work by blocking the breakdown of acetylcholine, a neurotransmitter important to
cognitive function. Memantine, an NMDA receptor antagonist, works by inhibiting
glutamate activity and has also been approved for the treatment of moderate to severe
AD. However, none of these medications halt, delay, or reverse AD and appear to be

effective only for about 6 months to a year.

1.2 NEUROPATHOLOGY OF AD

The primary neuropathological features of AD are gross cortical atrophy,
widespread cellular degeneration, neuronal loss, and the presence of neurofibrillary
tangles (NFTs) and amyloid plaques, found mainly in the hippocampus, entorhinal
cortex, and some arcas of the neocortex [3, 9]. Various other disorders are also
characterized by NFTs (Kuf’s disease, frontotemporal dementia) and amyloid plaques
(Down’s syndrome, Creutzfeldt-Jakob disease), but it is the appearance of both features
that define AD. Although, the mechanism for the development of these abnormalities is
unknown, they are presumed to be responsible for neuronal death and loss of brain
function [10].

NFTs are composed of a protein called tau, a normal constituent in microtubules,
which provides support and shape to cells and also transport routes for nutrients and other
cellular components. In AD, tau is abnormally phosphorylated to form NFTs, which are
most apparent in the hippocampus [2]. Though not always directly correlated to amyloid
plaque burden, recent research has shown that NFTs may be related to severity of
dementia, suggesting an integral role in AD [11]. It has also been shown that
hyperphosphorylated forms of tau can aggregate and prevent binding to microtubules,

leading to degradation of the cytoskeleton and neuronal death [12].
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Amyloid plaques are primarily composed of a small 39-43 amino acid protein
called amyloid beta (AB), which is derived from the proteolytic cleavage of a larger
transmembrane glycoprotein, the amyloid precursor protein (APP), by 8 and y secretases
[3]. P-secretase first cleaves APP extracellularly, forming the N-terminus, and y-
secretase then cleaves APP in the intramembrane domain, creating the C-terminus. The
two most frequently produced peptides are AB40, composed of 40 residues and found
mostly in cerebrospinal fluid and vasculature, and AB42, composed of 42 residues and
the main component of amyloid plaques [13]. However, both AB40 and AB42 are
capable of aggregation, but through different pathways [14]. One suggestion is that
AB42 is deposited first as diffuse plaques, which then acts as a seed for AB40
accumulation [15].

Another protein, apolipoprotein E, has also been shown to be involved in AD and
interacts directly with AB. While in its normal form it protects against oxidative damage
and is involved in neuronal repair mechanisms [16]. The presence of the &4 allele,
accounting for 15% of all allelic variants, has been shown to increase the risk of AD by

four times [2, 17] and is also associated with increased risk of cell death [18].

1.3 GENETICS OF AD

Most AD cases occur sporadically and develop after age 60, but about 5% of
cases are early-onset and develop before age 60. Though far less common, the early-
onset form shows strong genetic linkage and could provide insight into disease etiology
[19]. To date, mutations in three genes have been linked to familial autosomal dominant
AD: the APP gene, the presenilin 1 (PS1) gene, and the presenilin 2 (PS2) gene [20].
Apolipoprotein E (ApoE) with the €4 allele has been identified as a genetic risk factor for
late-onset sporadic AD [17]. All four of these genes have been linked to increased
production and accumulation of AP peptides, even before AD symptoms arise [3].

The function of APP is not known, but a significant amount of work suggests a
role in cell signaling copper homeostasis [21, 22]. Mutations of the APP gene are located
either before the B-secretase cleavage site, after the a-secretase cleavage site, or near the
y-secretase site, demonstrating a direct effect on APP processing and AP formation [3].

For example, the “Swedish” mutation occurs at the two amino acids immediately before



the P-secretase cleavage site and makes APP a better substrate for -secretase. This
decreases APP processing by the a-secretase pathway and increases production of both
AP40 and Ap42 [3].

Presenilin knock-out mice have shown that the presenilin protein is involved in -
secretase activity [23] and could actually be y-secretase itself [24]. Mutations in the PS1
and PS2 genes occur on chromosomes 14 and 1, respectively [25] and the earliest and
most aggressive form of AD is thought to be caused by PS1 mutations [3]. These
mutations lead to subtle changes in y-secretase cleavage specificity that increases Ap42
production.

ApoE is normally a lipid carrier protein involved in the transport of cholesterol
and phospholipids. The ApoE gene is encoded on chromosome 19 and exists in three
allelic variants. The €4 variant is thought to be a major genetic risk factor for the more
common late-onset AD and may also be involved in oxidative damage in the brain [17,
26]. It is thought that this isoform enhances the deposition of AP, particularly AB40, in

the cerebral cortex as well as the microvasculature [3].

1.4 HYPOTHESES ON THE CAUSES OF AD

Although, the exact cause of AD is unknown, a number of theories have been
proposed to explain the pathogenesis of AD. The Amyloid Cascade Hypothesis [27, 28]
is the dominant theory and states that the pathological changes observed in AD, such as
synaptic dysfunction, microgliosis and inflammation, and neuronal loss are a result of
aberrant APP processing which leads to an imbalance between the production and
removal of AP [2]. This theory has been supported by genetic data indicating that four
different genes associated with A} production are involved in the pathology of AD [29].
These include APP gene mutations on chromosome 21, presenilin 1 and 2 mutations on
chromosomes 14 and 1, respectively [25, 30], which all lead to increased levels of AB in
the brain [2]. In addition, individuals with Down’s syndrome also develop amyloid
plaques and exhibit AD-like pathology [31].

More recently, the Dual Pathway Model was introduced [32], which suggests an

additional mechanism linking AP and tau in late-onset AD. Specifically, it is



hypothesized that common upstream drivers cause both elevation in AP and tau
hyperphosphorylation through independent but parallel mechanisms.

Finally, the Metals Hypothesis of Alzheimer’s Disease describes a theory in which
it is the interaction of AP with specific metal ions, such as Cu and Zn, that drives A}

toxicity and AD pathogensis [33].

1.5 AB STRUCTURE CHARACTERIZATION

The formation of AP, even the deposition of diffuse plaques, is a normal cellular
process, but in AD the peptide misfolds and aggregates to form dense plaques in specific
regions of the brain [2]. Exactly how and why this misfolding occurs is still unknown. It
was initially assumed that insoluble AP fibrils were the neurotoxic agent in AD [34].
Although all AR fibrils and their precursors are assumed to be toxic to some extent,
diffusible, soluble AP oligomers rich in -sheet, but not monomers or insoluble fibrils,
have been shown to be most toxic to cultured neurons and are thought to be responsible
for the neurotoxicity and synaptic dysfunction present in AD [35, 36]. However, the
inhomogeneity and metastable nature of the AP species makes identification of
pathogenic states difficult [37].

AP structure characterization has primarily been accomplished through the use of
electron microscopy (EM) and atomic force microscopy (AFM). EM has shown that
amyloid fibrils are composed of multiple protofibrils wrapped around each other, forming
a crossed beta-pleated sheet [38]. Recently, high resolution AFM was used to
characterize AP42 dimers and tetramers [39]. This study proposed a model in which the
AP monomer is a B-hairpin, which forms dimers with dimensions of 2 nm x 6 nm x 1 nm
by inter-strand hydrogen bonding. However, nearly all studies investigating the structure
of AP fibrils are done in vitro and it is widely accepted that the solution conditions are
critical to the experiment. This means that AP acquires different structures depending on
the solution environment [40-42]. In addition, although the fibril structure has been well
characterized, the mechanism of the conformational transition is not fully understood and

it is also still not known what the role of each A} assembly is in vivo [43].



Other studies have shown how pH can affect the structure of AfB. For example,
APBA40 forms tetramers and dimers at physiological pH, while at pH 5 it forms protofibrils

and fibrils [44]. This suggests the role of an acidic environment in the brain in AD.

1.6 POLYUNSATURATED FATTY ACIDS AND OXIDATIVE STRESS IN AD

Polyunsaturated fatty acids (PUFAs) synthesized from ®-3 and -6 essential fatty
acids are key structural components of phospholipid membranes and are critical for brain
growth, membrane fluidity, signal transduction, and visual and cognitive development
[45]. Normal brain function depends on maintaining homeostatic concentrations of
PUFAs both during development and throughout life [45]. However, impairments in
PUFA metabolism have been implicated in many neurological diseases, including
Alzheimer’s disease (AD). For example, blood levels of the ®-3 PUFA docosahexaenoic
acid (DHA) were found to be lower in AD patients compared to control subjects without
cognitive impairment [46]. Levels of DHA and arachidonic acid in the brains of AD
patients were also shown to be lower than in control patients [47]. Furthermore, lower
levels of DHA were associated with the loss of post-synaptic proteins in dendrites in a
transgenic mouse model of AD [48]. DHA also reduced amyloid burden in cell culture
[49] and in transgenic mouse models of AD [50, 51], possibly by inhibiting the
amyloidogenic pathway or by upregulating AP clearance mechanisms.

The brain is particularly vulnerable to oxidative attack because it has a high rate
of oxygen consumption, it contains a relatively poor level of antioxidants, and neuronal
cell membranes are enriched in polyunsaturated lipids, which are readily attacked by free
radicals, becoming oxidized into lipid peroxides [52]. Both in vitro and in vivo studies
have shown that oxidative stress to neurons induced by reactive oxygen species (ROS)
such as hydrogen peroxide, nitric oxide, superoxide, and hydroxyl radicals, is presumed
to be a key event in the pathology of AD and might contribute to amyloidogenesis and
neuronal degeneration. In fact, oxidative damage is one of the earliest events in AD [53].
Oxidative stress in AD is demonstrated by increases in protein oxidation marked by
elevated protein carbonyls and nitrotyrosine; lipid peroxidation, marked by elevated
levels of thiobarbituric acid, isoprostanes, and 4-hydroxy-2-neonenal (HNE); DNA and
RNA oxidation marked by increased 8-hydoxy-2-deoxyguanosine and 8-



hydroxyguanosine (8-OHG); sugar modification, marked protein glycation and
glycoxidation; and reactive oxygen species formation [54, 55]. Lipid membrane
peroxidation is caused by the conversion of the superoxide anion to hydrogen peroxide,
inducing continuous cellular damage over time [56]. Damage to lipid membranes is
highly correlated with amyloid plaque and NFT formation in AD [57]. Oxidative stress
may also contribute to AP accumulation by generating modified A} species prone to
aggregate and resistant to clearance [56, 58-60]. On the other hand, plaque formation
may be a protective response to free radical generation and serve to trap reactive products
of oxidative stress [55].

Neuronal damage and death can also induce glial activation and a localized,
detrimental cycle of neuroinflammation by the release of toxic products by these cells,
including reactive oxygen species [61, 62]. Immunohistochemical studies have revealed
clusters of activated microglia located around amyloid plaques [63] and similar results
were found in Tg2576 and APP23 transgenic mice [64, 65]. Soluble AP itself has also
been shown to induce reactive alterations in astroglial cells, which causes secretion of

inflammatory cytokines [66].

1.7 INVOLVEMENT OF METAL IONS IN AD

Metal ions such as iron (Fe), copper (Cu), and zinc (Zn), are present in the body
under normal conditions, but are increased in regions of the brain involved in AD [67,
68]. It is thought that metal imbalance is involved in protein misfolding and leads to
oxidative damage and neuron degeneration, however the exact mechanism remains
unknown [69]. In vitro experiments have shown that AP possesses specific binding sites
for Zn, Cu, and to a lesser extent, Fe [70-73] although only Zn and Cu co-purify with A
extracted from human AD brain [74]. Metal binding to AP may increase toxicity and
tendency to form plaques [67, 72, 75-77]. High-affinity binding of Cu*" to AP42 has
been shown to slowly modify the peptide and promote precipitation [78]. Interestingly,
this same study also showed that while most proteins lose metal ions with decreasing pH,
AP accepts Cu”” under mildly acidic conditions and can displace Zn*", which loses
affinity at low pH, suggesting a combined role of Cu*" and acidic environments in the

pathophysiology of AD. In addition, there is evidence that AB42 promotes oxidative



lipid damage in the presence of Cu [79] and this may initiate the misfolding of AP [80],
increasing its neurotoxic effects [59].

It is also thought that metal dyshomeostasis is involved in the oxidative stress
mechanism of AP, induced by peroxide formation and causing neuron degeneration in
AD [81]. Cu*" and Fe’" are strongly redox-reactive and generate hydroxyl radicals, via
Fenton chemistry, and peroxide (H,O,) species, via the Haber-Weiss reaction, upon the
interaction with A, which may cause oxidative stress [82]. One study has demonstrated
that AB42 promotes oxidative lipid damage in the presence of Cu, which in turn induced
misfolding and fibrillization of AB42 [79]. Another study suggested that RNA oxidation
of vulnerable neurons, marked by 8-OHG production, is caused by hydroxyl radicals,
formed from a reaction of H,O, with reduced Cu or Fe bound to nucleic acid bases [83].
On the other hand, another study determined that Zn inhibits H,O, production from A342
by competing with Cu”" for a redox-active binding site on the AP peptide and preventing
its reduction [59]. Antioxidant properties of A} have also been suggested. For example,
amyloid plaque density in the cerebral cortex was found to be inversely correlated to
levels of 80OHG, indicating that diffuse plaque formation may be a response to reduce
oxidative stress [59]. In cell culture, monomeric, but not oligomeric, forms of AB40 have
been shown to have a protective effect against neuronal death caused by reduction of Cu
and Fe [84].

There are two ways in which metal ions can bind A, either intermolecularly or
intramolecularly, and different structural models involving different numbers of histidine
residues have been suggested [85]. Recently, it was found that Cu is bound via the
histidine imidazole rings in isolated senile plaques using Raman spectroscopy [86].
Later, using nuclear magnetic resonance (NMR) it was found that Cu* specifically binds
to the N terminus of AB and the imidazole rings of His®, His'®, and His'* [87].

Another recent NMR study showed that Zn shares the same binding sites on A
as Cu [70]. However, Zn also has a concentration-dependent effect, either increasing
aggregation at high concentrations, or decreasing it at low concentrations [88, 89]. In
contrast to Cu, the ability of AP to bind Zn also appears to be pH dependent; while Zn

can easily bind to AP under physiological conditions, no binding occurs under acidic



conditions [90]. This provides evidence of a pathogenic mechanism in which Zn may
protect against Cu-induced toxicity under physiological conditions, but this protection is
reduced under acidic conditions [91]. On the other hand, some studies have indicated a
deleterious role of Zn, causing rapid aggregation of AP [77]. Thus, the functional
relationship of metal ions and misfolded A} species is not clear.

In vivo, Zn ions are released into the neocortex during neurotransmission by
glutamatergic neocortical fibers, achieving extracellular concentrations of 300 uM, while
Cu is released by hippocampal neurons at about 15 uM [92]. In AD plaques,
concentrations of up to 0.4 mM Cu and 1 mM Fe and Zn have been observed [68].
Studies involving Swedish mutant APP transgenic mice have shown that Zn is elevated in
dense senile plaques and similar results were found in end-stage human AD plaques [93-
95]. Elevated Zn has also been found in the cortex [96]. However, other studies have
found decreased levels of Zn and Cu in AD brains [97, 98]. Like the in vitro studies, the
effect of these metal ions is also not clear and several studies have indicated conflicting
results for the roles of different metal ions. For example, some studies have suggested
that Cu, Fe, and Zn are toxic and increase the aggregation potential of AP [76, 96]. Other
studies have shown a protective role for Zn, possibly quenching AP activity in cell
culture [59] and that Cu can reduce A} levels in transgenic mice [99]. But the question
of whether the metals accumulate first, followed by amyloid production or vice versa still

remains.

1.8 TRANSGENIC MOUSE MODELS OF AD

Transgenic animal models have become important research tools because they can
provide insight into the pathological and biochemical processes involved in the
pathogenesis of AD and also into the effectiveness of possible treatments. Although the
fruit fly (Drosophila melanogaster), the nematode (Ceanorhabditis elegans), and the sea
lamprey (Petromyzon marinus) are commonly used invertebrate model organisms in
studies of AD, mice are more accurate reproductions of AD pathology and have a more
similar brain anatomy to other mammals [100]. Various transgenic mouse models that
express one or more mutant forms of human proteins associated with AD, including APP,

presenilin, and tau, have been developed [19].



Overexpression of human APP with familial AD-associated mutations in mouse
models such as PDAPP, Tg2576, APP23, and TgCRNDS8 can mimic much of the amyloid
pathology seen in AD [19, 101]. These mice develop cognitive deficits and plaque
deposition in a pattern similar to human AD at approximately 8-12 months of age.
Double transgenic PSAPP mice express a chimeric mouse/human amyloid precursor
protein gene (APP695swe) and a mutant human presenilin 1 (PS1) gene and exhibit
markedly accelerated amyloid deposition compared to singly transgenic mice,
demonstrating the involvement of presenilin 1 in early onset AD [102-104]. However,
none of these models develop severe neuronal loss or neurofibrillary tangles. In contrast,
neurofibrillary pathology as well as significant neuronal loss has been observed in models
such as JNPL3 and rTg4510 through the overexpression of mutant tau transgenes [105,
106]. More recently, a triple transgenic mouse expressing mutant APP, tau, and PS1
transgenes (3xTg-AD) has been developed [107]. This model accumulates amyloid
plaques, neurofibrillary tangles, and synaptic dysfunction in an age-dependent manner.
Although neurofibrillary pathology in this model has not yet been fully characterized it is
hypothesized that A accumulation can accelerate or initiate tangle formation and that
early tau aggregates lead to neurodegeneration [108].

