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Abstract

Characterization of naturally occurring, pathogenic and benign A} multimers
Why don’t monkeys get Alzheimer’s disease?
By Rebecca Faith Rosen

According to the amyloid cascade hypothesis of Alzheimer’s disease (AD) pathogenesis, the
aberrant multimerization of the f-amyloid peptide (A) is a crucial early event in AD
neurodegeneration and dementia. A is a self-aggregating peptide that accumulates with age
in the brains of humans, apes, and monkeys. However, the full spectrum of AD pathology
and dementia has never been reported in a nonhuman primate. As our closest living
relatives, nonhuman primates are thus unique models of nonpathologic AR accumulation. I
hypothesized that toxic AP aggregates in AD brain are structurally distinct from A
multimers formed in nonhuman primate brains. To this end, I extensively characterized AP
populations in postmortem cortical samples from AD patients, aged great apes
(chimpanzees), Old World monkeys (rhesus macaques), and New World monkeys (squirrel
monkeys). Using immunohistochemistry, ELISA, immunoprecipitation/ MALDI-TOF MS,
Western Blot and iz vivo AB-seeding assays, I found that cortical A populations are
quantitatively and qualitatively sizilar in AD and aged nonhuman primates. The major
cerebral A isoforms (AB40 and AB42) accumulate at comparable levels and in similar ratios
in AD and all nonhuman primate groups examined. Furthermore, post-translationally
modified AP isoforms and low molecular weight A multimers are strikingly similar in AD
and aged nonhuman primate cortical homogenates. I then analyzed higher-order structural
features of AD and nonhuman primate AP aggregates using Pittsburgh Compound B (PIB),
a radioligand designed for 7z vivo PET imaging of B-amyloid. 1 confirmed that "H-PIB
binding correlates positively with levels of insoluble AB40 and APB42 in AD cortical
homogenates. However, "H-PIB binds with very low stoichiometry to Af in nonhuman
primate cortical homogenates, even in cases with levels of AP equal to those in AD. These
data suggest that, despite a common amino acid sequence, cerebral A multimers are
structurally distinct in AD and aged nonhuman primates, and that high-affinity PIB binding
may be selective for a pathogenic molecular conformation of AP in AD brain. The
identification of structural differences between naturally occurring, pathogenic and benign
AP multimers could yield important clues to the uniquely human susceptibility to AD, and
thereby reveal new molecular targets for AD therapeutics.
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Chapter 1

Introduction and Background

The Evolution of Human Aging and Alzheimer’s Disease

One of the most intriguing and complex questions in the biological sciences is
“What makes us human?” Human beings live relatively longer than any other extant
mammalian species, and their brains are substantially larger than predicted by the
allometric relationship of brain and body weight for mammals (Figure 1.1) [126].
Among mammals, humans also an especially broad repertoire of social interactions and
understanding, which is driven by their unique ability to communicate through spoken

language [228]. The evolutionary forces that selected for brain size and longevity,



however, may also underlie the unique human susceptibility to devastating, age-related

neurodegenerative diseases.
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Figure 1.1 “Relation between Brain Weight and Body Weight of Living
Vertebrates,” reprinted with permission from University of Chicago Press. Original
publication: Jerison HJ. (1969) Brain evolution and dinosaur brains. American Naturalist,
103: 575-588. This graph depicts the positive correlation between brain weight and body
weight of extant vertebrates. Larger animals have larger brains, and the human brain is

larger than predicted by body size than all other vertebrates examined in this study [121].



The human and great ape lineages diverged approximately 6 million years ago
(Figure 1.2) [262]. Chimpanzees, our closest living relatives, have a maximum lifespan of
60 years [70, 111], while the maximum human lifespan of 122 years was recorded in
1997, when Jeanne Calment passed away in Arles, France [307]. As exhibited by Mrs.
Calment’s remarkable lifespan, humans can survive up to 70 years beyond the cessation
of reproductive capabilities (reproductive senescence). All other nonhuman primates do
not survive long after reproductive senescence, as it is not generally considered to be
evolutionarily beneficial [70, 124]. Because of the complex social and physical
infrastructure of human society, non-reproducing human grandparents can contribute to
the reproductive fitness of their offspring [109]. This “grandmother hypothesis” is one of

several viable theories to explain the extended lifespan unique to Homo sapiens.
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Figure 1.2. Phylogenetic relationships within the primate lineage. Adapted by
permission from Macmillan Publishers Ltd: Nature Reviews Genetics, Preuss, T.M. et al,
Human brain evolution: insights from microarrays, copyright (2004) [230]. The human
and chimpanzee lineage diverged from a common ancestor between 5 and 8 million years

ago.



Studies of extant mammalian species reveal a positive correlation between brain
size and body mass, i.e. larger mammals have bigger brains. Mammalian brain size also
correlates positively with lifespan, and a mammal’s lifespan can be predicted by its brain
and body weight [7, 12]. Relative to other mammals and, specifically, primates, humans
have the largest brains (Figure 1.1; the human data point is the farthest from the estimated
regression line in a log-log plot of living vertebrate brain weight versus body weight)
[111, 261]. Humans also exhibit the greatest positive deviation from expected lifespan
among primates, although one other primate species, the capuchin monkey, also lives
substantially longer than the lifespan predicted by its brain and body weight [38].

Along with extended longevity and very large brain size, humans are susceptible
to unique age-related diseases of the central nervous system, in what may considered a
molecular trade-off of sorts. Several evolutionary theories of aging posit why these
detrimental diseases continue to be selected for in human evolution. Peter Medawar’s
mutation accumulation theory states that the forces of natural selection are weakest on
traits expressed during reproductive senescence and old age. These mutations
accumulate, leading to higher mortality rates later in life, even though the “late-acting”
genes have no benefit on individual reproduction [177]. Alternatively, the antagonistic
pleiotropy theory of aging, first described by George Williams, asserts that longevity-
associated genes that have been selected during the evolution of the extended human
lifespan may have secondary, deleterious effects that are expressed during old age [303].
Such pleiotropic “late-acting” genes would evade selection because their effects are only
exerted after the human being’s reproductive period has ended. This theory could also be

applied to selection for encephalization genes in the human lineage. If the antagonistic



pleiotropy theory holds true, the identification of human-unique genes contributing to
longevity and/or encephalization could also lead to a better understanding of the
molecular mechanisms underlying human disease of old age.

In 1961, Leonard Hayflick showed that cultured human cells are only capable of a
finite number of divisions, providing one of the first indications that the aging phenotype
of an organism can also be seen at a cellular level [110]. Later studies with fibroblasts
derived from various other mammals demonstrated that cells from longer-lived animals
undergo a greater number of cellular divisions in vitro than cells derived from animals
with a shorter lifespan [240]. With the advent of high-throughput gene microarray
technology, we can now undertake high-throughput comparative analyses of gene
expression between such cells, to identify genetic mechanisms that underlie species-
unique cellular (and potentially organismal) lifespans. Several labs have compared
neuronal RNA expression levels in the brains of humans and their nonhuman primate
relatives, in order to identify human-specific changes in gene expression that might
underlie primate differences in brain size and/or lifespan [37, 64, 131, 183, 278]. These
studies revealed several candidate genes of interest, but have yet to identify any single
gene with clear phenotypic effects on human lifespan or brain size [230].
Understandably, the complex gene-environment interactions that occur in primate brain
aging, as well as the contribution of epigenetic forces, make it unlikely that expression
changes in one or two genes alone can determine an entire aging phenotype. In order to
determine groups of genes, proteins, or even cells that contribute to the uniqueness of the
human brain, a top-down, phenotype-driven approach might be a more productive

alternative to high-throughput genome analysis. The initial identification of one human-



unique phenotype is an effective starting point in a comparative analysis of brain aging
between humans and their closest nonhuman primate relatives. In other words, what
about our aging brains makes us human?*

One of the most striking phenotypes of the aged human brain is its unique
susceptibility to diseases of protein aggregation, or cerebral proteopathies. Cerebral
protein homeostasis is carefully maintained by intracellular signaling pathways that
ensure the proper folding of protein transcripts and the disposal of potentially toxic,
improperly folded proteins [16, 186]. As the mammalian brain ages, these proteostatic
mechanisms lose their efficiency, leading to an increase in the intracellular concentration
of misfolded proteins [99]. In both human and nonhuman primate brain, there is a
tendency for misfolded proteins to accumulate and deposit with age in the central nervous
system and in some peripheral organs [193, 231, 255]. However, only aged humans
suffer from the neurodegenerative proteopathies, the most common of which is
Alzheimer’s disease. Despite the age-related accumulation of cerebral protein
aggregates, apes and monkeys seem to be resistant to the neurodegeneration and
dementia that afflict humans with Alzheimer’s disease [241]. The differential
susceptibility to Alzheimer’s neurodegeneration is an exciting paradigm with which to
study the molecular mechanisms of human longevity.

Scientists have recognized the phenomenon of human longevity and its associated
biological decline for thousands of years. As far back as 700 B.C., Pythagoras described
five stages of the human life cycle, with the final “senium” stage beginning at 81 years.

During this final stage of life, he explained “The system returns to the imbecility of the

! It is worth noting that there are also numerous shared biological aspects of aging between humans and
nonhuman primates. In that regard, nonhuman primates are valuable experimental models to study the
steady decline of physiological systems common to all aging primates.



first epoch of infancy.” The perception of old age as a pathology unto itself persisted
throughout the Greco-Roman period [20]. The term “senility” was synonymous with
“dementia” or “imbecility”, despite its origin from the word “senile,” or “aged” in Latin.
The concept of successful, healthy aging was nonexistent in the scientific literature — in
Galen’s medical encyclopedia of 180 A.D., old age itself was considered “an inevitable
infection of the body [20].” We know now that, while the aged human body no doubt
falls victim to long-term wear and tear, there are numerous examples of healthy human
aging and that diseases of aging are not inevitable [245, 276, 307]. Throughout the last
200 years, the scientific community has meticulously characterized and categorized the
pathological processes of diseases of aging [173]. By expanding our knowledge of the
pathogenic mechanisms of these age-related diseases, we may help to extend the human
lifespan even beyond 122 years. More importantly, however, biomedical advances in the

aging field will serve to enhance the quality of our elderly years.