These models have resulted in valuable progress in understanding AD pathology,
but have certain limitations because they only partially reproduce the progression,
severity, and range of cognitive deficits such as those found in human AD. Moreover,
there is no single model that reliably reproduces amyloid plaques, neurofibrillary tangles,
and neuronal loss — three key histopathological features of AD. However, the deficits in
these mice are greatly beneficial to the understanding of the complex disease mechanisms

associated with human AD [109].
1.9 OVERVIEW OF METHODS

1.9.1 FOURIER TRANSFORM INFRARED IMAGING (FTIRI)

FTIR spectroscopy is a measurement of the absorbance of infrared light as a
function of wavelength in a sample. Depending on the atoms in the molecule, their
binding forces, masses and orientation, the molecule will absorb light of specific

wavelengths which amplifies the natural characteristic vibrations of the molecule by
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stretching, bending, wagging, and/or deforming the bonds. In general, bonds with
bending modes vibrate at lower frequencies, bonds to lighter atoms have higher
stretching frequencies, and single bonds vibrate at lower frequencies than double or triple
bonds. For example, C-O vibrates at ~1100 cm'l; C=0 vibrates at ~1650 cm'l; C-C
vibrates at ~1400 cm™; and, C-H vibrates at ~2950 cm™. The approximate frequency of

molecular vibrations can be calculated using Hooke’s Law:

vV=—-|—,
2nc || u

where k is the bond force constant which varies from one bond to another, ¢ is the
velocity of light (3 x 10"’ cm/sec), and p is the reduced mass given by:
_mym,

- ’
m; +m,

where m; and m; are the masses of the two atoms within the bond. The intensity of a
peak in an absorption spectrum is directly proportional to its concentration in a sample, as

defined by the Lambert-Beer Law:
A=¢-b-c,

where A is absorbance intensity, € is the absorption constant, b is the sample thickness,
and c is the concentration. Thus, FTIR can be used to determine the chemical
composition of a sample.

An infrared spectrum of a biological sample is composed of characteristic
absorption bands originating from all the macromolecules it contains: proteins, lipids,
nucleic acids, and carbohydrates. Variations in these molecules can provide important
details about the chemistry of diseased states and the utility of FTIRI in studies of
biological tissue has been demonstrated [110]. For example, FTIR has been used to

detect subtle biochemical changes in diseases such as AD [95], cancer [111], heart
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disease [112] bone diseases [113, 114], and multiple sclerosis [115], among others. One
of the main advantages of using FTIR for studies of biological tissue is that the
quantitative evaluation of multiple chemical components can be examined in intact,
native tissue without the use of labels, stains, or dyes which may disrupt cells, damage
the tissue, or distort the chemical composition. In addition, unlike other techniques
which require tissue homogenization, FTIR is sensitive and non-destructive allowing the

chemical composition in different structures within the tissue to be differentiated.

1.9.2 SYNCHROTRON X-RAY FLUORESCENCE MICROSCOPY (XFM)

XFM is a non-destructive method of measuring the elemental composition of a
material. The technique relies on the principle of X-ray fluorescence in which an
incident photon is absorbed by an atom and inner shell electron is ejected, creating an
electron hole. The resulting vacancy is filled by an outer shell electron and the excess
energy is emitted as a characteristic X-ray with energy equal to the difference between
the energy of the incoming photon and the binding energy of the shell. In most cases the
innermost K and L shells are involved in X-ray fluorescence detection. Characteristic X-
rays are unique for each element and its intensity is proportional to the concentration of
that element in the sample. Using a synchrotron source allows trace metal ion
concentration and distribution in the sample to be measured with a resolution of 5-10 um
and a sensitivity of less than 10 ppm (in 30 pm sections). Synchrotron XFM experiments
were carried out at beamlines X26A at the NSLS and 18-ID at the Advanced Photon
Source (APS), Argonne National Laboratory (Chicago, IL).

1.9.4 Mice

Female B6C3-Tg(APPgy., PSEN1dE9)85 Dbo/J (PSAPP) and age-matched non-
transgenic B6C3F1/J control (CNT) mice were obtained from Jackson Laboratory (Bar
Harbor, ME). PSAPP mice over-express both human presenilin (PS1) and Swedish
mutation amyloid precursor protein (APPgy.) and are bred with B6C3F1/] mice to
develop amyloid plaques. These double transgenic mice show markedly accelerated
amyloid pathology over single transgenic mice, developing plaques at approximately six
to seven months of age. PSAPP mice do not develop neurofibrillary tangles or

widespread neuronal loss, making them an appropriate animal model to determine the
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effect of overproduction and deposition of AP on the brain. In this work, PSAPP mice
were separated into one of four groups representing four stages of plaque formation in
AD: pre-AD (13 weeks) early-AD (24 weeks), intermediate-AD (40 weeks), and late-AD
(56 weeks). Age- and gender-matched CNT mice were also used at each time point. All
mice were treated in accordance with the guidelines set by the BNL Institutional Animal
Care and Use Committee (IACUC protocol #338). The mice were housed at the
Brookhaven Laboratory Animal Facility (BLAF) where they underwent no surgeries or

experimental procedures until they were euthanized.

1.9.5 EUTHANIZATION

At 13, 24, 40, and 56 weeks of age, the mice were deeply anesthetized with 100
mg/kg 1:10 ketamine:xylazine administered by intraperitoneal (i.p.) injection.
Afterwards, they were perfused transcardially with phosphate buffered saline (PBS),
resulting in exsanguination and death. Paraformaldehyde or formalin was not used for
fixation because it interferes with analysis of oxidative lipid and protein modifications
[116] and may denature zinc binding sites, artificially lowering zinc levels [96]. The
brains were then surgically removed, placed on dry ice until frozen, and stored at -80 °C

until further processing.

1.9.6 CRYOSECTIONING

Sequential coronal sections of each brain were cut with a cryo-microtome (Leica,
Germany) at a temperature of -17 °C. Ten micron thick whole brain sections, which
include the hippocampus (Bregma: ~-1.28 — -2.12), were mounted on IR-transparent
calcium fluoride (CaF,) slides (Korth Kristalle, Altenholz, Germany) for the FTIR
experiments and 30 pm thick cryosections on Ultralene® film (SPEX CertiPrep,
Metuchen, NJ) for the XFM experiments. This substrate is free of trace elements that
interfere with the XFM measurements and is also sufficiently IR-transparent. All

sections were kept in a desiccator until use.

1.9.7 THIOFLAVIN S
Amyloid plaques were visualized with the fluorescent dye, Thioflavin S.

Thioflavin is a sulfur-containing fluorescent dye, commonly used to detect amyloid in
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tissue sections. Compared to Congo red, crystal violet, and van Gieson, it has been
shown to be a superior method for identifying amyloid [117]. Although the specific
binding mode of Thioflavin is not known, it has been suggested that it interacts with the
specific quaternary structure of the B-pleated sheet fibril and not the monomeric peptides.
However, one drawback is that it is not fully specific and may bind other structures such
as fibrin or collagen [118]. Fortunately, background staining is minimal and appears to

require large arrays of B-sheet structure to bind [119].

1.10 SPECIFIC AIMS AND HYPOTHESES

Despite significant advancements in understanding the pathogenesis of AD [2, 3,
10], the study of their putative molecular mechanisms is still evolving: the role of metal
ion accumulation during disease progression remains unknown and we do not have a
complete timeline for these events. To date, the majority of AD studies have been
performed on post-mortem human brain tissue and much less is known about the
processes that occur throughout the course of the disease. Analysis of earlier stages of
AD is necessary in determining the sequence of events that may lead to AD. In addition,
most current techniques used to study metal content and chemical composition require
tissue homogenization and do not provide spatial information (e.g. inductively coupled
plasma [ICP] spectroscopic methods) or are destructive to the sample (e.g. proton
induced X-ray emission [PIXE]). Therefore, the goal of this dissertation was to
determine how metal homeostasis in the hippocampus, cortex, and in amyloid plaques is

affected in a PSAPP transgenic mouse model of AD as a function of age.

1.10.1 SpeciFic AiM 1: METAL IoN CONTENT IN PSAPP PLAQUES AND CORTEX AS A
FUNCTION OF AGING AND RELATION TO HUMAN AD

It is still not well understood how metal affects the brain in earlier stages of AD.
From our pilot study investigation of plaques in a 73 week-old PSAPP mouse, we found
that Zn and B-sheet content increases towards the center of the plaque, suggesting a
specific role of Zn in plaque formation. Cu and Fe were not elevated in the plaques, but
may bind earlier or may be elevated in non-plaque cortical tissue. Therefore, Chapter 2
will address a time-course study using XFM to analyze the metal ion content in PSAPP

cortex and plaques at different stages of AD. We hypothesize that dense, mature plaques
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will be particularly associated with Zn, while other metal ions may have a different,
earlier role and contribute to neurotoxicity or propensity towards aggregation. Moreover,
the ability to identify elevations of specific metal ions at early stages of the disease could
have implications for prevention, diagnosis, or treatment of AD.

We have also previously shown that endstage human AD is characterized by the
accumulation of Fe, Cu, Zn, and Ca that are co-localized with areas of high B-sheet
protein and that the concentrations of metal inside the plaque are much higher than
outside of the plaque [95]. Transgenic mouse models of AD also exhibit amyloid
plaques, but fail to develop the high degree of neurodegeneration observed in humans. It
is still unknown how metal content in endstage PSAPP mice compares to human AD
plaques or how metal accumulates in plaques throughout the duration of the disease.
Chapter 3 will examine difference between mouse and human plaque that could account
for the absence of neurodegeneration. We hypothesize that differences in plaque metal

content may explain the differences in neurodegeneration in human and mouse brain.

1.10.2 SpeciFic AIM 2: CHARACTERIZATION OF METAL ION CONTENT AND
UNSATURATED LIPID IN THE HIPPOCAMPUS OF PSAPP MICE

The hippocampus is one of the first and most severely affected regions of the
brain by amyloid pathology in AD [120] and imbalances of metals have also been
observed in the hippocampus during AD [121]. For example, Deibel and colleagues [98]
found a decrease in Cu, and an increase in Zn and Fe in the hippocampus in AD.
However, how metal ion content in specific regions of the hippocampus changes over
time remains to be determined. Thus, Chapter 4 will examine the distribution and
concentration of Fe, Cu, and Zn in the hippocampus of PSAPP mice during the
progression of AD using synchrotron XFM. We hypothesize that PSAPP mice will show
changes in hippocampal metal ion content as the mice age, while the content in CNT
mice will remain constant. In addition, previous studies have suggested a loss of
unsaturated lipids in this region [47, 122]. However, most investigations of unsaturated
lipid content in the brain employ biochemical techniques that require homogenization,
eliminating the ability to study and visualize specific brain regions. Therefore, Chapter
5 will examine the unsaturated lipid content in the hippocampus of PSAPP mice during

the progression of AD using FTIRI. Since unsaturated lipids are highly vulnerable to
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oxidative stress, a key feature of AD, we hypothesize that regions rich in unsaturated
lipid content (i.e. white matter) will be predominantly affected, while those with lower

unsaturated lipid content will be less affected.
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CHAPTER 2

INCREASED BRAIN IRON IS INDICATIVE OF EARLY PLAQUE FORMATION IN

AN ALZHEIMER’S DISEASE MOUSE MODEL

2.1 ABSTRACT

Elevated levels of metal ions such as copper, iron, and zinc in the brain and in
amyloid plaques are proposed to be key mediating factors in the pathophysiology of
Alzheimer’s disease (AD). However, the role of metal ions in the manifestation of the
disease remains unclear. Using a mouse model of plaque formation in AD, we found that
zinc was associated with late-stage plaques, but that iron was increased in non-plaque
tissue at an early stage, corresponding to the commencement of plaque formation in these
mice. Since plaque formation in human AD is presumed to occur years before the first
cognitive symptoms appear, quantification of iron could be useful for identifying the

early pathological changes in AD.
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2.2 INTRODUCTION

Alzheimer’s disease (AD) is an irreversible, progressive neurodegenerative
disorder affecting approximately 4.5 million Americans and is by far the most prevalent
form of dementia [1]. Clinically, it is characterized by memory loss, changes in
personality and behavior, cognitive decline, and eventually death [2]. Physically, it is
characterized by cortical atrophy, cellular degeneration, neuronal loss, and the presence
of neurofibrillary tangles and amyloid beta (AB) plaques found mainly in the
hippocampus, entorhinal cortex, and some areas of the neocortex [2, 3, 9].

Metal ions of zinc (Zn), copper (Cu), and iron (Fe) are present in the brain under
normal conditions, each very tightly regulated and with specific roles in brain function.
For example, Zn is involved in brain excitability and synaptic transmission [92]; Cu has a
role in brain metabolism and the regulation of certain enzymes such as CuZn superoxide
dismutase, ceruloplasmin, and cytochrome ¢ oxidase [123]; Fe is involved in neural
development, myelination of axons and neurotransmitter synthesis [124].  The
concentrations of these metal ions may increase slightly with age normally, but in AD the
brain is even further enriched and it is thought that metal ion dyshomeostasis contributes
to AP aggregation and toxicity leading to oxidative damage and neuron degeneration [67,
69]. In addition, previous studies have shown that amyloid plaques in human AD [68,
95] and transgenic mice [94, 125, 126] are characterized by hot spots of Fe, Cu, and Zn.

Currently, AD is typically diagnosed only after cognitive symptoms have
appeared and most accurately in the mid- or late-stages, which may be too late for
effective treatment [2]. However, formation of plaques is estimated to occur years earlier
[127]. Thus, early identification of pathological changes in AD may allow for treatment
strategies to be implemented at pre-clinical stages when they are more likely to be
effective. ~ For example, metal concentrations can be measured in serum and
cerebrospinal fluid, while interest in optimizing magnetic resonance imaging (MRI)
sequences to non-invasively detect and quantify Fe in the brain has increased [128-130].
For example, Thomas and colleagues demonstrated a relationship between the transverse
relaxation rate, R,, measured in vivo and Fe content in autopsied brains [131], while a
better correlation with brain Fe was achieved using different MRI parameters, R, [132],

and T,p [133]. It is, therefore, possible that MRI could be used to assess disease-relevant
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changes in Fe content before neuropathological symptoms occur in AD [134].

In this study, we examined the possibility of using abnormal brain metal ion
content as a diagnostic marker of pre-clinical AD. In order to determine metal ion
content prior to the onset of symptoms, we used a PSAPP transgenic mouse model of AD
to measured metal ion content in plaque and non-plaque tissue at different stages of
plaque accumulation using synchrotron X-ray fluorescence microscopy (XFM). This
technique is superior to histochemical methods, which are not quantitative and only
identify free or loosely-bound metals or to bulk techniques, which require tissue
homogenization and loss of spatial orientation. Analysis of metal content in PSAPP
mouse brain from the earliest stages of plaque formation may provide insight into
quantitative measurements for early diagnosis and assessment of treatment strategies in

human AD.
2.3 MATERIALS AND METHODS

2.3.1 SAMPLE PREPARATION

Sixteen female B6C3-Tg(APPgsw., PSEN1dE9)85 Dbo/J] (PSAPP) mice and
twenty-eight age- and gender-matched B6C3F1/J control (CNT) mice were obtained from
Jackson Laboratory (Bar Harbor, ME). The mice were cared for in accordance with the
guidelines set by the BNL Institutional Animal Care and Use Committee and were
housed at the Brookhaven Laboratory Animal Facility under standard conditions. At
time points representing pre-AD (13 weeks; PSAPP=7, CNT=7), early-AD (24 weeks;
PSAPP =2, CNT=7), intermediate-AD (40 weeks; PSAPP =3, CNT=7), and late-AD (56
weeks; PSAPP =4, CNT=7) the mice were deeply anesthetized with 100 mg/kg 1:10
ketamine:xylazine administered by intraperitoneal (i.p.) injection. Afterwards, they were
perfused transcardially with phosphate buffered saline, resulting in exsanguination and
death. The brains were removed, frozen on dry ice, and stored at -80°C until processing.
For each sample, 30 um thick whole brain cryosections were mounted onto Ultralene®
film (SPEX CertiPrep, Metuchen, NJ) and dried at room temperature. This substrate is
free of trace elements that interfere with the XFM measurements and is also sufficiently

IR-transparent.
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2.3.2 SYNCHRORTON XFM

The distributions of Fe, Cu, and Zn in a 1024 pum” healthy, plaque free area in the
cortex in both PSAPP and CNT mice were imaged with the XFM at beamline X26A at
the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL,
Upton, NY). The synchrotron X-ray beam was tuned to 12 keV using a Si(111) channel-
cut monochromotor. The monochromatic beam was then collimated to 350 um x 350 pm
and then focused to approximately 6 pm x 10 um using Rh-coated silicon mirrors in a
Kirkpatrick-Baez (KB) geometry. The sample was placed at a 45° angle to the incident
X-ray beam and X-ray fluorescence was detected with an energy dispersive, 9 element
germanium array detector (Canberra, Meriden, CT) oriented at 90° to the incident beam.
The sample was approximately 6 cm from the detector. A light microscope objective
(Mitutoyo, M Plan Apo 5X) was coupled to a digital CCD camera for sample viewing.
Thioflavin S fluorescence was viewed using a commercially available epifluorescence
module (Navitar, Rochester, NY). Energy dispersive spectra were collected by raster
scanning the sample through the X-ray beam using a dwell time of 30 s/pixel and a step
size of 4 pm to provide oversampling. Fe Ka, Cu Ka, and Zn Ko, fluorescence counts
were then extracted from background-corrected energy dispersive spectra. All data were
normalized to variations in incident photon flux by normalizing to changes in [ measured
by ion chamber upstream of the KB optics. NIST thin-film standard reference materials
(SRM) 1832 and 1833 were used for calibration and quantification. The counts per
second for each element were then converted into pg/cm’ by comparing the differences in
X-ray absorption between the sample and the thin film standards. Finally, the
concentrations in pg/cm’ were converted into molar concentrations and means and

standard deviations were calculated.