Alzheimer’s disease: History

In the years immediately before and after 1900, European histopathology
experienced a series of landmark discoveries, which paved the way for important
advances in the identification and characterization of age-related disease pathologies. In
the late 1800s, Camillo Golgi revolutionized the field of neuroscience with the discovery
of a silver impregnation technique for labeling neurons in cortical tissue sections. In
1894, Franz Nissl developed a staining technique for general labeling of all cortical cells,

utilizing a histological stain for ribonucleic acid [20]. The Bielschowsky modification of
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the Golgi silver stain was developed in 1902 and used soon after to identify, for the very
first time, the hallmark pathological lesions of AD brain [22]. In 1906, the German
physician Alois Alzheimer (a colleague of Dr. Nissl) delivered a talk entitled, “An
unusual disease of the cerebral cortex” in which he described a female patient at the
municipal mental asylum in Frankfurt am Main. Auguste Deter was admitted at the age
of 51 years, with a five-year history of short-term memory loss and disorientation,
symptoms that rapidly progressed until her death at 55 years. Upon post-mortem
examination of her brain, Dr. Alzheimer described cortical thinning, neuron loss and the
intracellular accumulations we now call neurofibrillary tangles (Figure 1.3b) [8]. He
observed that, within these intracellular bundles, a chemical reaction of the fibrils had
taken place. Several months later, in Prague, Dr. Oskar Fischer published a
histopathological analysis of the brains from 12 cases of a similar “unusual disease”. In
addition to confirming Alzheimer’s description of fibrillar intraneuronal inclusions, he
described “miliary sclerosis” (senile plaques) and astutely noted the differences in plaque
morphology and progression, as well as the abnormal changes in nerve fibers passing
through and around these cortical plaques (Figure 1.3a). Importantly, Dr. Fischer’s study
included a large number of non-demented “control” brains, in which he did not find
either of the two lesions [71]. This disease of dementia, characterized by senile plaques
and neurofibrillary tangles, soon became associated with only one of these two doctor’s
names, after it was listed in Dr. Emil Kraepelin’s 1910 edition of his “Textbook of

Psychiatry,” as “Alzheimer’s Disease” [20].



Figure 1.3. Original drawings of amyloid plaques and neurofibrillary tangles in
AD brain. (A) In a 1907 paper, Oskar Fischer sketched representations of 3 stages of
“miliary plaques”, complete with dystrophic neurites and the disruption of passing
neuronal fibers. Dr. Fischer also described neurofibrillary tangles, which were first
drawn by Dr. Alois Alzheimer in his 1906 publication (B), where he surmised that a
chemical modification had taken place within the affected neurons. Figures reproduced

from Goedert, Brain 2009, under the terms of a Creative Commons license [88].
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Alzheimer’s disease (AD) is a progressive neurodegenerative disease
characterized by massive neuronal loss, severe dementia and the accumulation of
extracellular Ap plaques and intracellular neurofibrillary tangles throughout the brain.
There is currently no disease-modifying treatment available for AD neurodegeneration.
The predominant risk factor for AD is simply old age — by the age of 85, there may be as
high as a 50% chance of suffering from the disease [254]. The most prevalent genetic risk
factor for the sporadic form of the disease is a genetic polymorphism in the ApoE gene,
which codes for a lipoprotein of undetermined function in AD pathology. AD afflicts
over 5 million people in the US alone and it is projected that nearly 8 million Americans
will suffer from the disease by the year 2030. The disease costs the US federal
government 149 billion dollars each year, a number that will increase substantially as the
baby boomers enter their elderly years [2]. Less than 1% of AD cases can be attributed to
known genetic mutations; the remaining 99% cases of AD are “iodiopathic,” meaning
they are of unknown cause. Alzheimer patients exhibit striking short-term memory loss,
delusions, and a progressive inability to communicate. The disease always ends in
mortality, although the primary cause of death in AD patients is typically a secondary

infection [132].

Alzheimer’s disease: Diagnosis

The clinical diagnosis of AD is reliant on physical exams, medical and family

histories, and a cognitive neuropsychological exam, usually the Mini-Mental State

Examination or a clock-drawing task called the “Mini-Cog”. One test commonly used by
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health professionals to diagnose probable AD rating scale was established in 1986 by the
Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) [69]. Another
commonly used clinical rating scale was established by the National Institute of
Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) and categorizes the patient as
Possible, Probable or Definite AD [59]. The diagnosis of “Definite AD” for both rating
scales relies upon a post-mortem cortico-pathologic analysis in which a pathologist
scores the region-specific cortical deposition of extracellular senile plagues, made up of
aggregated beta-amyloid (Ap) peptides, and intracellular neurofibrillary tangles,
composed of abnormally hyperphosphorylated, aggregated tau protein (Figure 1.4). For
Braak staging of AD pathology, cases are scored on a scale of 1 to 6, based on detailed
pathological studies of the temporal and regional progression of tau and neuritic amyloid
pathology in a large sample of brains from all along the disease continuum [30]. In
Braak stages | and |1, early AD pathology begins in the transenthorhinal region of the
temporal cortex. Pathology in the hippocampus denotes Braak stages 11l and IV. Finally,
in later stages of the disease, plaques and tangles are seen throughout the neocortex,
spreading into occipital regions in end-stage AD (Stages V and VI) [30, 270, 271]. For
AD diagnosis using the consortium (CERAD), the MMSE score is combined with the
Braak stage to calculate a final patient rating. However, Braak staging alone is

considered sufficient to establish a final disease diagnosis.
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Figure 1.4. Ap and tau deposition in AD brain. Left panel: Low magnification
image of an AD cortical section processed by Bielschowsky silver staining to reveal
copious amounts of extracellular plaques and intracellular neurofibrillary tangles. Right
panel: Higher magnification image from another silver-stained AD cortical section,
showing detailed morphology of a cored senile plaque and NFTs (black arrowhead).

Bars = 100um and 20um.
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There is currently no universally accepted technology to definitively diagnose AD
in living persons. Since the advent of molecular imaging techniques, however, several
promising new technologies have been developed to image the progression of AD
pathology and cortical degeneration in vivo. Magnetic resonance neuroanatomical
imaging combined with volumetric analysis of cortical regions reveals a significant
reduction in cortical volume in regions affected by AD pathology as compared to
nondemented control patients [59, 299]. Longitudinal studies of AD-vulnerable brain
regions may thus be useful for the early detection of AD-like cortical shrinkage. Positron
emission tomography (PET) scanning with **F-fluoro-2-deoxy-D-glucose (FDG) allows
for the in vivo measurement of glucose metabolism, a direct measurement of localized
brain activity. One longitudinal FDG-PET study revealed progressive hypometabolism in
AD-relevant limbic and cortical structures, as nondemented patients progress to a clinical
diagnosis of AD dementia. AD pathology and neuronal loss in the hypometabolic
regions was confirmed by post-mortem analysis [188]. The use of PET scanning to
identify region-specific cerebral hypometabolism is a promising diagnostic tool for AD
as well as for numerous age-related dementias that are characterized by neuronal loss in
specific cortical and subcortical areas. However, regional brain volume and metabolic
activity are indirect measurements of the underlying pathology in neurodegenerative
diseases such as AD. In order to image the primary pathological insult in these diseases,
we need technologies with higher resolution and lesion specificity.

Recently developed PET radioligands that quickly cross the blood-brain barrier
and bind directly to cerebral amyloid may provide the necessary specificity and

resolution for in vivo diagnosis of AD pathology. These ligands allow for the real-time
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visualization of amyloid deposition in the living human brain. One such ligand,
Pittsburgh Compound B (PIB), is a benzothiazole derivative of Thioflavin T, the
fluorescent histological agent that exhibits a characteristic shift in its emitted
fluorescence spectrum upon binding to amyloid structures [142, 295]. In PET studies,
1C-PIB shows significantly increased retention in the brains of clinically diagnosed AD
patients when compared to ligand uptake in cognitively normal control subjects as well as
subjects with mild cognitive impairment, who exhibit greater PIB retention than the
nondemented control subjects (Figure 1.5) [244]. Importantly, the specificity of *'C-PIB
for AP has been confirmed by postmortem autoradiographic analysis; at specific activity
levels achieved in PET scans, the ligand does not bind detectably to neurofibrillary
tangles or any other non-Ap containing lesions [13, 118]. Other radiolabeled amyloid-
binding ligands such as *F-FDDNP and **1-IMPY have shown moderate success in
clinical studies [206, 256]. Not surprisingly, there is a high-paced race among AD and
radiology laboratories worldwide to develop even more sensitive ligands with better
blood brain barrier penetration. In an ever-growing number of clinical studies, the
confirmation of the clinical value of these PET probes suggests that amyloid binding
radioligands and PET technology will make the early diagnosis of AD pathology a reality
in the near future. The ability to diagnose AD before it manifests clinically, in addition to
the possibility of monitoring the progression (or inhibition) of disease pathology, will

revolutionize the field of Alzheimer’s research and drug development.
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PiB PET SCANS

University of Pittsburgh
PET Amyloid Imaging Group

Figure 1.5. Pittsburgh Compound B exhibits increased uptake in AD brain. In this
figure originally published by William Klunk with the University of Pittsburgh Amyloid
Imaging Group, 'C-PIB uptake is strongly enhanced in the AD case (left) as compared to
an elderly subject with normal memory (right). Red and yellow areas indicate high
concentrations of PIB in the brain. Image is reproduced under the terms of a Creative

Commons license. (http://commons.wikimedia.org/wiki/File:PiB_PET_Images_AD.jpg)
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The A Amyloid Cascade Hypothesis of Alzheimer’s Pathogenesis

The AP peptides that accumulate into senile plaques in AD brain are cleavage
products of the amyloid precursor protein (APP). APP is a single-pass trans-membrane
protein that has been implicated in normal neuronal development and growth, likely as a
component in intracellular trafficking. While the precise cellular function of APP is
unknown, the enzymatic cleavage of the ~100 kDa protein and its cleavage products have
been extensively characterized [14, 253, 272]. APP is usually cleaved at the plasma
membrane or in an endosomal compartment within the secretory pathway. The two major
APP cleavage pathways have been termed the “nonamyloidogenic” and, accordingly, the
“amyloidogenic” pathways [104]. The nonamyloidogenic cleavage of APP predominates
in healthy neurons and is initiated by an a-secretase protease, which cleaves the protein
in its transmembrane region to release a soluble ectodomain (SAPPa) into the
extracellular space or the cytosol, depending on the cellular location of protein cleavage.
The remainder of the protein is then cleaved by the y-secretase complex, again within the
transmembrane region, releasing a small, nontoxic 23 or 25 amino acid “P3” peptide
extracellularly [60], and an intracellular 99 amino acid peptide, which binds within a
transcriptionally active complex and may regulate gene expression [190]. During
amyloidogenic cleavage of APP, the protein is first cleaved within the extracellular
domain by -secretase proteolysis, releasing a soluble SAPP@ protein. The second
cleavage event is the same as in the nonamyloidogenic pathway, but a 40-42 amino acid
B-amyloid (AB) peptide is released instead of the P3 peptide (Figure 1.6). The 17

additional N-terminal amino acids on the Af peptide are thought to be essential to the
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peptide’s strong predilection for self-aggregation and its neurotoxic effects as it
accumulates in AD brain [24, 25]. Another important determinant of the peptide’s
propensity to aggregate is the cellular environment in which APP is cleaved. Protein
folding is exquisitely sensitive to small changes in pH and the presence or absence of

metal ions and molecular chaperones [10, 36].
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Figure 1.6. Production and aggregation of the Ap peptide. The APP single-pass
transmembrane protein is sequentially cleaved by B-secretase and y-secretase enzyme
complexes to produce Ap peptides from 38 to 42 amino acids in length. Ap self-
aggregates in a nucleation-dependent manner, forming dimers and trimers and low
molecular weight oligomers. Ap eventually aggregates into -sheet rich protofibrils and

amyloid fibrils that make up senile plaques in AD and aged nonhuman primate brain.
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The AP amyloid cascade hypothesis holds that it is the abnormal overproduction
and/or accumulation of the AP peptide that initiates the AD neurodegenerative cascade
[104]. Neurofibrillary tangles (NFTs), which are intracellular, fibrillar aggregates of
abnormally hyperphosphorylated tau, are the concomitant pathogenic hallmark found in
AD brain, and the quantity and regional accumulation of NFTs correlate more strongly
with the clinical diagnosis of AD dementia than does senile plaque deposition in AD
brain [9, 53]. However, mounting evidence supports the idea that a small, oligomeric
form of the AP peptide exerts the primary neurotoxic insult in AD brain [40, 157]. We
do not yet have an assay with sufficient sensitivity to measure these soluble A oligomers
in vivo, so it is unclear if the oligomers would better correlate with cognitive decline than
amyloid plaques. Experiments with transgenic mouse models of AD pathology suggest
this may be the case [157, 191].

Genetic evidence provides the strongest empirical support for a direct link
between AP accumulation and AD neurodegeneration. Mutations in the tau protein do
translate into progressive neurodegenerative disease pathology, as seen with the
frontotemporal dementias, but there is no known tau mutation that precipitates AD
pathogenesis, i.e. plaques and tangles [89, 153]. All of the 175+ known mutations that
cause early-onset familial AD are in the APP protein (either flanking the Ap cleavage
sites or within the Af sequence), presenilin 1, or presenilin 2, both of which are protein
components of the y-secretase complex [21]. Every one of these familial AD mutations
enhances the total amount of Ap produced in the brain, leads to a propensity for Ap42

production, which aggregates more readily than ApB40, or results in the production of a
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mutant AP peptide that is more likely to aggregate and/or more toxic than wild-type
AB40 or Ap42 [102].

Down’s syndrome is a developmental disorder that results in severe mental
retardation and a phenotype of early physiological aging. The disease is caused by a third
copy of at least part of chromosome 21, which contains the gene for the APP protein.
Down’s patients produce 50% more cerebral APP than normal cohorts, and they
progressively accumulate cerebral Ap deposits along with neurofibrillary tangles at an
earlier age than the general population, with over half of Down’s patients presenting full
AD neuropathology by their 6™ decade [156, 172]. While it can be difficult to diagnose
co-morbid Alzheimer’s dementia in these patients, it is estimated that approximately 15%
of Down’s patients suffer from early-onset AD dementia [202], further supporting a
causative role for AP toxicity in AD.

Transgenic models of AD pathology lend additional support for the amyloid
cascade hypothesis, by helping to elucidate the temporal relationship between the
aggregation of AP and tau in vivo [26, 161, 187]. Transgenic mice that overproduce the
human Ap peptide or mutant human tau protein develop senile plaque or neurofibrillary
tangle-like pathologies, respectively [58]. When mutant APP and mutant tau transgenes
are co-expressed in the same animal, the accumulation of oligomeric Ap precedes the
deposition of intracellular tau aggregates [209]. Additionally, when mutant APP
transgenic mice are crossed with human tau transgenic mice, the accumulation of tau
pathology is seen at a much earlier time point in the double transgenic animals, yet the
temporal course of Ap deposition is unchanged [27, 95]. Finally, in transgenic mice

overexpressing human tau protein, intracerebral injections of aggregated A peptide or
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Ap-rich cortical extract induce the early formation of intracellular tau pathology. A
similar effect of aggregated tau on A deposition has not been seen [27, 96]. These in
vivo data suggest that anomalous A aggregation precedes the abnormal accumulation of
intracellular tau protein.

Transgenic mice overexpressing normal human APP do not accumulate Ap
deposits but do exhibit age-related cognitive decline, which has been attributed to
potential physiological effects of oligomeric AP that is then cleared from the brain before
it can aggregate [189]. Intriguingly, when these mice are crossed with tau knockout
mice, the cognitive deficits are entirely eliminated, suggesting that tau protein is
necessary for detrimental cellular effects of Af oligomers [236]. These experiments both
provide additional support for the amyloid hypothesis and present a more unified theory

of AB-induced neurodegeneration that integrates the contribution of the tau protein.

Alzheimer’s disease: Therapeutics?

There are currently no disease-modifying pharmaceutical treatments available for
Alzheimer’s dementia. In the 1970's and early 1980's, biochemical and
neuropathological evidence emerged implicating the degeneration of basal forebrain
cholinergic neurons in Alzheimer's disease (AD) [18]. The cholinergic hypothesis of AD
held that cholinergic dysfunction causes cognitive decline, and that dementia therefore
might be mitigated by augmentation of acetylcholine activity in brain. The logical

therapeutic objective was to boost the levels of the transmitter by inhibiting its catabolic

2 Edited from L.C. Walker and R.F. Rosen (2006). “Alzheimer’s therapeutics — what after the
cholinesterase inhibitors?” Age Ageing, 35:332-5.
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enzyme, acetylcholinesterase. Today, several cholinesterase inhibitors are marketed for
the treatment of mild-to-moderate dementia. They have been demonstrated to improve,
relative to placebo, various cognitive and functional capacities [250] and there is
evidence that they can slow the pathogenesis of AD [108]. Additionally, an inhibitor of
ionotropic glutamatergic neurotransmitter receptors (memantine) was approved for use in
moderate to severe dementia [144]. However, because multiple neuronal systems are
severely damaged in AD, the benefits of agents that selectively target transmitter function
are limited, a concern highlighted by the 2005 proposal (and its repercussions) of the
British National Institute of Clinical Excellence (NICE) not to recommend donepezil,
rivastigmine, galantamine or memantine for the treatment of dementia. While these drugs
offer hope, and probably some benefit, to many patients, the improvements are modest
and mainly symptomatic, and the drugs cannot halt the progression of dementia.

At present, the most promising approach to treating or preventing AD is based on
the hypothesis that the buildup and cytotoxicity of AP are central to the disease process.
At some point, the cascade includes other pathological processes that characterize AD:
tauopathy, inflammation, and neurodegeneration. These later stages of the disease are
reasonable targets, but disease prevention, or intervention at a very early stage, is the
ideal goal of therapeutics. To halt the AP cascade, several strategies suggest themselves:
1) Block the cellular production of AB; 2) prevent the self-assembly of AB; 3) promote
the catabolism of A; 4) stimulate the removal of AB; and 5) counteract the cytotoxicity
of multimeric Ap.

R-flurbiprofen (Flurizan™), the R-enantiomer of the anti-inflammatory agent

flurbiprofen, selectively lowers Ap42 production via allosteric modulation of y-secretase
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activity, preserving the activity of y-secretase on Notch and other substrates. The agent is
well tolerated, and limited efficacy recently was reported in mild AD subjects[300], but
the drug failed to improve cognition or daily living in a recent phase 11 clinical study

[212]. Tramiprosate (Alzhemed™

), a sulfated glycosaminoglycan mimetic developed to
block the interactions of proteoglycans with amyloid fibrils and thereby impede amyloid
aggregation, has been reported to reduce senile plaque load in a mouse model of (-
amyloidosis [5]. Yet in phase Il1 clinical trials, the drug failed to demonstrate any long-
term effects on cognitive improvement [5, 249]. While theoretically attractive, impeding
protein-protein interactions can be difficult pharmacologically [289]. Additionally, it
may be necessary to interrupt the AP self-assembly process prior to the formation of
small oligomers, as inhibiting fibril formation conceivably could cause the accumulation
of prefibrillar oligomers, and thereby exacerbate cytotoxicity.

Ap can be broken down by several endopeptidases, notably neprilysin and
insulin-degrading enzyme (IDE) [195]. Experimentally increasing the activity of these
enzymes in BAPP-transgenic mice reduces brain A levels and senile plaque load [155].
Thus, pharmacological augmentation of AB-degrading enzyme activity in the brain is
conceivably a promising technique with which to slow the course of AD. In the absence
of proven methodologies for safely and selectively achieving this objective (both
enzymes are involved in neuropeptide and peptide hormone metabolism) blocking the
enzymatic liberation of AB (above) is a more attractive approach [195].

An auspicious strategy for halting the AD pathogenic cascade is to promote the
elimination of AP, either immunologically or by enhancing the transcellular efflux of the

peptide from the brain. Active or passive anti-Af immunization reduces A load and
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improves behavioral performance in BAPP-transgenic mice [92], and active
immunization has even shown hints of disease-modifying efficacy in early AD [34].
Unforeseen adverse events, particularly aseptic meningoencephalitis, have hindered the
clinical application of AB-immunotherapy in AD [211], but the effectiveness of
immunization in preclinical models validates the current intensity of research in this
arena. Basic and clinical research on AB-immunization therapy is proceeding apace, with
numerous clinical trials currently underway [205]. However, the increasingly compelling
data implicating aberrant A multimerization in the genesis of AD argues for a sustained

and diversified effort to abrogate the proteopathic cascade.