2.3.3 METAL CONTENT IN AMYLOID PLAQUES

Amyloid plaques were also imaged using XFM and were visualized with the
fluorescent dye, Thioflavin S. In order to minimize tissue disruption and optimize
visualization on Ultralene film, a modified procedure based on the method used by [135]
was developed. In short, the tissue sections were first rehydrated with 50% ethanol and
allowed to dry completely. A 0.006% solution of Thioflavin S in 50% ethanol was

placed on the tissue sample and allowed to stand for two minutes. The sample was then
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rinsed with 50% ethanol and then carefully rinsed with nanopure water to remove the
excess Thioflavin S solution. The sections were dried in air, and the locations of the
plaques were visualized by their green fluorescence using epifluorescence microscopy
(filter cube excitation: 430 nm, emission: 550 nm). All plaques imaged were 30 — 50 um
in size to ensure that the plaque extended through the whole volume probed by the X-ray
beam. Approximately two plaques per sample were analyzed. To confirm that
Thioflavin S staining did not cause redistribution or leaching of metal ions in the sample,
we scanned several areas of a tissue prior to staining with Thioflavin S. We subsequently
stained the tissue and then scanned the sample again in the same area. We did not
observe any substantial alterations in the Fe, Cu, or Zn abundance or distribution. XFM
data from the plaques was normalized to tissue protein density using FTIRM at beamline
U10B at the NSLS using previously described methods [125]. Briefly, a Thermo Nicolet
Magna 860 FTIR spectrometer, coupled to a Continuum IR microscope (Thermo Nicolet,
Madison, WI), was used with synchrotron light as the infrared source. The regions to be
imaged were the same as those imaged using XFM and the stage was raster scanned
through this area with a step size of 4 um. At each point, an absorbance spectrum was
collected in transmission mode in the mid-infrared spectral range (4000800 cm™) with a
spectral resolution of 8 cm™ and 128 scans co-added. To examine the relative protein
content in the plaques compared to the non-plaque tissue, the Amide II protein band of
each spectrum was integrated from 1490 — 1580 cm™. A Matlab routine was then used to
mask out the plaque area based on the Zn Ka fluorescence, which corresponded well with
the Thioflavin S staining. These elevated Zn regions were used to create a mask that
would define the plaque area for the Cu Ko and Fe Ka images. A similar procedure was
followed to create the FTIRM protein images. There were approximately 50-100 pixels
per plaque. To normalize the plaques to protein density, a ratio of metal/protein content

for each sample was then calculated.

2.3.4 STATISTICAL ANALYSIS

A Kruskal-Wallis test was performed using SPSS v.14.0 to test for significant
differences between PSAPP and CNT at each time point, and differences between time
points. Post-hoc analyses on significant Kruskal-Wallis tests were performed using

Mann-Whitney U tests. Wilcoxon signed-rank tests were performed for pair-wise
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comparisons. A significance level of 0.05 was used for all analyses.

2.4 RESULTS

The metal content in healthy (non-plaque) cortex in both CNT and PSAPP mice
over time is shown in Figure 2.1. Results show that the Fe, Cu, and Zn contents in CNT
mice do not vary as the animal ages. In contrast, the Fe content in the PSAPP mice
significantly increased by 71.2% (p < 0.05) from 13 weeks-old to 40 weeks-old and by
33.9% (p < 0.05) from 13 weeks-old to 56 weeks-old (Figure 2.1A). Fe content was also
significantly higher in PSAPP mice than CNT mice at 24 (PSAPP = 0.79 £+ 0.18; CNT =
0.57 £0.05), 40 (PSAPP =1.01 £ 0.26; CNT = 0.60 + 0.07), and 56 weeks-old (PSAPP =
0.79 £ 0.18; CNT = 0.60 + 0.04). Cu remained constant in the PSAPP mice (Figure
2.1B). Zn content in PSAPP mice increased significantly by 162.2% (p < 0.05) from 13
weeks-old to 56 weeks-old and was also 160.5% (p < 0.05) higher than CNT mice at 56
weeks-old (Figure 2.1C).
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Figure 2.1 Fe (A), Cu (B), and Zn (C) content in non-plaque tissue in PSAPP mice (red bars) and CNT

mice (blue bars). * = significantly different from 13 week-old PSAPP mice (p < 0.05); # = significantly
different from CNT mice at the same time point (p < 0.05).
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Figure 2.2 shows the XFM images of the Cu, Fe, and Zn distributions in
representative plaques at 24, 40, and 56 weeks-old in the PSAPP mice. There were no
plaques observed at the 13 week-old time point. From these images, it can be seen that
the Fe and Cu distributions increased only slightly and were quite homogeneous,
indicating that plaque and surrounding tissue levels were similar, whereas Zn content in
the plaque area increased dramatically at 56 weeks-old and can easily be distinguished
from the surrounding tissue. Figure 2.3A shows that the ratio of Fe, Cu, and Zn
concentrations in the plaque compared to the surrounding normal tissue was increased
by14.2%, 17.3%, and 48.8%, respectively, higher from 40 to 56 weeks-old (p < 0.05). At
56 weeks-old, the concentrations of Fe, Cu, and Zn were 29.1%, 30.0%, and 90.0%

higher in the plaque than the surrounding normal tissue.
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I -
0.08 1.70

Figure 2.2 Thioflavin S-stained PSAPP mouse brain tissue and corresponding XRF microprobe images of
Fe, Cu, and Zn in plaques and surrounding non-plaque tissue. Units are mM. All scale bars are 25 um.

In order to attain a relationship between metal content and protein concentration
and to ensure that any changes in protein density within the plaque are taken into account,
we normalized the metal content to the amount of protein in the amyloid plaque. We

have approximated the increase in tissue density in the plaque by measuring the relative
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increase in protein in the plaque compared to the non-plaque area using the Amide II IR
band. Results showed that, when normalized to protein content, there was less Cu, Fe,
and Zn in the plaque than normal tissue at 24 and 40 weeks-old and less Cu and Fe at 56
weeks-old (Figure 2.3B). In contrast, Zn content in the plaque at 56 weeks-old was still
37.8% higher (p < 0.05) than in the normal tissue and the ratio increased from 40 weeks-

old to 56 weeks-old by approximately 50.0% (p < 0.05).

3.50 3.50
A H Fe B H Fe
3.001 O Cu 3.00 O Cu
E Zn = Zn

2.501 2.50-

2.00+

2.009

1.50+

1.00+

0.50-

24 weeks 40 weeks 56 weeks 24 weeks 40 weeks 56 weeks

Figure 2.3 (A) Ratio of metal content in plaque to non-plaque tissue. (B) Ratio of metal content in plaque
to non-plaque tissue normalized to protein density. * = significantly different from 40 week-old mice (p <
0.05).

2.5 DISCUSSION

There is growing evidence to suggest that dyshomeostasis of Fe, Cu, and Zn and
their accumulation in amyloid plaques play an important role in AD pathology [68, 93,
95]. Moreover, recent research implies that elevated brain Fe could be used as a
diagnostic tool in AD [136, 137]. However, despite evidence that certain metal ions are
elevated in AD, it remains unclear how early in the disease process do alterations in metal
ion content occur. Our goal in this study was to examine the Fe, Cu, and Zn content in
plaque and non-plaque tissue as a function of aging in PSAPP mice. Metal ion content in
age-matched CNT mice was also examined. The present results showed that plaques
were elevated only in Zn and only at the latest time point, but concentrations of Fe in
non-plaque tissue in PSAPP mice were already increased over CNT animals from an
early time point.

Zn has previously been shown to be elevated in AD brain [98, 138] and to be an
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integral component of both human and PSAPP plaques [68, 95, 125, 139]. Though not
statistically significant, there is a trend that increasing Zn coincides with amyloid
deposition since plaques start to accumulate at around 24 weeks-old and increase as the
animal ages. However, at 56 weeks-old Zn was significantly elevated in both the plaque
and non-plaque tissue in PSAPP mice. This supports previous research by Religa and
colleagues indicating that elevated Zn levels are associated with AP burden since
significantly elevated Zn was found only in advanced AD patients with high plaque
burden and severe dementia whereas tissue with few or no plaques was not associated
with elevated Zn [96].

Cu is strongly redox-active and interaction of excess Cu with AP contributes to
the generation of toxic hydrogen peroxide and hydroxyl radicals, which can lead to
neurodegeneration [74, 82]. In addition, Cu homeostasis appears to be affected in AD.
For example, extracellular Cu was shown to increase with normal aging, while
subcellular levels appear to be deficient in AD [76] and intracellular Cu deficiency is
thought to be exacerbated by Cu accumulation in plaques [140]. The present results
showed that there was no Cu in the plaques. Moreover, there was no evidence of Cu
dyshomeostasis since Cu content remained similar in both PSAPP and CNT mice at all
time points. Since no Cu was found in the plaques, this implies that intracellular Cu
content in the PSAPP mice most likely remained at a similar level to the CNT mice.

Fe is also redox active and when bound to AP produces hydrogen peroxide and
hydroxyl radicals, similarly to Cu [82]. Like Cu, we did not observe an increase in Fe in
the plaques. Previous research has suggested that Zn binding to AP may act as an
antioxidant by preventing Cu or Fe binding [59]. It is therefore possible that Cu and Fe
have minimal interaction with AP in PSAPP mice and could be one reason why these
mice do not show neurodegeneration. However, in contrast to Cu, we found that Fe
content in non-plaque tissue was significantly higher in the PSAPP mice than in the CNT
mice starting from 24 weeks of age and progressively increased as the mice aged. Since
Fe was not found in the plaques, this suggests that the observed increase in Fe in PSAPP
mice arises not from an interaction with AP, but from some other mechanism. For
example, increased Fe could result from disruption in the expression of other brain Fe

metabolism, transport, or storage proteins.
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The observed increases in Fe at the beginning stages of plaque formation may
have direct clinical relevance for early detection of the pathological symptoms of AD.
Currently, AD is most accurately diagnosed in the mid or late stages, which may be too
late for effective treatment [2]. However, there is considerable interest in optimizing
MRI sequences to non-invasively detect and quantify excessive Fe in the brain for the
purposes of early diagnosis and treatment monitoring [128-130]. In addition, XFM
measurements of Fe concentration have already been shown to correlate well with
susceptibility weighted MR in the tgCRND8 mouse model of AD [141]. Recently, the
parietal cortex was determined to be more sensitive than other brain regions at detecting
Fe deposition using phase-corrected MRI in mild AD cases [142]. Though previous
studies have shown elevated Fe in AD, they have not indicated when the excess Fe begins
to accumulate. The present results showed that Fe is not only higher in the PSAPP mice
than in the CNT mice, but that this difference was already evident at 24-weeks of age, i.e.
at the first signs of plaque formation, as well as spatial working memory impairments, in
these mice [143]. This implies that if Fe is in sufficient quantity to be identified by MRI,
an increase in Fe could be indicative of a disease state. Our results indicate that Fe
concentration in PSAPP cortical tissue increased 41.6% to within reported values
detected by MRI [137, 142, 144].

Taken together, these results suggest that early Fe accumulation reflects
pathological changes related to plaque formation in PSAPP mice, making Fe deposition a
promising biomarker to predict the presence of early amyloid plaque deposition. Further
advancement of MRI techniques in conjunction with other imaging techniques to identify
amyloid plaques (e.g. positron emission tomography) may allow for early diagnosis
through sensitive quantification of brain Fe deposition at pre-clinical or early stage AD
and related diseases so that more effective treatments can be developed and monitored.
However, understanding the significance of increased Fe the AD brain is critical in
determining if Fe is a primary cause of AD or a secondary consequence of disease
progression. Future work should involve disentangling elevated Fe in AD brain from
other possible causes of excess Fe in the brain and longitudinal examinations of brain Fe

in human patients should be conducted.
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CHAPTER 3

AMYLOID PLAQUES IN PSAPP MICE BIND LESS METAL THAN PLAQUES IN

HUMAN ALZHEIMER’S DISEASE [125]

3.1 ABSTRACT

Amyloid beta (AP) is the primary component of Alzheimer’s disease (AD)
plaques, a key pathological feature of the disease. Metal ions of zinc (Zn), copper (Cu),
iron (Fe), and calcium (Ca) are elevated in human amyloid plaques and are thought to be
involved in neurodegeneration. Transgenic mouse models of AD also exhibit amyloid
plaques, but fail to exhibit the high degree of neurodegeneration observed in humans. In
this study, we imaged the Zn, Cu, Fe, and Ca ion distribution in the PSAPP transgenic
mouse model representing end-stage AD (N = 6) using synchrotron X-ray fluorescence
microscopy (XFM). In order to account for differences in density in the plaques, the
relative protein content was imaged with synchrotron Fourier transform infrared
microspectroscopy (FTIRM) on the same samples. FTIRM results revealed a 61%
increase in protein content in the plaques compared to the surrounding tissue. After
normalizing to protein density, we found that the PSAPP plaques contained only a 29%
increase in Zn and there was actually less Cu, Fe, and Ca in the plaque compared to the
surrounding tissue. Since metal-binding to A is thought to induce redox chemistry that
is toxic to neurons, the reduced metal-binding in PSAPP mice is consistent with the lack
of neurodegeneration in these animals. These findings were in stark contrast to the high
metal ion content observed in human AD plaques, further implicating the role of metal

ions in human AD pathology.
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3.2 INTRODUCTION

One of the key clinical features of Alzheimer’s disease (AD) is the extracellular
deposition of amyloid plaques primarily composed of a 39-43 amino acid protein called
amyloid beta (AB). AP is derived from the proteolytic cleavage of a larger
transmembrane glycoprotein, the amyloid precursor protein (APP), by 3 and y secretases
[3]. PB-secretase first cleaves APP extracellularly, forming the N-terminus, and y-
secretase then cleaves APP in the intramembrane domain, creating the C-terminus. The
two most frequently produced peptides are APB40, composed of 40 residues and found
mostly in cerebrospinal fluid and vasculature, and APB42, composed of 42 residues and
the main component of amyloid plaques [13]. The formation of A, even the deposition
of diffuse plaques, is a normal cellular process, but in AD the peptide aggregates to form
dense plaques in specific regions of the brain [2]. But exactly how and why this
misfolding occurs is still unknown.

Zinc (Zn), copper (Cu), iron (Fe), and calcium (Ca) ions are all present in the
body under normal conditions, but their abundances are elevated in regions of the brain
that are involved in AD [67, 68]. The observation that human AB can bind to certain
metal ions in vitro may indicate these ions play a role in increasing the protein’s toxicity
and the tendency to form plaques [67, 72, 75-77]. Nuclear magnetic resonance (NMR)
and X-ray absorption spectroscopy (XAS) studies of metal binding to human AP have
revealed the presence of a low and high affinity binding site for both Cu and Zn via three
N-terminal histidine imidazole rings and that the stoichiometry for Cu:A is 1:1 and for
Zn:AP ranging from 1:1 to 3:1 [71, 78, 145].

The affinity for the Zn binding sites were measured as 100 nM and 5 uM [77] and
10" M for Cu [78]. These affinities are well below physiological levels (~100-150 uM
[146]), supporting the possibility that Zn and Cu are likely to bind human A in vivo,
especially in AD where brain metal levels are known to be increased [94]. Indeed,
elevated levels of Zn, Cu, and Fe ions have been observed in amyloid plaques in human
AD brain [68, 94, 95] and studies involving Swedish mutant APP transgenic mice have
shown that Zn is elevated in dense senile plaques [93]. It has also recently been shown

that Zn transporter proteins, which transport Zn ions into different intracellular
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compartments when intercellular Zn is elevated, are increased in AD and are abundantly
expressed in human senile amyloid plaques [147, 148]. Increased Fe was also found
within the glial cells surrounding the plaques [149]. Excess Fe is typically sequestered
by the iron storage protein ferritin and it was found that expression of ferritin is
associated with degeneration of microglia in AD brain [150]. However, those previous
studies primarily utilized histochemical methods, which can only detect free and loosely
bound metal ions and cannot be accurately compared to the metal content in the
surrounding healthy (non-plaque) tissue. In addition, previous studies that quantified
metal content using proton and X-ray methods [68, 95] did not consider the elevated
protein density in the plaque compared to the surrounding tissue. Thus, the observed
increase in metal ions within the plaques may simply be attributed to an increase in
protein density within the plaque and not an “accumulation” of excess metal ions or
metalloproteins.