Toxic A multimers in AD brain

A is a 38 to 43 amino acid amphiphilic peptide that rapidly self-aggregates into
low and high molecular weight oligomers, protofibrils, and the $-sheet rich amyloid
fibrils found in senile plaques (Figure 1.7) [158]. In 1984, AP was first identified as a
major component of senile plaques [86, 174]. Mounting evidence now suggests that the
fibrillar form of the peptide is not necessarily highly toxic, and rather represents a
mechanism by which cells sequester toxic oligomers into a relatively inert, extracellular
mass [40, 43, 151, 297]. This would explain the lack of a strong correlation between
senile plaque load and dementia in AD subjects. AP aggregation is a nucleation-
dependent event, occurring once a critical protein concentration has been reached [105].
The aggregation pathways and their intermediate structures have not been fully

elucidated, in part due to the rapid and intractable nature of the aggregation [25]. Further,
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itis not clear if all Ap oligomers are intermediates of the amyloid aggregation pathway,
or endpoints of a distinct Ap aggregation pathway [24, 196]. However, detergent-
soluble, low molecular weight Ap oligomers have been identified in human AD and Ap-
producing transgenic mouse brain, as well as in cell cultures that overexpress the APP
protein [40, 43, 148, 157]. In transgenic mouse brain, a 56 kDa species of A oligomers
correlates with cognitive decline detected in aged animals [157]. Various species of
multimeric Ap40 and AB42 have been synthesized in vitro and characterized both in cell
culture and in animal models of AD pathology [294]. In William Klein’s laboratory at
Northwestern, Ap-derived diffusible ligands (ADDLs) were first isolated from AD (and
not normal) human brain, and have since been identified as multimeric Ap structures
containing anywhere from 3 to 48 individual AP peptides [259]. Both synthetic and
brain-derived ADDLSs are toxic to cultured neurons, and cause a decrease in LTP and
hippocampal-dependent tasks when administered to rodent subjects [40]. Importantly,
these effects are reversed by the infusion of Ap-specific antibodies [259]. Other labs
have confirmed that naturally-occurring oligomeric Ap is neurotoxic both in vitro and in
vivo and adversely affects rodent performance on memory tasks, confirming the
relevance of the experimental effects to the progression of AD dementia [100, 258].
Despite a lack of concordance on the precise structural nature of Ap oligomers, it
is widely accepted that oligomeric AP species are detrimental to living cells [23, 100].
Both synthetic and naturally-occurring Ap oligomers bind to the plasma membrane and
neuronal synapses in cell culture, where they are positioned to interfere with intracellular
signaling pathways. The full complement of cellular machinery required to produce the

AP peptide is found in lipid raft fractions of plasma membranes, suggesting that the
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peptide can aggregate and then disrupt normal cell function, all proximate to the plasma
membrane where it is originally secreted [265, 294]. However, 3- and y-secretase both
have acidic pH optima, suggesting that the A peptide is actually produced within the
endocytic pathway, rather than at the plasma membrane [282]. One intriguing
explanation for Af oligomer-induced toxicity is via the formation of amyloid pores. Pre-
fibrillar Ap multimers have increasing amounts of $-sheet structure and naturally form
annular B-sheet rich structures that can insert into the plasma membrane and conduct ions
between the cytosol and extracellular space. f-amyloid “channels” can form during the
treatment with synthetic oligomers but it is not clear if these structures generally occur in
AD brain [152, 163, 233]. Alterations in ion homeostasis induced by such anomalous ion
channels would have devastating effects on neuronal viability.

There is convincing genetic, biochemical, and pathologic evidence in support of
the amyloid cascade hypothesis of AD. However, the neurotoxic effects of Ap
aggregation have thus far only been seen in human brain, despite heavy Af amyloid
deposition in aged nonhuman primate [287], canine [51], and APP transgenic mouse
brain. These naturally occurring (primate and canine) and transgenic (mouse) models of
amyloid deposition indicate that the overproduction and accumulation of cerebral Af is
not always neurotoxic. Rather, the AD brain is unique in its susceptibility to multimeric

Ap-induced neurotoxicity.



29

Animal Models of Cerebral Ag Accumulation

In 1996, Karen Hsiao and colleagues published one of the first reports of a
transgenic mouse that exhibited copious amounts of age-related plaques containing the
human-sequence A peptide [79, 116]. The mouse was genetically engineered to
produce the full-length sequence of human APP containing a mutation that was first
identified in a Swedish family with early-onset familial AD. The double mutation is
located in the extracellular region flanking the AP peptide sequence and it enhances the
[-secretase cleavage of APP, resulting in an increased production of AB40 and AB42. By
9 months of age, APPSwe transgenic mice begin to accumulate amyloid plaques in the
cortex, hippocampus, and other limbic regions, and plague deposition increases rapidly
with age. Also at 9 months, the mice begin to exhibit deficits in attention and memory-
related behavioral tasks. However, no significant neuronal loss has been detected in
these mice at any age, despite progressive and substantial age-related Ap deposition

[119].



30

Oddo et al, Neuron 2003

Figure 1.7. Ap deposition in an 18-month-old triple transgenic mouse expressing
human APPSwe, tau P301L, and PSI M146V proteins. Panels A-C: Early Ap42
depostition in the neocortex, at increasing magnifications. Panels D and E: low and high
magnification of AB42-immunoreactive deposits in the hippocampus and F: an adjacent
section stained with ThioflavinS. Not shown: AP and tau immunoreactivity are detected
within the same pyramidal neurons. Reprinted from Neurobiology of Aging, 24:8, Oddo
S, et al, Amyloid deposition precedes tangle formation in a triple transgenic model of

Alzheimer’s disease, Copyright (2003), with permission from Elsevier [208].
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In the last 13 years, over 70 varieties of AB-depositing transgenic mice have been
produced and made available to the research community. These animals express either a
single transgene for mutant APP, APP in combination with mutant presenilin or mutant
tau, or even all 3 transgenes together (Figure 1.7). Each mouse exhibits a unique
phenotype of parenchymal and/or vascular amyloid deposition, due in part to the
transgene promotor and the nature of the transgene, but also influenced by the
background mouse strain. Rodent models of A pathology are valuable research models
for the study of in vivo protein aggregation and its effects at the cellular, network, and
behavioral levels. Many of these animals do exhibit some sort of age-related cognitive
deficits [95, 187] as well as regional neuronal loss [39]. Recently developed rat models of
cerebral AP amyloidosis promise exciting advancements in AD research, as these animals
exhibit a broader behavioral repertoire with which to study the cognitive and physical
effects of Ap overproduction and deposition in the CNS [3, 54, 73, 164]. Thus far,
however, no single rodent model of cerebral Ap accumulation or tau pathology
convincingly recapitulates the full spectrum of Alzheimer’s pathology and dementia.

Nearly all of the transgenic rodent models of AD pathology overexpress disease-
relevant, mutant forms of human APP or tau. Yet less than 1% of human AD cases
actually involve APP mutations and no tau mutation is known to induce AD.
Additionally, the Ap plaques in AD mouse models often contain rodent Ap co-
aggregated with human Af [120, 280]. Rodent Ap differs from human-sequence A by
3 N-terminal amino acids, and, upon in vitro co-incubation, changes the aggregation

properties of human-sequence AP [305]. The effect of rodent Ap on the toxicity of
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human Ap multimers has not been characterized, but rodent Af alone is not toxic, and
does not readily self-aggregate [120].

The AP plaques in transgenic mice may develop over a period of one or two years
and can even form in under 24 hours [182], while human AD plaques may develop and
mature over long periods of time, often several decades. During this plague maturation
period, AP accumulates various post-translational modifications (including crosslinking)
that affect its solubility and quaternary structure [248]. As such, transgenic mouse
plagues are much more readily solubilized than human AD plagues and do not contain
the same non-Ap components found in AD plaques [150]. For these reasons, we need
long-lived animal models of naturally-occurring Ap amyloidosis in order to study the
long-term effects of the aggregation and maturation of multimeric Ap on cortical

infrastructure and function.

Cerebral Ag Deposition in Nonhuman Primates

Nonhuman primates are a biologically relevant, long-lived model of age-related
cerebral Ap amylodiosis. The AP sequence is 100% conserved in extant primates, and
both amyloidogenic and nonamyloidogenic pathyways of APP processing occur in
nonhuman primate cortex [221]. New World Monkeys, Old World Monkeys and apes,
our closest living relatives, all accumulate significant levels of cerebral Af deposits with
age [287]. As in humans, apes, monkeys, and transgenic mice first show signs of Ap
deposition approximately midway through their maximum lifespan [70]. Parenchymal

Ap plaques can be highly similar to those seen in AD brain, including cloudy, diffuse
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deposits and compact, senile plaques surrounded by tau- and APP-immunoreactive
neurites. Some monkeys also exhibit a unique type of compact, spherical plaque without
any neuritic halo [241, 243, 287]. All nonhuman primate parenchymal plagques contain
ApB40 and AB42 as well as other post-translationally modified A isoforms that likely
accumulate over years of plaque maturation, as seen in human brain [242]. The quantity
and morphology of parenchymal A deposits vary widely, both within and between
nonhuman primate species. Much more consistent is the deposition of Ap amyloid in the
cerebral vasculature of aged nonhuman primate brain. Ap40 and AB42-immunoreactive
material is found in small capillaries as well as large vessels in nearly all aged nonhuman
primates (Figure 1.8) [80-82, 130, 137, 222, 241]. Because most studies of cerebral
amyloidosis in nonhuman primates are limited to immunohistochemical analyses of AB40
and AB42 deposits in formalin-fixed cortical tissue, we know little about the biochemical

activity or higher-order structure of A multimers in nonhuman primate brain.
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Figure 1.8. Ap deposition in AD and aged nonhuman primate temporal cortex.
Immunohistochemistry with an antibody to Ap1-x (6E10) reveals heavy amyloid
deposition in the cerebral parenchyma and vasculature of AD and aged nonhuman
primate subjects. (A) In AD brain, diffuse and cored Ap plaques are spread throughout
the cortex, while cerebral amyloid angiopathy is less common. In chimpanzee (B),
rhesus macaque (C), and squirrel monkey (D) temporal cortex, Ap has a predilection to
accumulate in large vessels and capillaries. Diffuse and compact A plaques are also

commonly detected in rhesus macaque and squirrel monkey cortex but the plaques tend
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to be focal and less widely distributed, except in brains of the oldest animals, which may

exhibit AD-like quantities of parenchymal senile plaques. Bar = 100um.
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The tau protein is 100% identical between humans and chimpanzees, and both
Old World and New World monkeys express all 6 tau isoforms found in human brain
[201, 241]. In AD, the tau protein in neurofibrillary tangles is hyperphosphorylated and
forms fibrillar inclusions that impede normal neuronal function and are believed to
precede cell death [17, 171]. The tau protein can also be abnormally
hyperphosphorylated in aged nonhuman primates, and even aggregates into intracellular
inclusions [137, 251], yet nonhumans do not develop AD-like tau pathology and very
rarely develop filamentous intraneuronal tau aggregates [241]. Nonhuman primates also
do not exhibit the massive neuronal loss or dementia seen in any human
neurodegenerative disease. Nonhuman primate brains do contain the molecular
mechanisms for AD pathogenesis, and can accumulate insoluble Ap deposits at
comparable levels to that seen in human AD. As such, the comparative study of cerebral
Ap in humans, apes and monkeys is an invaluable paradigm with which to explore how a
single protein can be both toxic and benign, depending on the cellular and cortical

environment where it is produced and aggregates.

The Evolution of ApoE and Alzheimer’s Disease

The strongest genetic risk factor for Alzheimer’s disease is the allelic
polymorphism in the ApoE gene on chromosome 19 [223]. ApoE, or Apolipoprotein E,
is a lipoprotein that can bind to the Ap peptide and co-aggregates with the peptide in AD
senile plaques. The protein is necessary for triglyceride catabolism and may be involved

in AP proteolysis or clearance, but its precise role in AD pathology has not yet been
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determined [168]. The human population contains 3 ApoE alleles: €2, €3, and €4, each of
which code for distinct protein isoforms with different lipoprotein binding characteristics.
ApoEe3 is the predominant human isoform, while the ApoEe4 allele, present in less than
15% of the population, can increase the risk of developing AD by up to 20 times in
homozygotes. In all other primates, there is only one ApoE allele and it is considered
homologous to ApoEe4, based on an amino acid transition at codon 112. However, the
lipoprotein binding behavior of primate ApoEe4, which would be considered the
ancestral form of the protein, is actually more similar to human ApoEe3 — it binds
preferentially to high-density lipoproteins [169]. In a recent comparative genomic study
of disease-related genes in a broad group of mammalian species used in biomedical
research, the ApoE gene was identified as a positively selected gene uniquely in the
hominid lineage [279]. The significance of the evolutionary selection for variant ApoE
isoforms and its relationship to AD pathogenesis are not yet clear. Some groups
hypothesize that the ApoE-Ap interaction is involved in AP clearance, and that
differences in ApoE isoforms result in differential abilities of cells to dispose of
aggregated AR [247]. If this is the case, then the ancestral form of ApoE found in all
nonhuman primates might allow for the enhanced clearance of A into the extracellular
space, where it can accumulate into relatively benign fibrillar plaques. It is also possible
that the ApoE-Ap interaction affects the folding and aggregation of Ap multimers, as the

structure of aggregated Ap is a significant determinant of its biochemical activity.
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Toxic and Benign A “Strains”

The accumulation of cerebral AP deposits is not always associated with frank
dementia or neurodegeneration, as seen in nonhuman primate cerebral amyloidosis as
well as in the many transgenic rodent models of AD pathology. Ap can also accumulate
in the brains of cognitively normal, aged humans. The existence of structurally and
functionally polymorphic Ap “strains”, akin to that seen in the prion diseases, reconciles
the amyloid cascade hypothesis of AD with these manifestations of seemingly
nonpathogenic AP deposition.

The term “strain” was initially used in the microbiology field, and refers to
structural and/or functional varieties of a given species. Different bacterial strains retain
the essential features of that species, while concomitantly exhibiting strain-specific
properties, such as pathogenicity or resistance to antibiotics. A defining characteristic of
a strain is its ability to faithfully propagate, both at a structural and a functional level
[273]. In prion diseases such as Creutzfield-Jakob and Bovine Spongiform
Encephalopathy (“Mad Cow disease”), an abnormally misfolded protein is the sole
infectious agent [232]. Investigations into the nature of the infectious protein revealed
structural variants of prion proteins that are identical at an amino acid level, but can be
characterized by differential susceptibility to experimental conditions such as proteolytic
digestion as well as distinct incubation times and pathogenicity [4, 42, 77]. The distinct
secondary and quaternary structures of prion “strains” underlie their benign or toxic
nature [268]. Upon introduction to the central nervous system, either by ingestion or

through a stochastic folding event, the B-sheet-rich, corrupted prion protein recruits and
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templates the misfolding of naive, endogenously produced prion proteins, which then
self-aggregate into toxic oligomers (Figure 1.9) [4, 285]. Importantly, sequential
passaging of prion-infected cortical tissue between animals confirms that, like bacterial
strains, these prion strains retain their structural and functional properties between
generations [78, 266, 267].

Aggregated AP peptides can also form fibrils that are structurally polymorphic,
and molecular polymorphisms (i.e. fibril periodicity and thickness) in both naturally-
occurring and synthetic AP fibrils have been revealed using both electron microscopy and
nuclear magnetic resonance spectroscopy [214, 217]. These polymorphic Ap fibrils can
be propagated with high fidelity using in vitro seeding experiments. Soluble AP
monomers that are added to a solution of fibrillar Ap will fibrillize, and the molecular
structure of the induced, or seeded, fibrils will retain the same structural features as the
parent fibrils [215, 216, 277]. Further, structurally polymorphic Ap fibrils can exhibit
differential toxicity in neuronal cell cultures [57, 216]. B-sheet-rich Ap aggregates can
also template the folding and aggregation of monomeric, naive A in vivo, although the

nature of the seeded amyloid has not yet been fully characterized [129, 181, 215, 216].
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Figure 1.9. Mechanism of aberrant protein misfolding and templating in the
cerebral proteopathies. When an anomalously folded peptide is exogenously introduced
into the CNS, or is produced by a stochastic cellular event, the peptide subsequently
induces the like misfolding of protein monomers by a process of templated conversion.
Misfolded proteins have a predilection to self-aggregate into toxic oligomers and larger
protofibrils, finally forming 3-sheet rich amyloid fibrils. Figure adapted from Trends in
Neurosciences, 29 (8), Walker et al, Inducible proteopathies, Copyright (2006), with

permission from Elsevier [290].



41

AD and prion diseases belong to the family of neurodegenerative cerebral
proteopathies, or diseases of protein misfolding. The phenomenon of self-propagating
protein strains is highly relevant to all cerebral proteopathies, which include Parkinson’s
disease, frontotemporal dementia, and Huntington’s disease [290]. These diseases are
characterized by the abnormal cerebral accumulation of a-synuclein, tau, and
polyglutamine-rich huntingtin protein, respectively [100]. There is evidence for a
common structural motif between prefibrillar aggregates of such disease-causing
amyloidogenic proteins, which may underlie a common mechanism of cytotoxicity [133].
Further, in vitro experiments with a-synuclein and tau have shown that structural and
functional polymorphisms in protein fibrils can be mechanically or chemically induced
and that these polymorphisms can be templated, or “seeded”, onto unfolded protein
monomers [55, 76]. Each of the cerebral proteopathies is initiated by the aggregation of a
unique protein within the nucleus, cytoplasm, or extracellular space. The diseases can be
further distinguished by region-specific susceptibility to lesion deposition and
neurodegeneration. The broad spectrum of lesion phenotypes suggests that there is an
important effect of intracellular and extracellular environments on protein folding,

misfolding, and clearance.

Conclusions and Hypotheses

In order to reconcile the neurotoxicity of Ap accumulation in humans but not in
nonhuman primates, | hypothesize that cerebral Ap aggregates are structurally

polymorphic between humans and nonhuman primates. | further hypothesize that
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aggregated Ap from AD brain is toxic, while nonhuman primate A multimers are
relatively benign. It is important to note that A can also aggregate without initiating a
neurotoxic cascade in the brains of cognitively normal humans. However, it is nearly
impossible to determine if such cases are truly nondemented “control” humans or simply
cases of incipient AD that had not yet reached criteria for clinical diagnosis. The
nonhuman primate is therefore an ideal model of normal human brain aging that can be
used for the comparative study of healthy and pathologic aging. If aggregated Ap is
uniquely toxic in AD brain, the comparative study of aggregated Ap from AD and
nonhuman brain could reveal species-specific differences in the folding and/or binding
partners of the peptide that underlie its cellular effects. Using a top-down approach to the
comparative neurobiology of aging in primates, | have identified characteristics of
multimeric A that are unique to AD brain and may underlie its toxicity. In an aging
cortical environment where neurons have a decreased ability to maintain protein
homeostasis, a shift in the secondary folding structure of a peptide can rapidly proliferate
and wreak havoc in the brain. The characterization of this toxic structural motif and its
permissive environment will provide enticing therapeutic targets for prevention or

intervention in Alzheimer’s disease and possibly the other cerebral proteopathies.
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Chapter 2

Is Alzheimer’s a human-specific disease?’

Introduction

Chimpanzees and humans diverged from a common ancestor approximately 6
million years ago and the two extant species of chimpanzees (Pan troglodytes and Pan
paniscus) are our closest living relatives (see Figure 1.2) [260]. In 2005, two years after
the human genome was successfully sequenced, the chimpanzee genome was sequenced

from a middle-aged male at the Yerkes National Primate Research Center. An early

3 Article previously published as Rosen, R.F,, et al, “Tauopathy with paired helical
filaments in an aged chimpanzee.” (2008) ] Comp Neur, 509:259-270. Substantial
revisions have been made to the Introduction.



44

comparison of the two genomes indicated that the species share over 98% gene-sequence
homology [1, 281]. The media response to the “98.5%" touted the striking similarities
between the two genomes, with headlines such as Time Magazine’s “How We Became
Human: Chimps and humans share almost 99% of their DNA. New discoveries reveal
how we can be so alike — and yet so different” (October 9, 2006). Given the biological
similarities between the two species, scientists can utilize data acquired from great ape
research to extrapolate a better understanding of human physiology and nervous system
function. However, we now know that the genetic variation is closer to 4% and that, in
combination with epigenetic differences, there are quite distinct human and chimpanzee
“phenomes”, or phenotypic expression of the genome [56, 278, 281]. The study of such
trait differences between humans and chimpanzees may eventually lead to the
identification of human-specific genes that play important roles in shaping the human
phenotype.

One way to determine if a particular phenotype is specific to the hominin lineage
(genus Homo) is to conduct a comparative trait analysis between humans and
chimpanzees, using a more distantly related primate (i.e. Old World or New World
monkey) as an “out-group”. If the phenotype is unique to human subjects in such a
study, the trait likely evolved after the chimpanzee-human divergence [131, 278].

There has not been any report in the scientific literature of age-related
neurodegenerative disease or dementia in a chimpanzee or other nonhuman primate
animal. A comparative analysis of neurodegenerative disease phenotypes in very old

primates would support the idea that humans are unique in their susceptibility to age-
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related diseases that are caused by the aggregation and accumulation of aberrantly folded
proteins [85].