A number of mouse models have been developed to mimic one or more
neuropathological features of AD, which has resulted in valuable progress in
understanding AD progression. However, there is some evidence that they are not a
complete representation of human AD [151]. While mice overexpressing mutant AD
related genes exhibit many of the same neuropathological and behavioral features of
human AD, including amyloid plaques, neurofibrillary tangles, motor impairments, and
memory deficits [152, 153], most transgenic models lack the widespread neuronal loss
and severity of symptoms present in human AD pathology [154]. Additionally, the
surrounding neurons appeared displaced by the plaques rather than damaged by them
[151]. Exactly why this occurs is not known; however, mouse A lacks a histidine at
position 13. This residue has been shown to be critical in coordinating Cu and inducing
aggregation in human AP, where wild-type mice show no aggregation [87, 91].
Transgenic mice develop amyloid plaques that contain both endogenous murine Af and
transgene-derived human AP [155, 156]. Since both types are found in transgenic mouse
plaques, this mixture may alter the metal-binding characteristics of the peptide [109].

We have previously shown that endstage human AD is characterized by the
accumulation of Zn, Cu, Fe, and Ca that are co-localized with areas of high B-sheet

protein and that the concentrations of metal inside the plaque are much higher than
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outside of the plaque [95]. Here, those results are compared to analogous studies from
the end stage of a PSAPP transgenic mouse model of AD, which overexpresses the
presenilin (PS) 1 gene and the amyloid precursor protein (APP) gene. Synchrotron X-ray
fluorescence microscopy (XFM) was used to image the metal content in the plaques and
surrounding non-plaque tissue. In order to normalize to plaque protein density,
synchrotron Fourier transform infrared microspectroscopy (FTIRM) was used on the
same samples. Results revealed a dramatic decrease in metal binding in the PSAPP
plaques compared to the human plaques. When normalized to protein density, human
plaques showed elevated Zn, Cu, Fe, and Ca, whereas the PSAPP aggregates contained
only elevated Zn. The differences in both neurodegeneration and metal accumulation
between human AD and the PSAPP mouse model provide more evidence of the

involvement of metal ions in AD.

3.3 MATERIALS AND METHODS

Six female B6C3-Tg(APPgy., PSEN1dE9)85 Dbo/J (PSAPP) mice were obtained
from Jackson Laboratory (Bar Harbor, ME). The mice were cared for in accordance with
the guidelines set by the BNL Institutional Animal Care and Use Committee and were
housed at the Brookhaven Laboratory Animal Facility under standard conditions. At 56
weeks of age the mice were deeply anesthetized with 100 mg/kg 1:10 ketamine:xylazine
administered by intraperitoneal (i.p.) injection.  Afterwards, they were perfused
transcardially with phosphate buffered saline (PBS), resulting in exsanguination and
death.

The mouse brain specimens were prepared in a similar manner to the human brain
specimens described previously [95]. The brains were removed, frozen on dry ice, and
stored at -80°C until processing. For each sample, 30 um thick whole brain cryosections
were mounted onto Ultralene® film (SPEX CertiPrep, Metuchen, NJ) and dried at room
temperature. This substrate is free of trace elements that interfere with the XFM
measurements and is also sufficiently IR-transparent. Amyloid plaques were visualized
with the fluorescent dye, Thioflavin S. In order to minimize tissue disruption and
optimize visualization on Ultralene film, a modified procedure based on the method used
by [135] was developed. In short, the tissue sections were first rehydrated with 50%
ethanol and allowed to dry completely. A 0.006% solution of Thioflavin S in 50%
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ethanol was placed on the tissue sample and allowed to stand for two minutes. The
sample was then rinsed with 50% ethanol and then carefully rinsed with nanopure water
to remove the excess Thioflavin S solution. The sections were dried in air, and the
locations of the plaques were visualized by their green fluorescence using
epifluorescence microscopy (filter cube excitation: 430 nm, emission: 550 nm). All
plaques imaged were 30 — 50 um in size to ensure that the plaque extended through the
whole volume probed by the X-ray beam. Approximately 2-4 plaques per sample were
analyzed.

The relative content and distribution of Zn, Cu, Fe, and Ca in PSAPP mouse
plaques were imaged with the XFM at beamline X26A at the National Synchrotron Light
Source, Brookhaven National Laboratory (Upton, NY). The synchrotron X-ray beam
was tuned to 12 keV using a Si(111) channel-cut monochromotor. The monochromatic
beam was then collimated to 350 um % 350 pm and then focused to approximately 6 um
x 10 um using Rh-coated silicon mirrors in a Kirkpatrick-Baez geometry. The sample
was placed at a 45° angle to the incident X-ray beam and X-ray fluorescence was
detected with an energy dispersive, 9 element germanium array detector (Canberra,
Meriden, CT) oriented at 90° to the incident beam. The sample was approximately 6 cm
from the detector. A light microscope objective (Mitutoyo, M Plan Apo 5X) was coupled
to a digital CCD camera for sample viewing. Thioflavin S fluorescence was viewed
using a commercially available epifluorescence module (Navitar, Rochester, NY).
Energy dispersive spectra were collected by raster scanning the sample through the X-ray
beam using a dwell time of 30 s/pixel and a step size of 4 pm to provide oversampling.
Zn Ka, Fe Ka, Cu Ko, Ca Ka fluorescence counts were then extracted from background-
corrected energy dispersive spectra. NIST thin-film standard reference materials (SRM)
1832 and 1833 were used for calibration. All data were normalized to variations in
incident photon flux by normalizing to changes in Iy measured by an upstream ion
chamber. To confirm that Thioflavin S staining did not cause redistribution or leaching
of metal ions in the sample, we scanned several areas of a tissue prior to staining with
Thioflavin S. We subsequently stained the tissue and then scanned the sample again in
the same area. We did not observe any substantial alterations in the Zn, Fe, or Cu

abundance or distribution.
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For all plaques that were analyzed with the XFM, the protein distribution was
determined using FTIRM at beamline U10B at the National Synchrotron Light Source,
Brookhaven National Laboratory (Upton, NY). A Thermo Nicolet Magna 860 FTIR
spectrometer, coupled to a Continuum IR microscope (Thermo Nicolet, Madison, WI),
was used with synchrotron light as the infrared source. The microscope was equipped
with a matching 32x Schwarzschild objective/condenser pair, a motorized x—y mapping
stage, an adjustable rectangular aperture, and a mercury cadmium telluride (MCT)
detector. The regions to be imaged were the same as those imaged using XFM and were
identified as AP aggregates by Thioflavin S fluorescence. The IR microscope stage was
raster scanned through this area with a step size of 4 um. At each point, an absorbance
spectrum was collected in transmission mode in the mid-infrared spectral range (4000—
800 cm™) with a spectral resolution of 8 cm™ and 128 scans co-added. The IR beam size
was 10 x 10 um. A background spectrum was collected from an area with no substrate or
sample in the beam.

The FTIRM data were analyzed using Thermo Nicolet’s software Omnic 7.3. To
examine the relative protein content in the plaques compared to the non-plaque tissue,
each spectrum was integrated from 1490 — 1580 cm™. This region represents the Amide
IT absorption band, which arises from the N-H bending and C—N stretching modes of the
peptide backbone and is proportional to protein concentration. A linear baseline from
1480 — 1800 cm™' was applied. Both the FTIRM and XFM maps were then normalized
by dividing the entire map by the average background intensity of the non-plaque
(healthy) tissue. A Matlab routine was then used to mask out the plaque area based on
the Zn Ka fluorescence, which corresponded well with the Thioflavin S staining. On
average, these areas gave Zn fluorescence intensity about 1.8 times higher than non-
plaque tissue. These elevated Zn regions were used to create a mask that would define
the plaque area for the Cu Ka, Fe Ko, and Ca Ka images. A similar procedure was
followed to create the FTIRM protein images. There were approximately 150 pixels per
plaque. Although a faster method would have been to obtain a few individual spectra
from the plaque and non-plaque regions, we chose the current procedure because we have
previously observed a heterogeneous distribution of metal in plaques. Therefore, a single

spectrum or even an average of a few spectra may overestimate or underestimate the
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amount of metal observed depending on where the spectrum was taken. Once all of the
appropriate pixels from each image were masked out, the data were checked for
normality with a Kolmogorov-Smirnov test using SPSS v.14.0 and means and standard
deviations were calculated. The final data represented a ratio of the intensity in the
plaque to the non-plaque area. The percentage increase in metal within the plaque
compared to the non-plaque area was also determined. A ratio of metal/protein content
for each sample was then calculated. To compare the actual change in metal content once
the plaques were normalized for protein density, the percentage difference was

determined.

3.4 RESULTS

The distribution of protein, as measured by the Amide II FTIRM band, in three
plaques from a PSAPP mouse representing endstage AD is shown in Figure 3.1. Also
shown are representative spectra illustrating the increase in protein in the plaque
compared to the surrounding normal tissue. The protein distribution showed that the
protein density was highest in the center of the plaque and decreased toward the

periphery. On average, the protein density was 61% higher within the PSAPP plaques

than the surrounding area (Table 3.1).
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Figure 3.1 (A) Thioflavin S-stained PSAPP mouse brain tissue showing three plaques. (B) Infrared image
of the same tissue showing the distribution of protein measured by the Amide Il band. (C) Infrared spectra
collected from the areas marked with asterisks in (A) and (B), showing the relative amount of protein in the
center of a plaque (black) and the surrounding tissue (red). All scale bars are 5 um.
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TABLE 3.1 Relative Metal and Protein Content in PSAPP AD Plaques

Zinc Copper Iron Calcium  Protein
Measured 2074034 1.25+0.11 1.33+0.14 1.50+ 023 1.61+0.18
(inside/outside plaque)
% Difference +107.0 +25.0 +33.0 +50.0 +61.0
Normalized 1.29+0.12 0.79+0.07 0.83+0.09 0.94+0.16
% Difference +29.0 -22.0 -17.0 -7.0

Figure 3.2 shows the XFM images of the Zn, Cu, Fe, and Ca distributions from
the same plaques as shown in Figure 3.1. Representative spectra from the plaque and
non-plaque regions are also shown. Results show that the relative Zn, Fe, and Ca
contents are preferentially concentrated in the core of the plaque, with about 1.8, 1.7, and
1.5 times more, respectively, in the center than the edge of the plaque. In contrast, the
relative distribution of Cu was more homogeneous: no central core was observed and,
although there were a few elevated spots in some areas, the plaque was generally only
about 1.2 times elevated above the background. When compared to the surrounding non-
plaque tissue, there was approximately a 107% increase in Zn, 25% increase in Cu, 33%
increase in Fe, and a 50% increase in Ca (Table 3.1). Although Zn, Cu, and Fe have all
been implicated in AD plaques, this is the first known study to show elevated Ca in
PSAPP plaques. Since AP does not have any known binding sites for Ca, this result
implies there are other proteins or physiological processes using Ca in the plaques.

In order to attain a relationship between metal content and protein concentration
and to ensure that any changes in protein density within the plaque are taken into account,
we normalized the metal content to the amount of protein in the amyloid plaque. We have
approximated the increase in tissue density in the plaque by measuring the relative
increase in protein in the plaque compared to the non-plaque area using the Amide II IR
band. We have approximated the increase in tissue density in the plaque by measuring
the relative increase in protein in the plaque compared to the non-plaque area using the

Amide II IR band. A ratio of relative metal content to the relative protein content
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Figure 3.2 (A) Thioflavin S-stained PSAPP mouse brain tissue, also shown in Fig. 1. XFM images of (B)
Zn, (C) Cu, (D) Fe, and (E) Ca distribution in the same tissue. (F) XFM spectra collected from the areas
marked with asterisks in (A) — (E), comparing the center of a plaque (black) to the surrounding tissue (red).
All scale bars are 5 um.

measured by Amide II was calculated for each element and sample (Table 3.1). Results
showed that, when normalized to protein content, there was approximately a 29%
increase in Zn compared to protein in the plaque, while there was actually 22% less Cu,
17% less Fe, and 7% less Ca in the plaque.

In order to compare these findings to human AD, the same procedure was applied
to the data used in our previous human AD study [95]. In contrast to PSAPP mouse
plaques, human AD plaques are highly enriched in Zn, Cu, Fe, and especially Ca (Table
3.2). Specifically, when compared to the surrounding tissue, there was approximately a
908% increase in Zn, 1171% increase in Cu, 573% increase in Fe, 9838% increase in Ca.
Human plaques showed a 107% increase in protein, so when normalized to protein
density, there was still a 339% increase in Zn, a 466% increase in Cu, a 177% increase in

Fe, and a 4653% increase in Ca.
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TABLE 3.2 Relative Metal and Protein Content in Human AD Plaques

Zinc Copper Iron Calcium Protein
Measured 9.09+020 11.72+1.24 5.74+3.31 98.40+31.56 2.07+0.18
(inside/outside plaque)
% Difference +908 +1171 +573 +9839 +107
Normalized 442+038 570049 2.79+0.24 47.85+4.10
% Difference +339 +466 +177 +4653

3.5 DIscussION

There is growing evidence to suggest that the accumulation of metals ions in
amyloid plaques plays an important role in AD pathology [68, 93, 95]. However,
previous studies used non-quantitative histochemical techniques or did not normalize to
increased plaque density, the former of which only identify free metal ions. Our goal in
this study was to analyze the distribution of Zn, Cu, Fe, and Ca in PSAPP mouse plaques
normalized to the density of the tissue and to compare the results to previous results from
our laboratory examining human AD plaques [95]. Like the human plaques, the present
results showed that PSAPP mouse plaques were elevated in Zn, Cu, Fe, and Ca.
Interestingly, however, we found that the abundance of metal in the PSAPP plaques was
considerably lower than in the human plaques. Even though human plaques are more
dense (i.e. showed approximately 30% more protein) than the PSAPP plaques, it is not
enough to account for the large increase in metal content. This suggests that metals may
not have the same effect in transgenic mouse models of AD as in human AD.

Double transgenic PSAPP mice express a chimeric mouse/human amyloid
precursor protein gene (APP695swe) and a mutant human presenilin 1 (PSEN1) gene
allowing them to secrete a human AP peptide, which can be detected by antibodies
specific for human sequence within this region [102]. PSAPP mice exhibit markedly
accelerated amyloid deposition demonstrating the involvement of presenilin 1 in early
onset AD [102]. However, it was recently shown that both human and mouse A are
deposited in the plaques of these mice [156] as well as in the plaques of transgenic mice

expressing the London APP mutation [155]. On the other hand, wild-type mice express
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only rodent AP and do not develop plaques nor any other AD-like pathology [87, 157].

In vitro experiments have shown that AP possesses specific binding sites for Zn,
Cu, and to a lesser extent, Fe [70-73] although only Zn and Cu co-purify with AR
extracted from human AD brain [74]. In contrast, rodent AP is not aggregated by Zn, Cu,
or Fe [91]. Rodent AP is different from human AP in that it contains three amino acid
substitutions at positions 5, 10, and 13 [157], but it appears to be the histidine substitution
for arginine at position 13 in the rodent AP that minimizes metal-induced aggregation
[158]. Since PSAPP plaques contain a fraction of rodent AP, the metal coordination
within these plaques is likely different from human plaques.

In human AP, high-affinity binding of Cu®" to AP has been shown to slowly
modify the peptide and promote precipitation [78]. Moreover, while most proteins lose
metal ions with decreasing pH, AP accepts Cu under mildly acidic conditions and can
displace Zn, which loses affinity at low pH, suggesting a combined role of Cu and acidic
environments in the pathophysiology of AD. Alternatively, Cu may bind to A first and
Zn may act as an antioxidant by displacing non-specific Cu*" binding [59].

We have previously shown that human AD plaques accumulated high amounts of
Cu compared to the surrounding normal tissue [95], while the present study showed
negligible Cu accumulation in PSAAP mouse plaques. Mildly acidic pH is a common
occurrence in the aged human brain and also in response to inflammation [91]. Since
Cu”" coordination is highly pH dependent [87], the low level of Cu binding in the present
study suggests that in PSAPP mice either the pH in the brain remains at a physiological
level and, therefore, not low enough to allow Cu binding or that Zn binding displaced Cu
that was previously bound. Moreover, it appears that Zn may change the conformation of
AP so that Cu or Fe cannot access its metal binding sites [75]. AP is strongly redox-
reactive and generates hydroxyl radicals via Fenton chemistry, and peroxide (H,O;)
species via the Haber-Weiss reaction, upon the reduction of Cu*" and Fe**, which may
cause oxidative stress [82]. Our human AD study showed nearly equivalent
accumulation of Zn, Cu, and Fe, while in PSAPP mice we have shown clearly less Cu
and Fe accumulation in the plaques than Zn. This suggests that Cu or Fe binding is
important in causing the widespread neuronal damage observed in human AD, which

does not occur in PSAPP mice. It is possible that Zn may act as an antioxidant by
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inhibiting Cu and Fe binding and preventing peroxide formation in these mice.

Although it has been shown that metal binding can form plaques in vitro, it is not
known if AP in vivo is metal bound under normal physiological conditions. However,
AB:Cu and AB:Zn stoichiometry has been shown to be 1:2 and 1:3 respectively in vitro
with apparent binding affinities in the atto- and picomolar range, indicating that these
metals could be bound to AP under normal physiological conditions [78]. While we
have shown that there appears to be an increase in metal content in plaque versus
surrounding tissue, these differences disappear once we consider the amount of protein in
the plaque. We have made the assumption that the plaques we analyzed were largely
composed of AP based on previous findings using HPLC, laser capture microdissection,
and Raman spectroscopy that plaque cores are primarily composed of AP and that other
proteins are localized to the periphery or present in minute amounts [13, 86, 159, 160].
Thus, since AP is presumed to bind at least 2-3 metal ions per peptide, we expected a
minimum of 2-3 times more metal than protein in the plaque. However, this was not the
case. We observed an increased accumulation of Zn in the plaque, while Cu, Fe, and Ca
were decreased in the plaque when normalized to protein content. One explanation is
that once mature plaques have formed, AP may lose affinity for metal ions and this would
therefore account for the decrease in metal. It is also possible that the metal binding
modes of AP in vivo are different from those shown in AP in vitro. This is a likely
explanation because previous FTIRM studies have shown that amyloid plaques in AD
tissue have an elevated B-sheet structure that is different than the AB structure found in
vitro [95, 161]. The different structure of AP in the tissue may contribute to different
metal binding modes than those observed in vitro. This difference may be even greater in
PSAPP mice considering that the amyloid that accumulates in plaques of transgenic AD
mice was found to be chemically distinct from that found in human AD [162]. In
addition, Cu is abundant in human plaques, while lacking in PSAPP plaques. This is an
important finding because Ap and Cu-bound histidine have been shown to be involved in
the generation of neurotoxic H,O, [86] and the presence of Cu in the plaques could be
one reason why human AD exhibits such severe neurodegeneration, which is not
observed in the mice.

Calcium disruption has also been postulated to play a role in AD [163] and has

39



gained even more interest lately [164-166]. It is thought that AP is involved in Ca
regulation by forming ion channels in the cell membrane allowing Ca to flow into the cell
[167]. More recently, it was shown that transgenic mice expressing both mutant APP and
PSENT1 exhibited calcium overload while mice expressing only one of the transgenes or
mice that did not yet have plaques did not [166]. To the best of our knowledge, this is the
first study in transgenic AD mice that has examined Ca distribution in plaques. Ca was
found to be extremely elevated in human AD plaques and just slightly elevated in PSAPP
plaques. Since AP does not have any known binding sites for Ca, this result implies there
could be other physiological processes using Ca in the plaques.

In summary, we have found that PSAPP mice accumulate much less metal in
their plaques compared to human AD plaques, suggesting that PSAPP mice are affected
differently by metals. These results together indicate that PSAPP mice are only a limited
representation of human AD plaque pathology. However, the deficits in these mice are
extremely beneficial in that they give insights into potential disease mechanisms of
human AD. Why AD in PSAPP mice is different than in humans may be due to a
number of factors including differences in AP structure and distribution, as well as
species differences such as life span, duration of illness, and other pathologic features
(e.g. the absence of neurofibrillary tangles in PSAPP mice). Nevertheless, the lack of
metal in PSAPP plaques, while abundant in human plaques, indicates that metals may be
related to the detrimental neurotoxicity observed in human AD, which is nearly absent in

PSAPP mice.

40



3.6 ACKNOWLEDGMENTS

The authors would like to thank Ariane Kretlow and Janelle Collins for their
skillful technical assistance with the animal dissection and tissue preparation. We are
also grateful to Bill Rao at beamline X26A for his support with beamline operation and
data collection. This work is funded by the National Institutes of Health Grant RO1-
GM66873. The National Synchrotron Light Source is funded by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciences, under Contract DE-ACO02-
98CH10886.

41



CHAPTER 4

IRON, COPPER, AND ZINC IN THE HIPPOCAMPUS OF PSAPP MICE DURING

THE PROGRESSION OF ALZHEIMER’S DISEASE

4.1 ABSTRACT

Approximately 4.5 million people in the U.S. suffer from Alzheimer’s disease
(AD), a neurodegenerative disorder characterized by neurofibrillary tangles and amyloid
plaques in the cortex and hippocampus. Accumulating evidence suggests a role of zinc,
copper, and iron, in the pathology of the disease, but the function of these metal ions and
their origin remains unclear. It is thought that metal homeostasis is altered in AD and
contributes to plaque formation, oxidative damage, inflammation, and neuron
degeneration. We used X-ray fluorescence microscopy at beamline 18ID to examine the
metal ion distribution and concentration in the hippocampus of PSAPP mice (N=28), a
model for human AD, and age-matched control (CNT) mice (N=20) at four stages of
plaque formation. Results showed that for both PSAPP and CNT mice Fe was highest in
the pyramidal cell layer (PCL) of CAl; Zn was highest in the hilus of the dentate gyrus
(DG); Cu was uniformly distributed throughout the hippocampus but was high in regions
corresponding to the choroid plexus outside the hippocampus. No significant changes in
metal ion content were observed in the CNT mice over time. In PSAPP mice, Fe content
was increased by 31.2% in the hippocampus (p < 0.01) and by 51.7% specifically in the
PCL (p < 0.01) from 13 to 24 weeks-old. It decreased by 14.7% and 51.7% in the
hippocampus and PCL, respectively (p < 0.01) from 24 to 56 weeks-old. Fe content was
also lower than CNT mice at 56 weeks-old in both regions (p < 0.01). Zn content in the
hilus increased by 49.8% (p < 0.01) from 13 to 56 weeks-old in the PSAPP mice. These
results provide evidence for a general increase in brain Fe during plaque formation, but a
more specific involvement of Zn. It is possible that these fluctuations are important in

increasing the oxidative stress and neurodegeneration implicated in AD.

42



4.2 INTRODUCTION

Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder affecting
approximately 5.3 million Americans and is by far the most prevalent form of dementia
[1]. Clinically, it is characterized by memory loss, changes in personality and behavior,
cognitive decline, and eventually death [2]. Physically, it is characterized cortical
atrophy, cellular degeneration, neuronal loss, and the presence of intracellular
neurofibrillary tangles and extracellular amyloid beta (AP) plaques found in the
hippocampus, entorhinal cortex, and some areas of the neocortex [2, 3, 9]. In addition,
metal ions such as zinc (Zn), copper (Cu), and iron (Fe) are present in the brain under
normal conditions and each has a specific role in the brain. For example, Zn is involved
in brain excitability and synaptic transmission [92]; Cu has a role in brain metabolism
and the regulation of certain enzymes such as CuZn superoxide dismutase,
ceruloplasmin, and cytochrome ¢ oxidase [123]; Fe is involved in neural development,
myelination of axons and neurotransmitter synthesis [124]. The concentration of these
metal ions may increase slightly with age normally, but in AD it is thought that metal
imbalance contributes to AD pathology leading to oxidative damage and neuron
degeneration [69].

The hippocampus is of neuropathological interest because it is important for long-
term memory storage and neurogenesis and one of the first and most severely affected
brain regions in AD [120]. Anatomically, the hippocampus can be divided into the
dentate gyrus (DG), the cornu ammonis (CA), and the subiculum. The DG is composed
of granule cells that project to the CA3 field via mossy fiber projections. Pyramidal
neurons in CA3 then project to CA1 via Schaffer collaterals and the pyramidal neurons of
CA1 project to the subiculum. Finally, CA1l and the subiculum both project back to the
deep layers of the entorhinal cortex [168]. Data from human AD patients show that the
CA1 region loses more neurons than any other subregion of the hippocampus [169].
Furthermore, this result appears to be disease-related since only minor neuron losses have
been observed with aging [170]. In addition, the hippocampus has been shown to be
more sensitive to metal perturbation than other brain regions and has unique regulatory
demands for Fe, Cu, and Zn since they are involved in synaptic plasticity [171].

Fe, Cu, and Zn are involved brain function under normal physiological conditions,
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but the levels of these metal ions must be tightly regulated and naturally occurring
variation is relevant to behavior [171]. Imbalances of these metals have also been shown
to be associated with AD (for review [121]). For example, Deibel et al. [98] found a
decrease in Cu, and an increase in Zn and Fe in the hippocampus in human AD. It has
been suggested that this decrease in intracellular Cu may be due partly to Cu bound in
extracellular plaques which leads to a reduction in important metabolic mechanisms and
thus, neuronal damage [123]. In addition, Zn bound in plaques might interfere with Zn
trafficking pathways and lead to depleted intracellular Cu levels [123]. Regulation of Fe
and Cu are particularly important because of their propensity to interact with AP and to
reduce, causing reactive oxygen species to form. There is also evidence that AP
promotes oxidative lipid damage in the presence of Cu [79] and this may initiate the
misfolding of AP [80], increasing its neurotoxic effects [59]. Finally, it has been recently
suggested that Cu imbalance in the hippocampus may be related to susceptibility to APP-
related death in transgenic mice [171].

Zn has been shown to be particularly important in the hippocampus. For instance,
Zn 1is stored in synaptic vesicles within the mossy fiber axons of the dentate granule
neurons which extend to the CA3 and CA1 pyramidal neurons [172]. Glutamatergic
synapses are abundant in this area and normally release Zn and Cu into the extracellular
space at concentrations of up to 300 uM and 15 uM, respectively [126, 173-175]. This
system is involved in processes related to learning and memory and one of the main roles
of Zn in this region is to protect neurons from the exictotoxicity of glutamate [175]. In
AD, Zn transporter (ZnT) proteins, which serve to regulate Zn in normal and pathological
conditions the brain, are also affected in the hippocampus. For example, elevated
expression of ZnT3, ZnT4, and ZnT6 have been observed in the hippocampi of human
AD patients and transgenic mice [147, 176]. Furthermore, ZnT3 is primarily found in
synaptic vesicles within the mossy fiber boutons, particularly in the hilus of the dentate
gyrus to the CA3 pyramidal neurons [177]. Experiments in the Tg2576 mouse model
lacking ZnT3 showed a drastic reduction in Zn in the hippocampal mossy fiber area,
where the concentration is normally as high as 300 pM, as well as a reduction in plaque
formation [126, 178].

Since maintenance of metal homeostasis in the hippocampus appears to be critical
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in AD, the aim of the present study was to evaluate the distribution and concentration of
these metal ions during normal aging in the hippocampus and how they are affected in
AD. Previous studies utilized histochemical methods or bulk methods such as
inductively coupled plasma mass spectrometry (ICP-MS) to measure metal ion content.
However, histochemistcal techniques can only detect free and loosely bound metal ions
and are not quantitative. ICP-MS can examine multiple metal ions simultaneously, but
information on the spatial distribution of metal ions within cells and tissues is lost. X-ray
fluorescence microscopy (XFM) is a highly sensitive technique that can be used to
visualize and quantify multiple metal ions simultaneously in a tissue. XFM also
measures the total amount of metal ions, not only the histochemically reactive, loosely
bound, or free metal ions. The technique relies on the principle of X-ray fluorescence in
which an incident photon is absorbed by an atom and inner shell electron is ejected,
creating an electron hole. The resulting vacancy is filled by an outer shell electron and
the excess energy is emitted as a characteristic X-ray. Characteristic X-rays are unique
for each element and their intensities are proportional to the concentration in the sample.
Using a synchrotron source allows trace metal ion concentration and distribution in the
sample to be measured with a resolution of 5-10 um and a sensitivity of less than 10 ppm
(in 30 um sections). In this study, we used synchrotron XFM to examine Fe, Cu, and Zn
concentration and spatial distribution in the hippocampus of a PSAPP transgenic mouse
model of plaque formation in AD as a function of aging. The evaluation of the spatial
distribution and the local concentration in the hippocampus of trace elements involved in
AD will help understand how different anatomical areas are affected in this critical brain

region and may provide insight into the metal imbalances previously observed in AD.
4.3 MATERIALS AND METHODS

4.3.1 SAMPLE PREPARATION

Twenty-two female B6C3-Tg(APPgy., PSEN1dE9)85 Dbo/J (PSAPP) mice and
26 age- and gender-matched B6C3F1/J control (CNT) mice were obtained from Jackson
Laboratory (Bar Harbor, ME, USA). The mice were cared for and euthanized in
accordance with the guidelines set by the Brookhaven National Laboratory (BNL)

Institutional Animal Care and Use Committee and were housed at the Brookhaven
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Laboratory Animal Facility under standard conditions. At time points representing pre-
AD (13 weeks; PSAPP=6, CNT=6), early-AD (24 weeks; PSAPP=5, CNT=6),
intermediate-AD (40 weeks; PSAPP=6, CNT=7), and late-AD (56 weeks; PSAPP=5,
CNT=7), the mice were deeply anesthetized with 100 mg/kg 1:10 ketamine:xylazine
administered by intraperitoneal injection. Afterwards, they were perfused transcardially
with phosphate buffered saline, resulting in exsanguination and death. The brains were
removed, frozen on dry ice, and stored at -80°C until further processing. For each
sample, 30um thick whole brain cryosections, which included the hippocampus, were
mounted onto 3um thick Ultralene film (SPEX CertiPrep, Metuchen, NJ) and dried at
room temperature. The samples were kept in a dessicator until the XFM experiments

were carried out.

4.3.2 SYNCRHROTRON XFM

The concentration and distribution of Fe, Cu, and Zn in the hippocampus were
measured with XFM at the Biophysics Collaborative Access Team (BioCAT) beamline
18-ID-D at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL).
The synchrotron X-ray beam was tuned to 12 keV using a Si(111) double crystal
monochromator. The incident beam was then collimated to 600 pm % 600 pm and then
focused to 30 um using Kirkpatrick-Baez focusing mirrors. This provided an X-ray flux
to the sample of approximately 1.0 x 10'* photons/s. The sample was placed at a 45°
angle to the incident X-ray beam, and X-ray fluorescence was detected with a Ketek
single-element silicon drift detector (80 mm? active area) oriented at 90° to the incident
beam. A light microscope objective (infinity K2/S long distance video microscope with
CVF-12/3/4 objectives) was coupled to a Hitachi digital CCD camera for sample viewing
in transmission geometry. Energy dispersive spectra were collected by raster scanning
the sample using a dwell time of 1 s/pixel and a step size of 30 um. Fe Ka, Cu Ko, and
Zn Ko fluorescence counts were then extracted from background-corrected energy
dispersive spectra. NIST thin-film standards NBS 1832 and 1833 were used for
calibration and quantification. All data were normalized to variations in incident photon

flux by normalizing to changes in I measured by an upstream ion chamber.
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4.3.3 DATA ANALYSIS

Elemental maps were created by fitting the full fluorescence spectrum at each
pixel to modified Gaussians using MAPS software v.1.6.4.3 [179]. Area concentrations
for each element were calculated by normalizing integrated fluorescence peak intensities
to fitted spectra from the thin film standards NBS 1832 and 1833 and converting the
fluorescence signal to a two-dimensional concentration in pg/cm®. In order to partition
the maps into different histological structures, cluster analysis was used to create
unsupervised regions of interest (ROIs) in the hippocampus based on Fe, Cu, and Zn
content. Two additional ROIs were created based on light microscopy to encompass the
entire CA and DG areas to analyze the total metal ion content of the hippocampus and a
small region corresponding to the choroid plexus (CP) outside of the hippocampus. The
concentrations were converted from pg/cm” to molar units by first divding by the sample
thickness (0.003 cm) and density, which was assumed to be 1 g/cm’. That value was then
divided by the molecular weight of the element. For each ROI, the concentrations of Fe,
Cu, and Zn were determined and are presented in molar units (mean + standard
deviation). A Kruskal-Wallis test was performed using SPSS v.14.0 to test for significant
differences between time points. Mann-Whitney U tests were used for post-hoc analyses
on significant Kruskal-Wallis tests and to test for significant differences between PSAPP
and CNT at each time point. Since regional regulation is complex and may involve
interactions between the metal ions [171], we also performed a correlational analysis
comparing each metal ion to another in specific regions of the hippocampus using

Spearman p analysis. A significance level of 0.01 was used for all analyses.

4.4 RESULTS

The hippocampal formation consists of the subiculum, CA, and the DG. A visible
image of an unstained hippocampal section can be seen in Figure 1A. XFM showed that
the distributions of Fe, Cu, and Zn are higher in specific regions of the hippocampus
(Figure 1B-D). For example, the Zn concentration is highest in the region corresponding
to the DG and CA3 (Figure 1B), whereas the Fe concentrations is highest in the region
corresponding to the pyramidal cell layer of the CA1 region (Figure 1C). Cu appears to
be uniformly distributed in the hippocampus but is high near the dorsal and lateral

ventricles, most likely corresponding to the CP (Figure 1D). These trends were the same
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for both PSAPP and CNT mice and across all time points. Four hippocampal anatomical
ROIs were consistently identified using cluster analysis based on their Fe, Cu, and Zn
content and are shown in Figure 1E. The green area corresponds to the the combined
CA and DG regions (CA/DG) containing mainly granule and pyramidal cells and their
dendrites, the blue area corresponds to the pyramidal cell layer of CA1 (PCL), the
turquoise area corresponds to CA3, the magenta area corresponds to the hilus of the DG,

and the yellow area corresponds to the CP.

1.50
0.06
0.30 1.30
0.005 0.05

h /

Figure 4.1 (A) Light micrograph of an unstained hippocampal brain section from a PSAPP mouse. XFM
images of Fe (B), Cu (C), and Zn (D) in the same tissue section. Units are mM. Scale bar = 300 um. (E)
Hierarchical cluster analysis defining four distinct regions of the hippocampus based on metal content
where CA/DG is green, the PCL is blue, CA3 is turquoise, and the hilus is magenta. The yellow area
corresponds to the CP and was acquired manually.
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The means and standard deviations of Fe content in each ROI at each time point
for PSAPP mice and age-matched CNT mice are shown in Table 1. Results for all time
points showed that Fe was highest in the PCL compared to the other ROIs. Specifically,
the average Fe content in the full hippocampus was approximately 324 + 43 uM, but was
642 + 142 uM in the PCL. No significant changes were observed in the CNT mice as
they aged Fe content in the full hippocampus in PSAPP mice significantly increased by
31.2% from 13 to 24 weeks-old, but significantly decreased from 24 to 56 weeks old by
14.7%, (Figure 4.2A). In addition, the content in PSAPP mice (291 + 15 uM) was
significantly lower than in CNT mice (354 + 21 uM) at 56 weeks old. The same trend
was observed for the CA/DG and the PCL. For example, Fe content in the CA/DG
(Figure 4.2B) in the PSAPP mice increased significantly by 30.1% from 13 to 24 weeks-
old, but significantly decreased from 24 to 56 weeks old by 13.6% and was significantly
lower than in the CNT mice at 56 weeks old (PSAPP: 280 + 13 uM; CNT: 342 + 21
uM). In the PCL (Figure 4.2C), Fe content in the PSAPP mice increased significantly by
51.7% from 13 to 24 weeks-old and significantly decreased from 24 to 56 weeks old by
34.1% and was significantly lower than in the CNT mice at 56 weeks old (PSAPP: 291 +
15 uM; CNT: 354 £ 21 uM). In the hilus, Fe content increased significantly by 37.6%
from 13 to 56 weeks-old and was significantly higher than CNT mice at 56 weeks-old
(PSAPP: 326 +31 uM; CNT: 270 + 19 uM) (Figure 4.2D).