The tauopathies are a class of human neurodegenerative disorders characterized
by the intracellular aggregation of abnormally phosphorylated tau protein and selective
neuronal loss [153]. Tau dysfunction likely plays a primary role in disease pathogenesis,
as mutations in the MAPT locus are associated with several of these tauopathies [89]. In
the mammalian nervous system, tau normally interacts with tubulin to stabilize
microtubules and promote their assembly [171]. In the neurodegenerative tauopathies,
tau is hyperphosphorylated by intracellular kinases, which impedes the normal binding of
the protein to cytoskeletal elements and thereby augments its tendency to polymerize into
higher molecular weight assemblies such as neurofibrillary tangles [17, 171]. More than
20 human tauopathies are known, each with a disease-specific clinical presentation and
pattern of atypical tau aggregation in neurons and/or glial cells [87, 153, 302].

The most frequently occurring tauopathy is Alzheimer’s disease (AD), a
dementing disorder in which specific regions of the brain are beset by neurofibrillary
tangles as well as deposits of the A peptide in senile plaques in the walls of cerebral
blood vessels [61, 102]. The neurofibrillary tangles in AD consist mostly of paired
helical filaments, twisting ribbons of tau that have a helical half-periodicity of ~80nm and
an apparent diameter that alternates between ~8 and 20nm [52]. Although genetic and
biochemical evidence indicates that the pathogenic cascade of AD is initiated by aberrant
AP, particularly the 42-amino acid form (Ap42) [104], the degree of tau pathology

correlates strongly with cognitive decline [9, 53, 84, 301].
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Humans are particularly, and perhaps uniquely, susceptible to Alzheimer’s
disease and other tauopathies [201, 284]. However, amino acid sequence similarities in
extant species indicate that both the AB-precursor protein (APP) and tau protein are
highly conserved evolutionarily. The amino acid sequence of APP695 is >99% identical
in humans and chimpanzees [41] and the tau sequence is 100% identical in the two
species [115]. Additionally, all six tau isoforms that are found in the human brain also
have been identified in nonhuman primates [115, 201].

In the normal course of senescence, many mammalian species exhibit cerebral
Ap-amyloidosis [48, 63, 65, 81-83, 106, 137, 178, 192, 194, 222, 237, 284, 291], and AP
accumulation in the brains of aged nonhuman primates can sometimes reach levels
comparable to those in AD [63](R.F. Rosen, unpublished data). Aggregated tau has been
histologically identified in glia and neurons of a number of aged mammals [31, 48, 106,
134, 198-200, 237, 252], but no documented case of nonhuman tau pathology fully
recapitulates the degree and localization of intraneuronal tau accumulation seen in the
human tauopathies. Furthermore, neuronal tau pathology with AD-like paired helical
filaments has never been identified in a nonhuman primate [65, 284].

Here we present the first evidence of tauopathy with human-like paired helical
filaments in an aged chimpanzee. We further present genetic, biochemical, and
pathologic analyses of cerebral tau and A in the animal, in order to determine whether
or not this represents the first case of Alzheimer’s disease pathology in a nonhuman

animal.
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Materials and Methods

Subjects

A 41-year old, socially housed female chimpanzee (Pan troglodytes)(CO494) at
the Yerkes National Primate Research Center spontaneously developed acute lethargy
and rapidly progressive motor dysfunction suggestive of stroke. A T2-weighted magnetic
resonance (MR) scan revealed a massive, left-hemispheric lesion involving mainly the
temporal, parietal and occipital lobes (Fig. 2.1E-H). At necropsy, gross examination of
the brain confirmed a substantial region of ischemic (non-hemorrhagic) necrosis in the
left hemisphere. The right hemisphere was grossly normal. The total brain weight was
287.5 grams, less than the average weight of an adult chimpanzee brain (348.8 grams)
[111], possibly due to necrosis in the left hemisphere. The previous medical history was
unremarkable except for a chronic systolic heart murmur first diagnosed at 15 years of
age, moderate obesity (weight at death 61.5 kg) and high serum cholesterol (total
cholesterol levels in 1995, 2000 and 2005 were 262, 244 and 359mg/dl, respectively). A
T1-weighted MR scan performed in 1995 showed no obvious abnormalities of the brain
(Fig. 1A).

For comparison, age-related AP and tau lesions were examined in available
archival neocortical and/or hippocampal tissue samples from eight additional
chimpanzees aged 30 to 59 years (Table 2.1). Furthermore, as a reference group for the
MAPT genotyping, frozen cerebella from 7 chimpanzees were selected from the Yerkes
archives for tau gene sequence analysis. All studies were conducted in accordance with

federal and local guidelines for the humane care and use of animals.
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Collection and Preparation of Cerebral Tissue Samples

Fresh, unfixed tissue blocks (~500 mg) were excised from the right (non-
infarcted) superior temporal cortex for analysis by enzyme-linked immunosorbance assay
(ELISA). Unfixed tissue samples for ELISA also were taken from the superior temporal
cortex of 5 end-stage AD cases for comparison (Table 2.2). The brain then was coronally
slabbed at ~2cm thickness and immersion-fixed in 10% neutral-buffered formalin for at
least 7 days. A set of bilateral, matched tissue blocks from the prefrontal, temporal, and
occipital cortices (avoiding the infarct core), as well as samples from the diencephalon,
globus pallidus, putamen, lower brainstem and cerebellum, were sectioned at 50um
thickness on a vibratome and stored at 4°C in phosphate-buffered saline (PBS) prior to
immunostaining. Additional fixed brain samples from the right temporal lobe were
cryoprotected in 30% sucrose, frozen, and cut at 50um thickness on a freezing-sliding
microtome. Frozen sections from the eight reference chimpanzees were sectioned and
stored similarly, and all frozen sections were maintained in an antifreeze solution (30%
sucrose/30% ethylene glycol in PBS) at -20°C until immunostaining. Separate, bilateral
tissue blocks from the prefrontal, temporal and occipital lobes of chimpanzee CO494
were paraffin-embedded, sectioned at 8um thickness, and mounted onto silanized slides
(Newcomer Supply, Middleton, WI) for silver- and immuno-staining, as well as for

additional histopathological stains (below).
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Antibodies and Reagents

The following antibodies were used for immunohistochemistry: AT8 (1:5000)
mouse IgG1 monoclonal antibody from Pierce Biotechnology (Rockford, IL),
Cat#MN1020, in PBS, raised against partially purified human PHF-tau, has an epitope in
the region around phosphoserine 202/phosphothreonine 205 and does not cross-react with
normal tau [90]; CP13 (1:10,000) mouse 1gG1 monoclonal antibody, a generous gift
from Dr. Peter Davies (Albert Einstein College of Medicine, Bronx, NY), was produced
from mice immunized with PHF-tau purified from Alzheimer brain tissue by the method
described in detail in Jicha et al. (1999). The antibody was selected for reactivity with the
phosphopeptide GYSSPG(phosphoS)PGTPGSRS, where the phosphoS is phosphoserine
202 of tau. No reactivity with any other phosphoserine of tau was detected (Jicha et al.,
1999); PHF1 (1:10,000) mouse IgG1 monoclonal antibody, also from Dr. Davies, was
raised against detergent-extracted PHF preparations, and has been epitope-mapped to the
region around phosphoserine 396/404 [97, 213]. Specificity was confirmed with Western
blots of transfected cell lysates (Otvos et al., 1994); MC1 (1:10,000) mouse IgG1
monoclonal, also from Dr. Davies, was raised against Alz50-immunopurified PHFs and
then epitope-mapped to similar conformation-specific regions as Alz50, but not FAC1
[122] (in the same study, western blot and dot blot showed specificity of MC1 to PHFs of
tau protein); 6E10 (1:5000) mouse IgG1 monoclonal antibody from Covance (Princeton,
NJ), Cat# SIG-39320, Protein G-purified, in PBS, was raised against residues 1-16 of Ap
peptide, with an epitope at residues 3-8 [136]; 4G8 (1:5000) mouse 1gG2b monoclonal
antibody from Covance, Cat# SIG-39220, Protein G-purified, in PBS, was raised against

residues 17-24 of AP peptide, with an epitope at residues 18-22 [136]. The specificity of
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both 6E10 and 4G8 antibodies was characterized in the source reference. Rabbit
polyclonal antibodies R361 and R398 (both at 1:15,000), a generous gift from Dr. Pankaj
Mehta (Institute for Basic Research on Developmental Disabilities, Staten Island, NY),
were raised against synthetic AB32-40 and AB33-42 (AnaSpec, San Jose, CA),
respectively, conjugated to keyhole limpet hemocyanin in PBS. Specificity of these
antibodies was examined by sandwich ELISA and Western blot analysis [227]. All
antibodies to phosphorylated tau and Ap were tested immunohistochemically with human
AD tissue sections and specifically stained only abnormal tau accumulations and
parenchymal and vascular amyloid deposits, respectively. Anti-ubiquitin (1:10000)
rabbit polyclonal antibody from Dako (Carpinteria, CA), Cat#Z-0458, was raised against
ubiquitin isolated from cow erythrocytes and conjugated to chicken gamma globulins
with glutaraldehyde, purified by solid-phase absorption with human plasma proteins (in
western blotting, the antibody labels bands corresponding to free ubiquitin and ubiquitin
conjugates); anti-GFAP (1:5000) purified immunoglobulin fraction of rabbit antiserum
from Dako (Carpinteria, CA), Cat# 20334, was raised against glial fibrillary acidic
protein isolated from cow spinal cord, purified by solid-phase absorption with human and
cow serum proteins (it shows no cross reactivity with human plasma or cow serum by
crossed immunoelectrophoresis and indirect ELISA). Immunohistochemistry with the
antibody revealed the expected pattern of astrocytic staining in human AD and
chimpanzee tissue sections. Anti-1bal (1:10000) rabbit polyclonal antibody from Wako
(Osaka, Japan), Cat# 019-19741, in TBS, purified by affinity antigen chromatography
from rabbit antisera, was raised against a synthetic peptide (PTGPPAKKAISELP)

corresponding to the C-terminus of Ibal, a 17-kDa EF hand protein that is specifically
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expressed in macrophages/ microglia and is upregulated during the activation of these
cells. Specificity was confirmed by Western Blot (Imai et al, 1996) and
immunohistochemistry with the antibody revealed the expected pattern of microglial
staining in human AD and chimpanzee tissue sections. Anti-a-synuclein (1:300) rabbit
polyclonal antibody, a gift of Dr. Bernardino Ghetti (Indiana University, Indianapolis,
Indiana), was raised against a peptide containing residues 119-137
(DPDNEAYEMPSEEGYODYE) of the C-terminus of a-synuclein (Piccardo et al, 1998).
Specificity was confirmed by specific immunolabeling of Lewy bodies in Parkinson's
disease. Vectastain Elite kits (Vector Laboratories, Burlingame, CA) were used for

ABC-based immunodetection of antigen-antibody complexes.