The means and standard deviations of Cu content in each ROI at each time point
for PSAPP mice and age-matched CNT mice are shown in Table 2. No significant
changes were observed in Cu content, but, as expected, Cu content was highest outside
the hippocampus in the region corresponding to the CP where the average Cu content was
approximately 504 £ 297 uM, but was 79 £ 7 uM in the full hippocampus. The means
and standard deviations of Zn content in each ROI at each time point for PSAPP mice
and age-matched CNT mice are shown in Table 3.

Finally, Zn content was highest in the hilus of the DG (1435 + 232 uM) compared
to the full hippocampus (418 + 47 uM) and increased significantly in the hilus by 44.9%
from 13 to 40 weeks-old in the PSAPP mice only (Figure 4.2E). Zn content in the
PSAPP mice was also significantly higher than CNT mice at 56 weeks-old (PSAPP:
1757 + 540 uM; CNT: 1150 + 98 uM).
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Figure 4.2 Fe in the full hippocampus (A), CA/DG (B), the PCL (C), and the hilus (D) as a function of
aging in PSAPP and CNT mice. (E) Zn in the hilus as a function of aging in PSAPP and CNT mice. * =
PSAPP mice significantly different from 13 week-old PSAPP mice (p < 0.01). ** = PSAPP mice
significantly different from 24 week-old PSAPP mice (p < 0.01). # = PSAPP mice significantly different
from CNT mice at the same time point (p < 0.01).

4.5 DISCUSSION

There is growing evidence to suggest that dyshomeostasis of Fe, Cu, and Zn plays
an important role in AD pathology [68, 93, 95, 146]. However, little is known about
metal ion distribution in the hippocampus or if there are fluctuations in metal ion content
over time. The goal of this study was to assess metal ion homeostasis in the
hippocampus as a function of aging by investigating changes in the concentration and
distribution of physiologically relevant metal ions in PSAPP mice and age-matched CNT
mice. We examined the concentration and distribution of Fe, Cu, and Zn in the
hippocampus at four time points representing pre-AD to late-AD using XFM. We
observed significant fluctuations in Fe content in the PSAPP mice only. We also found

that Zn content in the hilus was significantly higher in PSAPP mice than CNT mice at 40
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weeks-old. No significant alterations in Cu were observed.

The hippocampus is a critical structure in the brain responsible for certain aspects
of learning and declarative memory and is one of the first and most severely affected
regions of the brain by amyloid pathology in AD [120]. Fe concentration in the
hippocampus has been studied previously in human AD brain using atomic absorption
spectroscopy [180]. However, this technique requires tissue homogenization and the
spatial distribution of Fe in the hippocampus has not been imaged at a cellular level. The
present results showed that Fe content in both PSAPP and CNT mice was highest in the
PCL compared to other regions of the hippocampus. This is in contrast to a previous
study that examined non-heme Fe content in the hippocampus and found the highest
concentration of Fe to be in the CA2 and adjacent CA3 regions [181]. However, that
study used a histochemical technique which mainly identifies Fe associated with the Fe
storage protein, ferritin. The XFM technique used in the present study quantifies all
forms of bound and unbound Fe. In addition, since the animals were perfused with PBS
it is unlikely that the Fe observed in this region is heme iron associated with hemoglobin
in blood.

Increased Fe in the brain has been consistently observed in AD and a number of
studies suggest that Fe homeostasis is altered in AD [98, 137, 182]. The present results
also showed fluctuations in Fe content in the PSAPP mice in all hippocampal ROIs. For
example, Fe content in the full hippocampus, the CA/DG, and the PCL significantly
increased from 13 weeks-old to 24 weeks-old and then significantly decreased from 24
weeks-old to 56 weeks-old. In addition, Fe content in CA3 and the hilus was also
increased from 13 to 40 and 56 weeks-old, respectively. In contrast to the PSAPP mice,
no significant alterations in Fe were observed in the CNT mice.

The early increase in Fe is consistent with previous studies in human AD showing
Fe was increased in the hippocampus of patients with mild cognitive impairment, a
condition thought to be an early precursor to AD [183]. On the contrary, another study
using double transgenic APP/PS1 mice did not find any significant changes in Fe content
with age in any brain region except the dorsal striatum [184]. However, that study
examined mice in two different age ranges: young (27 to 45 weeks) and old (60-86

weeks). Based on previous research indicating Fe accumulation in the mouse brain
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reaches a plateau at around 17 weeks [185], the authors concluded the mice were already
too old to observe fluctuations in Fe. It is also possible that the large age range of the two
groups masked any changes in Fe content. The mice in the current study were not only
younger in the early-AD group (13 weeks), but the mice in each group were of the same
age. The exact role of the alterations in Fe found in this study is unknown and could
result from a number of factors. For example, the Fe storage protein ferritin is found in
all areas of the hippocampus [186]. However, in contrast to normal aging, the ferritin
level in human AD brain is thought to remain constant even though Fe content increases.
For example, ferritin isolated from AD and Parkinson’s patients had higher Fe content
than that from control brains [187, 188]. In vitro studies have shown that excess iron
leads to free radical formation, lipid peroxidation, and neuronal damage [189] and
increased loading of ferritin provided a source for Fe-related free radical generation.
Since Fe was increased in CA3 and in the hilus of PSAPP mice and not in the CNT mice,
it is possible that this increase represents overloaded ferritin related to plaque pathology
and not age.

Our results have also shown that PSAPP mice have 41.8% higher Zn content in
the hilus than CNT mice. Zn content was also significantly increased by 44.9% from 13
to 40 weeks-old in PSAPP mice. The Zn transporter protein ZnT3 is localized in this
region of the hippocampus and serves to sequester Zn ions into synaptic vesicles [177].
Previous studies have indicated a role for ZnT3 and synaptic Zn in AD. For example, in
the same PSAPP mouse strain Zhang et al. showed that ZnT3 was 398.6% increased in
the hippocampus compared to wild-type mice [190]. Furthermore, Tg2576 mice lacking
ZnT3 are devoid of Zn in the hilus and also have reduced plaque load [126, 191]. While
Fe in the present study was altered in all ROIs suggesting a global fluctuation in Fe
content as a result of plaque pathology, increased Zn was confined to the hilus and
implies a more specific defect. For example, Zn is co-localized with the neurotransmitter
glutamate in the synaptic vesicles [192] and excess Zn may impede the reuptake of
glutamate [193], which is toxic in excess [175]. In addition, Zn reuptake after synaptic
release is a rapid and energy dependent process and it is possible that energy depletion
could cause pooling of extracellular Zn [67, 76].

There are a few limitations associated with this study. First, the spatial resolution
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was about 30 um, which is on the order of the size of some cells in the hippocampus (e.g.
mossy and pyramidal basket cells), but is much larger than others (e.g. dentate gyrus
granule cells). Though changes were observed on a cellular scale, it is possible that that
are extensive subcellular changes taking place, which could not be visualized and should
be examined in the future in order to fully understand the involvement of metal ions in
the disease process. Second, the measurements were acquired over the course of three
beamtimes. Though beamtime to beamtime analysis should be consistent, we attempted
to minimize possible inconsistencies by using non-parametric statistics with a small p
value. In this way, we considered only the most robust results.

In summary, these studies have revealed that Fe and Zn homeostasis in the
hippocampus is affected in a PSAPP mouse model of AD as a function of age. For
example, Fe showed changes in all regions of the hippocampus, while Zn was elevated
only in the hilus. These results provide further evidence for a general increase in brain Fe
during plaque formation, but a more specific involvement of Zn, perhaps related to
excess synaptic Zn. While it remains to be determined if altered metal ion levels are a
cause or consequence of plaque pathology, it is possible that these fluctuations are
important in increasing the oxidative stress, excitoxicity, and neurodegeneration

implicated in AD.
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Table 1. Fe Content in PSAPP and CNT Mice

ROI 13 weeks 24 weeks 40 weeks 56 weeks

Full
Hippocampus

PSAPP 260 + 29 341 +31 369 + 89 291 £15™¢

CNT 299 + 54 380 + 122 300 + 74 354 +21
CA/DG
Layer

PSAPP 249 £27 324 + 32" 352+ 85 280 + 137

CNT 288 + 53 360 + 122 285+ 70 342 +21
PCL

PSAPP 468 + 37 710+ 71" 688+ 1817 468+ 68+

CNT 546 + 81 880 + 246 649 + 200 726 + 96
CA3

PSAPP 225 +29 294 + 22" 346 + 88" 291 +43

CNT 265 + 69 345+ 117 244 + 57 395+ 19
Hilus

PSAPP 237 + 28 281 +24 343+ 71" 326 +31%1

CNT 265+ 55 335+ 98 242 + 50 270+ 19
CP

PSAPP 316 + 162 382+ 176 338 + 111 242 +£28

CNT 254 + 49 306 + 93 272+ 72 309 £ 61

* = significantly different from 13 weeks

** = significantly different from 24 weeks

1 = significantly different from CNT
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Table 2. Cu Content in PSAPP and CNT Mice

ROI 13 weeks 24 weeks 40 weeks 56 weeks

Full
Hippocampus

PSAPP 72 £10 74 £ 10 91 £15 80+ 13

CNT 76 £ 14 87 +23 70 £ 16 78 £ 12
CA/DG
Layer

PSAPP 76 £ 10 76 £ 11 95+ 16 82+ 14

CNT 77 £ 14 88 +23 71 £ 16 79 £13
PCL

PSAPP 56+ 7 62+12 68+9 66+ 11

CNT 66 £ 14 77 £24 52+13 58+9
CA3

PSAPP 58+£9 66+ 6 77 £ 11 71+6

CNT 70 £ 18 81 +£22 66 £ 17 75+£13
Hilus

PSAPP 66 £ 10 72+9 81+12 78 £ 12

CNT 75+ 12 89 £ 21 81 £ 025 101 £ 32
CP

PSAPP 387 +£ 148 395+ 178 1078 £ 350 702 £ 584

CNT 376 + 181 300 +234 664 £+ 70 728 +223

* = significantly different from 13 weeks
** = significantly different from 24 weeks

1 = significantly different from CNT
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Table 3. Zn Content in PSAPP and CNT Mice

ROI 13 weeks 24 weeks 40 weeks 56 weeks

Full
Hippocampus

PSAPP 378 £40 427 + 85 462 + 104 410 + 80

CNT 472 £105 467+ 79 349 + 65 376 £ 23
CA/DG
Layer

PSAPP 294 + 33 334 + 68 360 + 83 312 +£59

CNT 366+ 79 370 + 65 270 + 54 297 £20
PCL

PSAPP 374 £ 36 401 + 48 438 + 084 411+114

CNT 452 + 64 463 +£103 320 + 57 345+ 29
CA3

PSAPP 752 £ 91 814 + 142 950 £ 178 868 +207

CNT 893 + 193 979 £+ 198 762 £ 160 774 £ 53
Hilus

PSAPP 1173161  1415+303  1700+£266° 1757 £ 540*

CNT 1497 £ 238 1547 + 393 1244 + 345 1150 £ 98
CP

PSAPP 245 £ 50 264 £ 18 310 + 66 228 +43

CNT 299 + 57 301 £ 63 245 + 44 268 +24

* = significantly different from 13 weeks

** = significantly different from 24 weeks

1 = significantly different from CNT
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CHAPTER 5

UNSATURATED LIPID CONTENT IS REDUCED IN THE HIPPOCAMPUS OF THE

PSAPP TRANSGENIC MOUSE MODEL OF ALZHEIMER’S DISEASE [194]

5.1 ABSTRACT

Polyunsaturated fatty acids are essential to brain function and are reduced in the
brains of Alzheimer’s disease (AD) patients. However, it is not known how they are
affected in different regions of the hippocampus, which is a primary target of AD
pathology. In this study, we used Fourier Transform Infrared Imaging (FTIRI) to
visualize the unsaturated lipid content in specific regions of the hippocampus in the
PSAPP mouse model of AD as a function of disease severity. Specifically, the axonal,
dendritic, and somatic layers of the hippocampus were examined in the mice at 13 weeks,
24 weeks, 40 weeks and 56 weeks old. Results showed that lipid unsaturation in the
axonal layer is significantly increased with normal aging in control (CNT) mice (p <
0.01), but remained low and relatively constant in PSAPP mice. Thus, these findings
indicate that unsaturated lipid content is reduced in hippocampal white matter during
amyloid pathogenesis and that maintaining unsaturated lipid content early in the disease

may be critical in avoiding progression of the disease.

58



5.2 INTRODUCTION

The brain contains the highest lipid content of any other organ in the body, with
the exception of adipose tissue. However, adipose tissue utilizes lipids for energy
storage, while nearly all lipids in the brain have a role in modifying the structure, fluidity,
and function of cellular and subcellular membranes and in myelin [195]. These
membrane lipids are comprised of saturated, monounsaturated, and polyunsaturated fatty
acids including gangliosides, phospholipids, and cholesterol [195].

Polyunsaturated fatty acids (PUFAs) synthesized from ®-3 and ®-6 essential fatty
acids are key structural components of phospholipid membranes and are critical for brain
growth, membrane fluidity, signal transduction, and visual and cognitive development
[45]. Normal brain function depends on maintaining homeostatic concentrations of
PUFAs both during development and throughout life [45]. Indeed, impairments in PUFA
metabolism have been implicated in many neurological diseases, including Alzheimer’s
disease (AD). For example, blood levels of the -3 PUFA docosahexaenoic acid (DHA)
were found to be lower in AD patients compared to control subjects without cognitive
impairment [46]. Levels of DHA and arachidonic acid in the brains of AD patients were
also shown to be lower than in control patients [47]. Furthermore, lower levels of DHA
were associated with the loss of post-synaptic proteins in dendrites in a transgenic mouse
model of AD [48] while DHA reduced amyloid burden in cell culture [49] and in
transgenic mouse models of AD [50, 51], possibly by inhibiting the amyloidogenic
pathway or by upregulating amyloid beta (AB) clearance mechanisms.

Unsaturated lipids are highly vulnerable to oxidative attack because of their
double bond content and the increased degradation of PUFAs in AD may be evidence of
lipid peroxidation [196]. Lipid peroxidation is marked by elevated levels of
thiobarbituric acid reactive substances, isoprostanes, and chemically reactive, diffusible
aldehydes, such as 4-hydroxy-2-neonenal, malondialdehyde, and acrolein [54]. Under
normal conditions, the brain is generally protected from oxidative damage through a
careful balance of physiological amounts of reactive oxygen species and antioxidant
defenses [57]. However, these mechanisms may be impaired in AD and increasing
evidence shows elevated lipid peroxidation products and protein carbonyl formation in

human AD brain [197, 198] and in transgenic AD mice [199, 200], particularly in regions
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of high amyloid plaque density such as the hippocampus and inferior parietal lobule
[201]. For example, protein carbonyl content was 42% higher in AD hippocampus
relative to the cerebellum, while control hippocampus and cerebellum levels were similar
[201].

The hippocampus is of pathological relevance to AD and previous studies have
suggested neuronal loss [120] and loss of unsaturated lipids in this region [47, 122].
However, previous investigations of unsaturated lipid content in the brain employ
biochemical techniques that require homogenization, eliminating the ability to study and
visualize specific brain regions. Fourier Transform Infrared Imaging (FTIRI) is an
analytical technique that is used to examine the chemical composition of multiple
biological components simultaneously in unfixed, unstained, thin sections of biological
tissue. Its usefulness in imaging biological tissue [110] and specifically monitoring
unsaturated lipid content by utilizing the olefinic =CH stretching mode (3012 c¢m™') has
been demonstrated previously [202-204].