Histochemistry

Endogenous peroxidase in tissue sections was inactivated with 3% H,0, in
methanol, and nonspecific reagent binding was blocked with 2% normal serum in 0.2%
Tween, each for one hour at room temperature. For AB-immunodetection, sections were
pretreated for 10 minutes in 90% formic acid to expose antigenic sites. Sections were
incubated in primary antibody (diluted in buffer with blocking serum) overnight at 4°C.
After rinsing, sections were incubated for one hour at room temperature in biotinylated
secondary antibody, rinsed, immersed for 30 minutes in avidin-biotin complex, and then
developed with diaminobenzidine (DAB) or DAB complexed to nickel (Vector
Laboratories). Tissue from human AD cases was used as positive control material, and

non-immune mouse IgG or rabbit sera were used in place of the primary antibodies as
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negative controls. In some instances, a light hematoxylin counterstain was applied after
immunostaining.

Double immunostaining was employed to localize multiple antigens in tissue
sections. For fluorescence immunostaining, sections were blocked in 2% normal goat
serum / 0.1% Triton X-100 in PBS for one hour at room temperature, incubated in a
mouse monoclonal antibody (diluted in 2% normal goat serum) overnight at 4°C, rinsed
well, and then incubated for 90 minutes in Cy2-conjugated anti-mouse secondary
antibody (1:200; Jackson Labs, West Grove, PA). Sections were again rinsed thoroughly,
incubated overnight in diluted rabbit polyclonal antibody at 4°C, rinsed, and placed for
90 minutes in Rhodamine-Red-X goat anti-rabbit secondary antibody (1:200; Jackson).
To block endogenous autofluorescence, double-stained sections were mounted on gel-
coated slides, rinsed for 5 minutes in 70% ethanol and immersed in 1% Sudan black (in
70% ethanol, filtered before each use) for 30 minutes at room temperature. Excess Sudan
black was removed via 3 rinses in ethanol, and sections were coverslipped from PBS with
Faramount agueous mounting medium (Dako) for fluorescence microscopy. To visualize
multiple antigens in the same sections by standard transillumination light microscopy,
antibodies were applied as described above for single antigen/DAB
immunohistochemistry, except that the first antibody-antigen complex was marked with
DAB+nickel (black), and the subsequent antibody was marked with DAB only (brown).

Finally, we stained selected sections with the Congo Red, Bielschowsky and
Campbell-Gallyas stains for AD-type lesions, with the Prussian Blue (Perls) stain for
iron, with hematoxylin and eosin, and with a Gram stain (there was no evidence of

bacterial infection in any brain region). Light-microscopic photomicrographs were taken
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with a Leica DMLB microscope (Wetzlar, Germany) and SPOT XPlorer and FLEX
digital cameras (Diagnostic Instruments, Sterling Heights, MI). Confocal images were
captured with a Zeiss LSM 510 laser scanning confocal microscope. All images were

edited in Photoshop (Adobe) without any further manipulations.

Quantitative Mapping of Tau and Af Lesions

Tau lesions (intrasomatic neurofibrillary tangles and plaque-like clusters of
immunoreactive neurites) and Ap lesions (cerebral AB-amyloid angiopathy [CAA] and
parenchymal [senile] AP plaques) were mapped and quantitated bilaterally in matched
CP13-, R361- and R398-immunostained sections from the prefrontal, temporal, and
occipital cortices using the Neurolucida image analysis system (MBF Biosciences,
Williston, VT). The prefrontal cortical sections were taken at the level of the rostral end
of the middle frontal gyrus (Bailey & Bonin FE/FD; Brodmann area 10/9/46) [15, 33];
temporal cortical sections taken at the level anterior to the primary auditory cortex (Al)
(TA/TE, Brodmann area 20/21/22); and the occipital cortical sections were from a level
between the lunate sulcus and the occipital pole, containing both area V1 and extrastriate
cortex (OB/OC; Brodmann area 18/17).

A single researcher used the Neurolucida system to count every tau or A lesion
found in each section. Every discrete cell soma or cluster of tau-immunoreactive
elements was counted as a single lesion. Two morphologically distinct types of tau
plaques were identified and counted: neuritic and punctate. Similarly, each distinct Ap-
plaque or AB-reactive vascular profile was indicated on the tissue map. R361- and R398-

positive vessels that were spatially continuous within the section were counted as a single
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lesion; otherwise, discrete vascular profiles were counted separately. The numeric
densities of immunoreactive lesions were calculated from the total planar area of each
section [63]. Lesion densities in the two hemispheres were compared statistically using
paired t-tests, with a set limit of p <0.05 for significance. Neuropil threads (tau-positive
processes that were not organized into plaques) were profuse and widely distributed in

brain (see Fig. 2.2) and were not quantitated histologically.

Electron Microscopy

For ultrastructural analysis, tissue samples from the left prefrontal cortex were
postfixed in 4% paraformaldehyde and 0.5% glutaraldehyde, washed in phosphate buffer
(0.1M, pH 7.4) and immersed in osmium tetroxide (1% in phosphate buffer) for 20
minutes. They were then rinsed in phosphate buffer and dehydrated in a graded series of
ethanol and propylene oxide. Uranyl acetate (1%) was added to the 70% ethanol (35
minute immersion) to improve contrast in the electron microscope. The sections were
then embedded in epoxy resin (Durcupan ACM; Fluka, Ft. Washington, PA) on
microscope slides and heated for 48 hours at 60°C. Areas of interest were selected,
excised from the slide and glued onto resin blocks. Ultrathin sections were cut with a
Leica Ultracut T2 (Nussloch, Germany), collected onto single-slot copper grids, and
stained with lead citrate.

For immunogold EM, non-postfixed sections were preincubated in PBS
containing 5% nonfat dry milk and then washed in Tris-buffered saline (TBS)-gelatin
buffer (0.02 M Tris, 0.15 M NaCl, 1 ul/ml fish gelatin, pH 7.6) to block nonspecific

sites. Sections were then incubated for 48 hours at 4°C in CP13 antibody (1:10,000)
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diluted in PBS-BSA, rinsed in TBS-gelatin, and incubated for 2 hours at room
temperature in gold-conjugated goat anti-mouse Fab’ fragments (dilution 1:100;
Nanogold [Nanoprobes Inc., Yaphank, NY]). Gold particles (1.4 nm) were silver-
enhanced with the HQ Silver kit (Nanoprobes). As a control for the specificity of
immunolabeling, omission of the primary antibody from incubation solutions completely
abolished immunostaining for the corresponding antigens. The tissue was then embedded
and cut as described above.

All thin sections were examined with a Zeiss EM10-C electron microscope
(Oberkochen, Germany) and digital images were captured using the Dual View camera

(Gatan Inc., Pleasanton, CA).

AB ELISA

Unfixed, right temporal cortical tissue was Dounce-homogenized in 5 volumes of
homogenization buffer (50mM Tris-HCI, 150mM NacCl, and protease inhibitor tablets
[Santa Cruz Biochemicals, Santa Cruz, CA]) and then centrifuged at 100,000g for 60
minutes at 4°C to generate the “soluble” supernatant. The pellet was probe-sonicated in
70% formic acid and centrifuged at 14,000rpm for 60 minutes at 4°C to generate the
“insoluble” supernatant. AB40 and AB42 were measured in each extract by ELISA (The
Genetics Company, Schlieren, Switzerland) according to the manufacturer’s instructions.
Soluble extracts were diluted in sample buffer at a 1:50 dilution, and insoluble extracts
were neutralized in 1.0M Tris base, pH 11 (1:20 dilution) and diluted in sample buffer to

a 1:1000 total dilution. All samples were run in duplicate. Plates were read at 450 nm
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and the average optical density values for each extract were interpolated on a 4-parameter

standard curve to determine A concentrations.

DNA Extraction and MAPT Genotyping

Genomic DNA from unfixed liver of the 41-year old subject (and, as a reference
group, from unfixed cerebellar tissue from 7 additional chimpanzees) was purified using
large-scale, automated template purification systems employing solid-phase reversible
immobilization (Agencourt Bioscience Corporation, Beverly, MA). The purified DNA
samples were then sequenced using ABI dye-terminator chemistry. All subsequent steps
were based on sequencing by automated DNA sequencing methods. The ABI dye
terminator sequence reads were run on ABI 3700/3730 (Applied Biosystems) machines
and the data were transferred to Linux machines. Base calls and quality scores were

determined using the program PHRED [66, 67].



Tables

Table 2.1. Supplemental chimpanzees examined for Ap and tau pathology
(archival material).

Subject Sex Age (years)
NOO0-39Pt f 30
NO0-40Pt m 34
NO00-34Pt m 37
NO1-20Pt f 41
Y06-147Pt m 43
YO07-25Pt f 44
Y06-108Pt f 47
C-612 f 56



Table 2.2. AD cases examined by Ap ELISA.

Subject Sex Age (years) PMI (hours)
0S02-159 m 61 55
0S03-300 f 75 12
0S02-106 f 81 2

E04-172 f 87 6

0S01-128 f 91 2.5

PMI: postmortem interval
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Table 2.3. Quantitative mapping data of intrasomatic neurofibrillary tangles and
tau plaque-like clusters of immunoreactive neurites in location-matched tissue blocks
from the bilateral prefrontal, temporal, and occipital cortices of chimpanzee CO494.

Lesion densities are expressed as number of lesions per unit area of tissue analyzed.

Antibody CP13.
N-Plaque Cell Body

# Cell density # P-Plaque Density
Region # N-Plaque  # P-Plaque Bodies (#/mm?) density (#/mm?) (#/mm?2)
LFC 158 79 349 0.6132 0.3066 1.3546
LOC 5 8 22 0.0182 0.0291 0.0802
LTC 22 43 138 0.0672 0.1314 0.4215
RFC 39 46 81 0.1246 0.1469 0.2587
ROC 0 0 0 0.0000 0.0000 0.0000
RTC 1 20 25 0.0072 0.1436 0.1795

L: left; R:right; FC: prefrontal cortex; OC: occipital cortex; TC: temporal cortex; N-
plaque: tau neuritic plaque; P-Plaque: tau punctate plaque
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Table 2.4. Quantitative mapping data of AP parenchymal plagues and CAA in
location-matched tissue blocks from the bilateral prefrontal, temporal, and occipital
cortices of chimpanzee CO494. Lesion densities are expressed as number of lesions per

unit area of tissue analyzed Antibodies R361 and R398 to Ap40 and AB42, respectively.