In this study, we used FTIRI to visualize unsaturated lipid content in specific
areas of the hippocampus in a PSAPP mouse model of AD as a function of animal age.
This mouse model expresses a mutant human presenilin 1 (PS1) gene and a chimeric
mouse/human amyloid precursor protein gene (APP), developing amyloid plaques in the
same brain regions as human AD by around 6 months of age [103, 104]. The evaluation
of unsaturated lipid content and distribution in individual regions of the hippocampus will
help understand how different anatomical areas are affected in this critical brain region

and how accumulation of unsaturated lipid may be impaired in AD.
5.3 MATERIALS AND METHODS

5.3.1 TISSUE PREPARATION

Twenty female B6C3-Tg(APPg., PSENIAE9)85 Dbo/J (PSAPP) mice and
twenty age- and gender-matched B6C3F1/J control (CNT) mice were obtained from
Jackson Laboratory (Bar Harbor, ME, USA). The mice were cared for and euthanized in
accordance with the guidelines set by the Brookhaven National Laboratory (BNL)
Institutional Animal Care and Use Committee and were housed at the Brookhaven

Laboratory Animal Facility under standard conditions. Animals were fed the standard
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Mouse Diet 5015 (PMI Nutrition International, St. Louis, MO, USA). At time points
representing pre-AD (13 weeks; PSAPP=5, CNT=5), early-AD (24 weeks; PSAPP=5,
CNT=5), intermediate-AD (40 weeks; PSAPP=5, CNT=5), and late-AD (56 weeks;
PSAPP=5, CNT=5) the mice were deeply anesthetized with 100 mg/kg 1:10
ketamine:xylazine administered by intraperitoneal injection. Afterwards, they were
perfused transcardially with phosphate buffered saline, resulting in exsanguination and
death. The brains were removed, frozen on dry ice, and stored at -80°C until further
processing. For each sample, 10 um thick coronal, whole brain cryosections, which
included the hippocampus, were mounted onto IR transparent calcium fluoride (CaF;)
slides (Korth Kristalle GmbH, Altenholz, Germany) and dried at room temperature. The
CaF; slides were kept in a dry and dark environment until the FTIRI experiments were

carried out.

5.3.2 FOURIER TRANSFORM INFRARED IMAGING (FTIRI)

FTIR spectroscopy is a measurement of the absorbance of infrared light as a
function of wavelength in a sample. If a specific functional group in a molecule is
subjected to infrared light of its specific vibrational frequency, it will absorb that
frequency of light, creating a peak in the absorption spectrum [205, 206]. Moreover, the
size of the peak is proportional to its concentration in the sample according to the Beer-
Lambert Law. For example, lipids have characteristic C-H stretching vibrations between
2700 — 3000 cm™ [207]. Specifically, the asymmetric and symmetric C-H stretching
vibrations of the aliphatic —CH, functional group fall at ~2920 and 2850 cm’,
respectively. For —CHj3 functional groups, the asymmetric and symmetric C-H stretching
vibrations are found at ~2957 and 2872 cm’, respectively. In this study, we are
examining the unsaturated olefinic =CH, stretching vibration, which has a unique
vibrational frequency of 3012 cm™ and is well-separated and distinguishable from the
saturated aliphatic peaks. Thus, FTIR spectroscopy provides a quantitative chemical
footprint of the composition of a sample without the need for stains or probe molecules.

The FTIRI data were collected using a Bruker imaging system (Bruker Optics,
Billerica, MA, USA) consisting of a Vertex 80v Rapid Scan FTIR spectrometer, coupled
to a Hyperion 3000 IR microscope, equipped with a 128 x 128 mercury cadmium
telluride focal plane array detector (Santa Barbara Focalplane, Goleta, CA, USA). For
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each sample, an area approximately 2.5 mm X 2 mm encompassing the hippocampus was
imaged. At each pixel, absorbance spectra in the mid-infrared spectral range (4000-800
cm™) were collected using a 15X objective in transmission mode with a spectral
resolution of 8 cm™, 64 scans co-added, and 8 x 8 pixel binning, resulting in a final pixel
resolution of 21.6 um. A background spectrum was collected from clean CaF, and
ratioed to each of the sample spectra. All spectra then underwent quality tests to remove
spectra with poor signal-to-noise in the absorbance-free region of the spectrum from 1900
— 2200 cm™. The remaining spectra were subsequently converted into first derivative

spectra using a 9-point Savitzky-Golay algorithm.

5.3.3 SEPARATING HISTOLOGICAL STRUCTURES OF THE HIPPOCAMPUS

In order to partition the spectra into different histological structures, i.e. regions of
interest (ROIs), unsupervised reduced hierarchical cluster analysis (HCA) was performed
on the first derivative spectra in the 1620 — 1680 cm™ (i.e. protein) and 2750 — 3020 cm™
(i.e. lipid) spectral regions. This is a technique that clusters IR spectra together based on
their similarity to each other. D-values based on Pearson’s correlation coefficient were
used to calculate the distance matrix, which determines the similarity of the spectra.
Hierarchical clustering was subsequently performed using Ward’s algorithm, which
searches the distance matrix for clusters of similar spectra. On average, five clusters
were required to separate the images into histological ROIs. For each ROI, an average
spectrum was calculated. In addition, binary masks were created for each ROI. This was
done by converting each ROI pixel in the matrix to ones and the remainder of the pixels

in the matrix to zeroes, then repeating the procedure for each ROI separately.

5.3.4 PRINCIPAL COMPONENTS ANALYSIS

Principal components analysis (PCA) is a technique used to reduce the
dimensionality of a large dataset without decreasing the variance. It is used to determine
if one sample set is different from another and which variables (absorption frequency in
the present case, i.e. cm™') contribute most to the difference. The first principal
component (PC) is the combination of variables that accounts for the greatest amount of
the total variation, while the second PC accounts for most of the remaining variation and

is orthogonal to the first PC. In order to identify spectral regions as possible sources of
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maximum variance associated with AD mice and CNT mice, the average spectra from
each ROI for each sample that were derived from HCA analysis were subjected to PCA
using The Unscrambler 9.8 (CAMO, Norway). All average spectra were converted into
second derivative spectra using a 7-point Savitzky-Golay smoothing algorithm. PSAPP
mice were analyzed with their corresponding age-matched controls at each time point in
each ROI using a Norris Gap algorithm and a fully cross-validated model. Scores plots
were created to identify any clustering of the sample groups, which would indicate
variability between the sample groups. If group clusters were identified, a loadings plot
of the most influential PC was created to assess the contribution of each wavenumber to

the total variance.

5.3.5 INTEGRATION PROFILES

The degree of unsaturation was investigated by examining the olefinic =CH
stretching vibration at 3012 cm™. The peak intensity at 3012 cm™ is proportional to the
amount of unsaturated lipid in the tissue [202, 204]. The olefinic content was calculated
as a ratio of the integrated area from 3000 — 3020 cm™ normalized to the total lipid
content, i.e. the integrated area of the total C-H stretching region (2750 — 3020 cm™). A
linear baseline in the same spectral region was applied. The total lipid (2750 — 3020 cm’
" to protein (1620 — 1680 cm™) ratio was also calculated.

After the chemical images for olefinic content were created, the masks for each of
the three ROIs described above were applied to each image separately and the resulting
images contained only the data points (approximately 1000-4000 pixels) from each ROI.
For each ROI, the median olefinic content was determined. The median values were then
obtained for PSAPP and CNT mice at each time point. A Kruskal-Wallis test was
performed using SPSS v.14.0 to test for significant differences between PSAPP and CNT
at each time point, and differences between time points. Post-hoc analyses on significant
Kruskal-Wallis tests were performed using Mann-Whitney U tests. A significance level

of 0.01 was used for all analysis.

5.4 RESULTS
The hippocampal formation consists of the subiculum, CA, and the DG. A visible

image of an unstained hippocampal section can be seen in Figure 5.1A. Using HCA,
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three hippocampal anatomical ROIs were consistently identified based on their lipid and
protein content and are shown in Figure 5.1B. The red area corresponds to the alveus
and fimbria which are rich in axons (axonal layer), green corresponds to the dendrites of
the hippocampus (dendritic layer), and blue corresponds to the cell somata of the granule
cells of the DG and pyramidal cells of the CA (somatic layer). The subiculum was not
included in the area imaged and was therefore not part of the analysis. Also, the fimbria
and alveus are generally not considered part of the “hippocampal formation”, but they
carry many subcortical afferent and efferent fibers through the hippocampus and are also
highly enriched in lipids. Moreover, previous research shows that despite primarily being
considered a disease of the grey matter, white matter alterations have also been observed
in AD [208, 209]. Therefore, we included this region in the analyses. Also shown in
Figure 5.1C are representative spectra from each ROI, illustrating the differences in lipid
content. The axonal layer spectrum (red) has a strong intensity in the area of the
spectrum mainly attributed to lipids (2750 — 3020 cm™) and corresponds to the high
myelin content in this region. The dendritic layer spectrum (green) is intermediate in
lipid content, but contains a higher proportion of protein (1620 — 1680 cm™) relative to
the axonal layer spectrum. The somatic layer spectrum (blue) contains the least amount

of lipid but a similar amount of protein as the axonal layer spectrum.
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Figure 5.1 (A) Light micrograph of an unstained hippocampal brain section from a PSAPP mouse. (B)
Hierarchical cluster analysis defining three distinct regions of the hippocampus based on lipid content
where the axonal layer is red, the somatic layer is green, and the dendritic layer is blue. Scale bar = 500
um. (C) Average spectrum from each of the three regions illustrating differences in lipid content when
normalized to protein content. Important peak frequencies are indicated. Inset shows the olefinic =CH
stretching region (3012 cm™) from the axonal layer spectrum.
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Our first goal was to use PCA to identify the specific regions of the FTIR spectra
that contributed to the observed variance in the data. The PCA scores plot of the average
axonal layer spectra from the endstage animals (Figure 5.2A) shows that PSAPP mice
are easily discriminated from CNT by using the first two components, PC1 and PC2,
which account for 95% and 2% of the variance, respectively. Interestingly, the earlier
time points or other ROIs did not show such discrimination (data not shown). To
visualize the spectral regions displaying the most variability, loadings plots were used to
highlight the contribution of each spectral frequency to each PC. In the PC1 loadings
plots (Figure 5.2B), the major contributions to spectral variation between PSAPP and
CNT endstage mice were the olefinic (=CH) stretching vibration (3012 cm™), the
asymmetric and symmetric C-H stretching vibrations from CH, and CHs groups (2865 —
2960 cm™), the C=0 stretching vibration of carbonyl esters (1740 cm™), the Amide I
(1654 cm™) and Amide II (1550 cm™) protein bands, and the symmetric C-H scissoring
of CH; (1465 cm™). However, the C-H stretching region showed the largest differences.
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Figure 5.2 (A) Scores plot of average axonal layer spectra from 56 week-old PSAPP and CNT mice; (B)
PCI1 loadings of average axonal layer spectra from 56 week-old PSAPP and CNT mice.

We then examined lipid unsaturation in each ROI by calculating the integrated
area of the olefinic =CH peak (3000 — 3020 cm™") divided by the integrated area of the
total lipid region (2750 — 3020 cm™). A lower ratio indicates a lower level of lipid
unsaturation. In both PSAPP and CNT animals, the olefinic peak at 3012 cm™ was most

easily detected in the axonal layer, while the content was below the detection limit in the
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other ROIs at all time points. The distribution of unsaturated lipid in the axonal
measured by integrated olefinic peak area at each pixel is shown in Figure 5.3, where red
indicates a large olefinic peak area, demonstrating a high unsaturated lipid content,
whereas purple indicates a small olefinic peak area, demonstrating lower lipid
unsaturation. In the 13 and 24 week-old CNT mice, a low olefinic content was observed
throughout the axonal layer (Figure 5.3, top row). However, from 24 to 40 weeks-old,
the level of unsaturated lipids increased, as evidenced by a significant increase in the
median integrated area of the olefinic peak from 0 at 24 weeks to 0.0005 at 40 weeks (p <
0.01). The median integrated olefinic peak area increased even more at 56 weeks-old to
0.0013 (p <0.01), indicating a further increase in unsaturated lipid content. In the 13 and
24 week-old PSAPP mice, the unsaturated lipid content was similar to the CNT mice as
the median integrated olefinic areas were identical. However, at 40 and 56 weeks, the
median integrated olefinic area remained low and relatively constant, indicating that
plaque pathology was keeping the unsaturated lipid content low. Finally, the lipid /
protein ratio was similar across all time points in both PSAPP and CNT mice (data not

shown).

13 weeks 24 weeks 40 weeks

Figure 5.3 Olefinic content as a function of age in CNT mice (top row) and PSAPP (bottom row) in the
axonal layer. Red indicates very high olefinic content while purple represents very low olefinic content. *
= median is significantly different from 13 and 24 week-old CNT mice (p < 0.01); ** = median is
significantly different from CNT mice at the same time point (p < 0.01).
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5.5 DIscussION

The hippocampus is a critical structure in the brain responsible for certain aspects
of learning and declarative memory and is one of the first and most severely affected
regions of the brain by amyloid pathology in AD [120]. The goal of this study was to
characterize the unsaturated lipid content and distribution in the intact hippocampus of an
aging mouse and to assess changes in unsaturated lipid content in the age-matched
PSAPP mouse using FTIRI. We found that regions of the hippocampus containing
higher amounts of lipid are affected differently in the PSAPP mice than in normal aging.

In this study, the parameter that was used to assess the amount of unsaturated
lipid is the olefinic =CH stretching vibration at 3012 cm™ of the IR spectrum. A decrease
in this peak corresponds to a loss of unsaturation in fatty acid chains, mainly arachidonic
and docosahexaenoic acids [202, 204]. We observed that this peak is most intense in the
white matter-rich axonal layer, while much lower in the other two ROIs. However, the
content was low in both young CNT and PSAPP mice from 13 to 24 weeks. We
observed a significant increase in olefinic content in the axonal layer of CNT mice as
they grew older (i.e. after 24 weeks), while the olefinic content remained low throughout
the lifespan of the PSAPP animals. Since the olefinic content was normalized to total
lipid content, this implies an increase in unsaturation in the CNT mice with age, but not
in the PSAPP mice. Thus, while AD is thought to primarily affect the grey matter, these
findings support evidence that white matter regions, including those connected to the
hippocampus, are also affected [209].

In rodents, myelination is rapid during post-natal development, but steadily
increases throughout aging [210]. Thus, it is possible that the observed increase in
unsaturated lipid in the axonal layer of CNT mice represents an increase in myelination
since myelin contains unsaturated fatty acids [211]. Though we did not observe any
differences between CNT or PSAPP mice across all time points in the total lipid / protein
ratio, earlier studies have shown that, while the total lipid content in the myelin of the
developing rat brain does not change, the fatty acid composition of the lipid is altered
[212, 213]. For example, sphingomyelin, cerebroside, phosphatidic acid, and inositol
plasmalogen are all increased [210]. On the contrary, an increase in unsaturation of the

longest acyl chains of major myelin glycosphingolipids with aging could represent
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decreased myelin stability [214]. The present results further suggest that the total lipid
content in the axonal layer remains constant in both PSAPP and CNT mice, and that
unsaturated lipids accumulate as the CNT mouse brain develops.

Since unsaturated lipid accumulated in the CNT mice, it is possible that
accumulation in the PSAPP mice was inhibited. For example, the unsaturated class of
lipids, dolichol, which increase membrane fluidity, increase substantially in the brain
during aging [215]. In rats, it has been shown to increase 100-fold from birth to two
years of age [216] and appears to be a common feature of the aging process, though
through unknown mechanisms [217]. However, in AD brain dolichol is markedly
decreased [218]. A decrease in unsaturated lipids could also represent a deficiency in the
uptake of the essential fatty acids linoleic and linolenic acids, both of which are required
for biosynthesis of long-chain PUFAs [219]. Since mammals cannot produce either of
these essential fatty acids, they must be introduced through the diet. Both the CNT and
PSAPP mice in this study were fed identical, standard diets that contained linoleic acid.
Thus, a dietary deficiency cannot explain the differences, but it is possible that the
disease process impaired the normal processing pathways for the synthesis of PUFAs
from dietary unsaturated fatty acids and/or the incorporation of them into the brain.

The low unsaturated lipid content in the endstage PSAPP mice may also be a
result of AB-mediated lipid peroxidation. Polyunsaturated lipids in the brain are readily
attacked by free radicals because of their double bond content, becoming oxidized into
lipid peroxides [52]. AP, the primary component of amyloid plaques, has been
implicated in oxidative damage through metal ion reduction [82], lipid peroxidation in
synaptic plasma membranes [79, 220], and production of HNE in hippocampal neurons
[221]. Indeed, increased lipid peroxidation has been observed in human AD, mild
cognitive impairment, and in transgenic mouse models of AD [197, 222, 223], suggesting
that antioxidant defenses are impaired in AD [57]. This is consistent with recent work by
Petursdottir and colleagues [122] who that demonstrated that 12 month-old senescence-
accelerated mice had decreased a-tocopherol, a lipid soluble antioxidant, in the
hippocampus and amygdala compared to young mice, which also coincided with a
decreased proportion of docosahexaenoic acid and arachidonic acid in these regions.

In addition to lipid peroxidation, gliosis is a common occurrence in AD brain
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[224, 225]. Glial cells are not only capable of producing free radicals [226], but glial
membranes also contain less unsaturated lipid than neuronal membranes [227]. In AD,
astrocytes typically become reactive around amyloid plaques [228]; gliosis accompanied
by tissue degeneration has also been observed in the dentate gyrus and subiculum of AD
patients in response to lesions of the afferent projection sites [229] and also in the white
matter of AD patients [230]. Moreover, an increase in astrocytes is associated with a
decrease in oligodendrocytes in the white matter of AD patients [231]. In addition,
axonal and oligodendroglial loss is accompanied by deep white matter gliosis, which is
independent from grey matter lesions [232]. It is possible that the decreased level of
unsaturated lipid observed in the PSAPP mice in the present study may also represent
astrocytic gliosis or oligodendroglial or axonal loss in response to the insults caused by
plaque formation.

In summary, we found that unsaturated lipid accumulation increases during
normal aging but is impaired in PSAPP mice and that this defect occurs at early time
points, preferentially in the white matter. It is possible that the effects of AD play a
crucial role long before the onset of amyloid plaque pathology and may initiate a cascade
of events of which the consequences extend well into the disease process. Taken
together, these results indicate that damage to white matter occurs at the beginning stages
of amyloid plaque formation in the PSAPP mouse model of AD, and preventing loss of

unsaturated lipid early may be critical in avoiding the onset of the disease.
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CHAPTER 6

DiscussioN, CONCLUSIONS, AND OUTLOOK

AD is a devastating neurodegenerative disorder characterized by the decreasing
ability to function, the accumulation of neurofibrillary tangles and amyloid plaques in the
brain. The eventual result is death. The etiology of AD is very complex and remains
largely unknown, but imbalances of naturally occurring metal ions in the brain, such as
Fe, Cu, and Zn, are thought to be important contributors to the disease process. However,
studies on brain metal content in human AD patients can only be done upon autopsy.
Thus, important information on what happens in the brain before disease onset is missing.
Therefore, this dissertation was undertaken to examine metal ion content in the brain
using a PSAPP mouse model of plaque formation in AD, from pre- to late-stages.
Specific Aim 1 addressed this uncertainty by examining plaque and non-plaque cortical
tissue in PSAPP mice as the animals aged. It is also unknown how the chemical
composition in terms of unsaturated lipid and metal ion content of the hippocampus, a
critical brain region affected by AD, is altered in response to plaque formation.
Therefore, Specific Aim 2 was designed to examine the metal ion content using XFM
and unsaturated lipid content using FTIRI in the hippocampus in PSAPP and CNT mice
as the mice aged. Our techniques enabled us to examine Fe, Cu, and Zn content
simultaneously in the same tissues, in contrast to histology, which only permits the
examination of one element, and to bulk techniques, which eliminate spatial orientation.
Overall, our studies suggest that Fe is altered early in the disease process, possibly in
response to plaque formation, and that Cu may be a factor in the neurodegeneration

observed in human AD.

6.1 IRON AND ZINC HOMEOSTASIS IN THE BRAIN
Fe is required in the brain for metabolic processes, as well as DNA synthesis,

gene expression, myelination, neurotransmission, and mitochondrial electron transport.
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Global Fe homeostasis is regulated at the level of Fe absorption from the gastrointestical
tract. After absorption, Fe in the oxidized form (Fe’") binds to serum transferrin (Tf) and
is distributed throughout the general circulation. The blood brain barrier (BBB) tightly
regulates the exchange of Fe between the blood and neuropil, which allows the brain to
regulate its Fe content independently of other tissues. Fe is thought to cross the BBB by
binding to transerrin receptors (TfR) within the luminal membranes of cerebral
endothelial cells. Fe®" is dissociated from Tf, reduced to Fe?' and a divalent metal
transporter (DMT1) translocates the Fe from the endosome to the cytosol. The Fe-free
Tf, bound to TfR, is transported back to the plasma membrane, where it is released back
into the circulation. After crossing the BBB, Fe** is oxidized to Fe’* by the ferroxidase
activity of ceruloplasmin, allowing the Fe to be stored in a redox-inactive form. It then
either passes into the mitochondria to supply Fe for haem and Fe-sulphur cluster
biosynthesis, or is stored in the cytosolic Fe-storage protein ferritin [124].

Within the cytosol, Fe is tightly regulated since Fe is an important source for
cytosolic, mitochondrial, and nuclear ferroproteins and because excessive accumulation
of free Fe*™ is a source of oxidative stress and cytotoxicity. Ferritin serves to detoxify
and store Fe in the cytosol. It is also present in axons and may transport Fe to the
synapse.

Finally, the major route of Fe export out of the brain is via the CSF and
reabsorption back into the blood. Transferrin, lactoferrin, ferritin are all present in the
CSF and may contribute to Fe export.

The brain has the highest Zn content with respect to other organs in the body. Zn
transport into the brain is thought to occur when Zn binds to albumin or L-histidine in the
plasma and CSF which transfers Zn to target sites and regulate its uptake across the BBB
[233]. Like Fe, Zn is transferred to DMT1 or other Zn transporters to the brain
endothelial cells, which respond to changes in Zn status. However, the mechanism of
transfer from the endothelial cells to the brain extracellular fluid is not known [234].
From the extracellular fluid, Zn uptake by neurons and glial cells is mediated by Zip
transporters. ZnTs then regulate the transport of Zn from neurons into synaptic vesicles.
Alternatively, Zn®" homeostasis could be modulated through uptake by neuronal

mitochondria [235].
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6.2 THE INVOLVEMENT OF METAL IONS IN AD

The first goal of this dissertation was to examine the metal ion content in the
plaques of PSAPP mice as the mice aged. We found that Fe, Cu, and Zn content in the
plaques was not elevated until the mice were 56 weeks-old. However, after
normalization to protein density, we found that the plaques were elevated only in Zn. We
then compared the results from the endstage PSAPP plaques to endstage human AD
plaques. We found clear evidence that Cu is lacking from endstage PSAPP plaques, but
is abundant in endstage human AD plaques. This difference between the two species is
beneficial and suggests a specific role of Cu and AP in human AD. For example, A}
reduces Cu®" to Cu”, an interaction which mediates neurotoxicity through production of
H,0; [82, 86]. The abundance of Cu in the human plaques could be one reason why
human AD exhibits such severe neurodegeneration, which is not observed in mouse
models of AD.

In human AD, metal ion fluctuation in the brain has been demonstrated in regions
vulnerable to neurodegeneration, such as the hippocampus and cortex [68, 149]. It is
possible that metal ion dyshomeostasis in these regions could lead to increased free
radical production, neuron degeneration, and decreased function. However, it is still
unclear whether changes in metal ion content are a causative factor or a consequence of
the disease. Here, no changes in metal ion content were observed in the CNT mice. We
also found no change in Cu levels in both the cortex and hippocampus. However,
previous studies have shown that Cu is increased extracellularly and decreased
intracellularly in human AD [76], which could imply that the PSAPP mice also followed
this trend. On the other hand, Fe content in PSAPP mouse brain increases in the cortex
and hippocampus and is higher than in CNT mice starting at 24 weeks-old. Since plaques
form in these mice at around this age, it is possible that increased Fe could be a factor in
plaque formation. Though the Fe content in the cortex was generally higher than that in
the hippocampus, Fe concentrations over time followed the same trend: from 13 to 24
weeks-old Fe content increased by 33.9% (not significant) in the cortex, and by 31.2% in
the hippocampus, followed by a decrease at 56 weeks-old. Interestingly, no elevation of
Fe was observed in the plaques at any time point and could indicate that the increased Fe

in non-plaque tissue may not be associated with AB. Although it is still unclear where the

73



increased Fe in the cortex and hippocampus arises from, it is possible that the expression
of Fe regulatory, transport, or storage proteins is disrupted. For example, the Fe storage
protein ferritin is a component of senile plaques in AD [149, 236]. In addition, most of
the non-heme iron in the brain is bound to ferritin as Fe’", and is released after being
reduced to Fe?" [237]. However, in AD, increased Fe occurs without a concurrent
increase in ferritin providing a potential source of neurotoxic Fe*" [182]. It is possible
that the increased Fe observed in our studies represents Fe?", which could increase the
risk of oxidative stress [82]. Another possibility is a breakdown in the BBB that allows
more Fe to access the brain [124].

Zn is also altered in human AD brain. It has been shown that Zn levels correlate
with plaque burden in human AD and is typically a late-stage effect [96]. From our
studies, it appears that increased Zn levels in the cortex, hippocampus, and in plaques
follow deposition of AP since these alterations were not observed until the late-stage time
point. Unlike Fe, Zn content in the hippocampus and cortex were similar at 13, 24, and
40 week-old. However, Zn was much higher in the cortex than in the hippocampus at 56
weeks-old, suggesting that the cortex is more susceptible to increases in Zn. Since
increases in ZnT 1, 3, 4, 6, and 7 have been observed in PSAPP cortex and hippocampus
[190], it is possible that increases in Zn represent increased expression of ZnT proteins.
ZnT3, which serves to sequester Zn ions into synaptic vesicles is found primarily the
mossy fiber boutons in the hilus of the dentate gyrus [177]. It is also found in plaques in
both human AD [148] and in PSAPP mice [190] and supports the notion that ZnT3 or
excess synaptic Zn plays a key role in plaque formation [126]. While it may be true that
ZnT3 is associated with amyloid plaques, our results demonstrate that Zn is elevated in
the plaque only at the latest time point. The possibility that ZnT3 accumulates later in
plaques and is not involved in the formation of plaques, as previously suggested, requires
further investigation [148]. Furthermore, since the Zn in plaques appears at the same
time as increased Zn in the hilus it suggests that excess synaptic Zn may play a different
role than in plaque formation. For example, it is possible that the Zn observed in plaques
at the late-AD time point in PSAPP mice serves to make the AP in plaques redox-inert
[59].

Unsaturated lipids are highly vulnerable to oxidative attack because of their
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double bond content and the increased degradation of PUFAs in AD may be evidence of
lipid peroxidation [196]. Since Fe content was altered in the hippocampus and could be
one source of lipid peroxidation, we then examined the unsaturated lipid content in the
hippocampus. We found that the white matter of the hippocampus from 56 week-old
PSAPP and CNT mice were spectrally different and that the spectral regions of greatest
difference between the two groups were in the lipid region. In addition, we observed
decreased unsaturated lipid content in the white matter of the hippocampus starting at the
same time points as increased Fe, indicating that increased oxidative stress due to
increased Fe is a likely possibility, although impairments in antioxidant defenses or
defects in myelination are also possible. It also highlights the importance of not only
examining grey matter in the brain, but also the white matter regions, an area which is

often ignored.

6.3 IMPLICATIONS FOR DIAGNOSIS AND TREATMENT

The global increases of Fe in both the cortex and hippocampus observed at the
beginning stages of plaque formation may have direct clinical relevance for early
detection of the pathological symptoms of AD. Currently, AD is most accurately
diagnosed in the mid or late stages, but treatment strategies implemented at pre-clinical or
early stages are more likely to be effective [2]. Currently, there is considerable interest in
optimizing MRI sequences to non-invasively detect and quantify excessive Fe in the
brain for the purposes of early diagnosis and treatment monitoring [128-130]. Our results
showed that Fe is not only higher in the PSAPP mice than in the CNT mice, but that this
difference was already evident at 24-weeks of age, i.e. at the first signs of plaque
formation as well as spatial working memory impairments in these mice [143]. This
implies that if Fe is in sufficient quantity to be identified by MRI, an increase in Fe could
be indicative of a disease state. These results suggest that early Fe accumulation reflects
pathological changes related to plaque formation in PSAPP mice, making Fe deposition a
promising biomarker to predict the presence of early amyloid plaque deposition. Further
advancement of MRI techniques in conjunction with other imaging techniques to identify
amyloid plaques (e.g. positron emission tomography) may allow for early diagnosis
through sensitive quantification of brain Fe deposition at pre-clinical or early stage AD

and related diseases so that more effective treatments can be developed and monitored.
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We have also shown that Fe, Cu, and Zn are abundant in human plaques, but only
Zn is present in PSAPP plaques. Moreover, PSAPP mice do not show the severe
neurodegeneration and cognitive deficits that are a signature of human AD. Since the
mice do not show neurodegeneration, this implies that it is the interaction of AP with
redox-active Cu and Fe, a potential source of neurotoxicity, and not Zn, that could be
causing the neurodegeneration that is seen in humans. This suggests a viable target for
drug development or metal-targeted therapy for prevention and treatment of AD. Indeed,
metal chelation therapy has been considered a promising therapeutic approach to treating
AD. However, it is important to remember that chelators do not only remove metal from
the plaques, but also from healthy brain tissue, causing potentially harmful metal
deficiencies. In the case of Cu, it is not just increased extracellularly, but also decreased
intracellularly [140]. Furthermore, while Cu is enriched in the plaques, Fe is more likely
to be enriched in the tissue highlighting the importance of chelators selectivity and the
complexity of designing an appropriate therapy [33]. Therefore, the best approach seems
to be not just metal removal, but disruption of abnormal metal-Af interactions and

relocation to restore normal metabolism [33, 238].

6.4 LIMITATIONS

There are a number of limitations associated with these studies. First, sample size
was limited by time-consuming data acquisition and the small amount of beamtime
available for synchrotron techniques. However, due to the high resolution and sensitivity
needed, these experiments could not be done using benchtop sources and required a
synchrotron source. Next, the spatial resolution was not on the cellular level. Though
changes were observed in the present studies, it is possible that that are extensive
subcellular changes taking place, which could not be visualized, but should be examined
in the future in order to fully understand the involvement of metals in the disease process.
Also, the sample preparation consisted of dried tissue sections, which could result in
some uncertainty regarding metal ion concentration. Ideally, future advancements in data
collection techniques could allow for three dimensional imaging of whole brains at sub-
cellular resolution. Finally, and most importantly, a direct correlation of our findings to
human aging and AD is limited by fundamental differences between PSAPP mice and the

human condition. For example, PSAPP mice do not possess the full spectrum of AD
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pathology. They are lacking neurofibrillary tangles, severe cognitive deficits, and
neurodegeneration, which are important hallmarks of human AD. Moreover, their metal
regulatory mechanisms are likely different than in humans. In addition, since PSAPP
mice express genes thought to be involved in familial AD, which is a very small
percentage of AD cases, relevance to sporadic cases is not clear. The lifespan of PSAPP
mice is also quite different from that of a human AD patient. PSAPP mice may live up to
three years and develop plaque pathology very early into their lifespan. Human AD
patients with the early onset form of AD develop symptoms at approximately 55-60 years
old, which is closer to the end of the human lifespan. Therefore, the equivalent age at
onset and duration of the illness is different. It is possible that the mice in our studies
were not yet old enough to develop the severe neurodegeneration and debilitating

symptoms observed in human AD.

6.5 CONCLUSION AND FUTURE DIRECTIONS

The studies described in this dissertation were designed to assess the involvement
of metal ions in the pathogenesis of AD. We have found a unique role of Fe, Cu, and Zn
using the PSAPP mouse model of plaque formation in AD. For example, Fe is elevated
in the cortex and hippocampus at the beginning stages of plaque formation and highlights
a potential role in early diagnosis through MRI; Cu was absent from PSAPP plaques, in
stark contrast to human plaques, indicating a role of Cu in neurodegeneration and a
possible therapeutic target; Zn was elevated in plaques, the cortex, and the hilus of the
hippocampus at the latest time point, suggesting that Zn is not involved in plaque
formation, but may have a protective role. We also observed decreased unsaturated lipid
in hippocampal white matter, which coincided with the changes in Fe content in the
hippocampus. It is possible that the decreased unsaturation resulted from Fe induced
lipid peroxidation. Furthermore, this result shows that though AD is considered a disease
of grey matter, white matter damage may also occur and should not be ignored in future
studies.

AD is an extremely complex disease with a number of other possible factors
involved it its etiology and progression. Thus, future studies are needed to further clarify
the role of metal ions in AD. For example, the involvement of neurofibrillary tangles, a

vital component to AD, could be addressed in studies using a triple transgenic mouse
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model of AD (3xTg-AD), a model which develops both plaques and tangles. Another
mouse model, the 5XFAD mouse, is the one of the few models of plaque pathology which
exhibits neurodegeneration. It would be interesting to determine if the plaques in these
mice are also lacking in Cu. If they are not, it would provide more evidence that AB-Cu
interaction may cause neurodegeneration. If they are, however, it would suggest that
other factors are contributing to neurodegeneration.

Reduction of Fe’" to Fe*” and Cu®" to Cu’ is believed to contribute to the
production of neurotoxic reactive oxygen species, which could result in
neurodegeneration. Also, ferritin serves to detoxify Fe by converting Fe** to Fe** where
it is stored within the ferritin molecule. Thus, inadequate storage of storage of Fe by
ferritin would result in free Fe*" ions. In addition, some pathological conditions result in
the loss of ceruloplasmin, the ferroxidase which oxidizes Fe** to Fe’", allowing it to bind
to Tf for transport into the cell. Though we have shown increased Fe, which we
attributed to dysfunctional Fe transport and storage proteins, such as ferritin, it is still
unclear what the chemical species of that Fe is. Similarly, the species of Cu present in
the brain and in plaques during AD is also unknown. Metal speciation in plaques and in
brain tissue could be examined using XANES. To date, XANES studies on brain tissue
have been difficult to perform. The extremely low metal concentration relative to other
materials (i.e. geological samples) present in the brain requires very long scan times in
order to collect good quality spectra. Not only time-consuming, such long exposure to
the X-ray beam may reduce the Fe’ or Cu”", thereby artificially increasing Fe*" and Cu”
in the sample. The new synchrotron at NSLS II would provide enough flux on the
sample in order to drastically reduce scan times and minimize tissue damage, making
XANES or even speciation mapping studies definite future goal. Not only would the
chemical species of the metal ions be known, but the distribution. Additionally, recent
evidence also suggests the presence of bioavailable Cu within the mitochondria. Though
we saw no changes in Cu content, it is possible that there are changes within the
mitochondria. Sub-cellular spatial resolution, attainable with NSLS II, would enable
metal concentration in the mitochondria within a cell to be analyzed.

In summary, we have revealed the possible involvement of Fe, Cu, and Zn in the

pathogenesis of AD. Extension of these results to the human condition is the final goal.
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This underscores the necessity for reliable and specific biomarkers for early diagnosis of
AD. In this way, longitudinal studies of AD patients, starting from pre- or early stages of

plaque formation, could be possible.
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