Total  Total Total Total AB40-CAA  AB42-CAA Ap42-Plaque

AB40-  Ap42- AP40- Ap42- density density AB40-Plague density
Region CAA CAA Plaques Plaques (#/mm2) (#/mm2) density (#/mm?) (#/mm?)
LFC 162 298 2 0 0.5512 1.0147 0.0068 0.0000
LOC 45 78 0 0 0.1723 0.2957 0.0000 0.0000
LTC 67 112 12 10 0.2505 0.3329 0.0449 0.0297
RFC 358 666 57 26 1.2227 2.1810 0.1947 0.0851
ROC 289 966 3 0 0.9947 3.1774 0.0103 0.0000
RTC 118 284 43 50 0.8592 2.0315 0.3131 0.3577

L: left: R:right; FC: prefrontal cortex; OC: occipital cortex; TC: temporal cortex
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Figures

Figure 2.1. MR images of the chimpanzee brain before and during the stroke. A-
D An Anterior-posterior series of coronal, T1-weighted MR images made 10 years prior
to death. E-H: T2-weighted MR images captured after the symptoms had emerged, with
the location of affected tissue in the left hemisphere indicated by asterisks. (A T2-

weighted scan was not run prior to the stroke.)
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Figure 2.2. Tau- and AB-pathology in the aged chimpanzee. A: Tau-
immunoreactive somata (2 indicated by arrowheads) and neuritic tau plaques (1 indicated
by arrow) in the left prefrontal cortex. Numerous tau-immunoreactive processes
(threads) occupy the intervening neuropil. Antibody AT8. B: Tau-immunoreactive
neuron (arrowhead) in area CA1 of the right hippocampus; note the integrity of the
nearby pyramidal cells. Antibody AT8, Hematoxylin counterstain. C: Double-
immunostained section showing tau- (CP13/Nickel-DAB, black, developed first) and Ap-
(R398/DAB, brown) immunoreactivity in the left prefrontal cortex. A tau plaque (black
arrow) and a tau-positive pyramidal neuron (arrowhead) are present. A focus of Ap-
immunoreactive CAA is indicated by the grey arrow. Note the absence of an Ap-core in
the tau plaques, which was typical of focal accumulations of tau neurites in this animal.

D: Cerebral amyloid angiopathy (arrowheads denote two blood vessels) and a senile
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plaque (arrow) in the right temporal neocortex. Antibody 6E10. Bars =100 um (A, C),

50 um (B), 200 um (D).
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Figure 2.3. Silver-stained lesions in the left prefrontal neocortex of the aged
chimpanzee. A: Campbell-Gallyas-stained neuritic plaque (tortuous black neurites,
arrow). This plaque was positive with the anti-tau antibody CP-13 in an adjacent section
(not shown). B: Two cortical cells stained with the Bielschowsky silver method. Bar =

50 um for both A and B.
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Figure 2.4. Double-fluorescence immunostaining of tau-neurites and reactive glia
in the left prefrontal cortex of the aged chimpanzee. By confocal microscopy, CP13-
positive neurites (green) in tau plaques do not colocalize with GFAP-stained astrocytes
(magenta) (A), nor do they colocalize with Ibal-immunoreactive microglia (magenta)

(B). Neuropil threads also are negative for these glial markers. Bar = 20 um for A and B.
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Figure 2.5. Ultrastructure of paired helical filaments in neurons from the left
prefrontal cortex of the aged chimpanzee. A: High magnification view of intraneuronal
paired helical filaments. The twisting, filamentous ribbons have a mean half-periodicity

of ~79nm, a maximum width of ~20nm and a minimum width of ~10nm. B-C:
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CP13/immunogold-labeled, intraneuronal paired helical filaments. B is a low
magnification view of a CP13-immunoreactive neuron; the nucleus is to the lower left.
Because the thick section was immunostained prior to sectioning, the immunogold
preferentially decorates the periphery of the mass of PHFs (arrowheads). Note the heavy
bundles of paired helical filaments in the cytoplasm. C shows a higher magnification
view of CP13/immunogold-labeled PHFs from the cell in B. If: lipofuscin. Bars = 100nm

(A), 1pm (B) and 200nm (C).
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Figure 2.6. Tauopathy in a human with Alzheimer's disease. A: Light micrograph
showing tau-immunoreactive neurons (two indicated by arrowheads) and clusters of
neurites (one indicated by arrow) in Alzheimer's disease; antibody AT8. B: Electron
micrograph of intraneuronal paired helical filaments in Alzheimer's disease. The size and
helical periodicity of the filaments are highly similar to those in chimpanzee CO494

(Figure 2.5). Bars = 100um (A) and 200nm (B).
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Figure 2.7. AP levels in the right temporal neocortex of the chimpanzee (CO494),
relative to the levels in a comparison group of 5 confirmed AD patients, measured by
ELISA. A: Insoluble AB40 (gray, top) and AB42 (black, bottom) levels. B: Soluble AB40
and AP42 levels. Note the different scales on the y axes for insoluble and soluble Ap.

Bars = standard deviations for the AD group.
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Results

Tau Histopathology

Postmortem immunohistochemical analysis using antibodies to pathologic forms
of tau revealed abnormal intracellular tau immunoreactivity in multiple cortical regions
of both hemispheres and, to a lesser extent, in subcortical structures. Throughout the
neocortex (the most severely affected brain structure), the lesions included tau-laden
neurons, neuropil threads, and diverse, plaque-like clusters of neurites (‘'tau plaques’) (Fig.
2.2A-C). The regional density of tau lesions varied among and within cortical areas, and
there were foci of particularly intense pathology (Fig. 2.2A). The lesions were most
abundant in the prefrontal cortical samples, followed by the temporal cortex and the
occipital cortex, which had the least tauopathy of the neocortical regions examined
(Table 2.3). In the hippocampus, occasional tau-positive neurons (Fig. 2.2B), neuropil
threads and tau plaques were present, but these were much less numerous than in most
regions of neocortex. The tau plaques generally were not associated with a core of
aggregated Ap (Fig 2.2C). Subcortically, tau immunoreactivity, mostly in thread-like
processes, was present to varying degrees in the globus pallidus, neostriatum and
diencephalon, and occasionally in white matter pathways. Scattered immunoreactive
profiles also were present in the lower brainstem and, very infrequently, in the
cerebellum. Overall, subcortical tauopathy was sparse relative to that in neocortex.

In nearby frontal, temporal, and occipital cortical sections, antibodies AT8 and
CP13 consistently detected the most tau lesions. Antibody PHF1 detected somewhat

fewer lesions, and antibody MC1, which recognizes AD-type conformational epitopes on
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tau, detected the fewest tangles, tau plaques, and neuropil threads of the four anti-tau
antibodies. A subset of neurons, plaque neurites and neuropil threads were
immunoreactive for ubiquitin (not shown). Neuritic plaques and neurofibrillary tangles
also were evident by Campbell-Gallyas and Bielschowsky silver stains (Fig. 2.3).
Granulovacuolar degeneration was not seen. The presence of tau-only plaques in this
animal prompted us to determine whether the tau-neurites might originate from
astrocytes, as in the case of ‘astrocytic plaques' in corticobasal degeneration (CBD) [145].
Double-immunostaining for GFAP and CP13 in left and right frontal cortex showed that
the neurites are not astrocytic processes (Fig. 2.4A). The neurites also were negative for
the microglial marker Iba-1 (Fig. 2.4B) and a-synuclein (not shown).

Ultrastructurally, the neurofibrillary tangles consisted of dense, intraneuronal
bundles of paired helical filaments that were identical in size and helical periodicity to
those in humans with Alzheimer’s disease [52, 179] (Fig. 2.5, Fig. 2.6B). Immunogold
labeling with antibody CP13 confirmed the presence of phospho-tau epitopes on the

paired helical filaments (Fig. 2.5B,C).

A Histopathology

Immunohistochemistry with antibodies to AP disclosed a moderate degree of
CAA (Figs. 2.2C, D) in all of the neocortical regions examined, as well as mild, focal
Ap-plaque pathology (Fig. 2.2D) (Table 2.4). As in humans, AP deposits were sparse in
the hippocampus compared to temporal neocortex, and were essentially absent in the
basal ganglia, diencephalon, and lower brainstem. The cerebellum manifested very mild

CAA. In affected regions, most AB-immunopositive senile plagues were diffuse in
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nature, as confirmed by a paucity of Congo Red staining/birefringence in parenchymal
deposits. The number of Ap42-positive plaques did not differ significantly from the
number of ApB40-positive plaques, but CAA was marginally more likely to be
immunoreactive for Ap42 than for AB40 (t=2.560; p=.0506). Surprisingly, the degree of
total CAA was significantly greater in the right, non-stroke hemisphere than in the left

hemisphere (t=4.668; p=.043) (Table 2.4).

AB ELISA

Insoluble AB40 and ApB42 levels in a sample of temporal neocortex from the non-
infarcted hemisphere were lower than in the 5 reference AD brains when assessed by
ELISA. Soluble AB levels, however, were higher in the chimpanzee than in the AD cases

(Fig. 2.7).

MAPT Genotyping

Sequence analysis of genomic DNA revealed no mutations of functional
significance at the tau locus (including saitohin, a polymorphic gene nested within the
MAPT locus). Two synonymous base pair changes in exons 7 and 9 were identified,
while all other polymorphisms were located in noncoding regions at distances from the
nearest splicing sites ranging from 40 to 145 base pairs. One unusual, 4-base pair
deletion was identified in intron 3 only in this chimpanzee, but this deletion was deemed
unlikely to be of pathogenic significance because it lies 67 base pairs from the nearest

predicted splicing site.
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Discussion

This is the first report of cerebral tauopathy with paired helical filaments in an
aged chimpanzee. The tau lesions included neurofibrillary tangles, neuropil threads, and
neuritic tau plaques. The neurofibrillary tangles consisted of paired helical filaments that
were indistinguishable from those occurring in humans with Alzheimer's disease (Fig.
2.2, Fig. 2.5, Fig. 2.6) [52, 179]. This aged chimpanzee also exhibited a species-typical
profile of cerebral B-amyloid angiopathy and infrequent AB-immunoreactive senile
plaques [80, 81].

The impetus for human-like tau pathology in this chimpanzee is uncertain. Any
influence on the expression or splicing of tau, whether environmental or genetic, could
alter the probability of developing tauopathy [103]. Several mutations in the tau gene are
associated with human primary tauopathies [89, 153]. However, sequencing of the exons
and associated introns in the genomic MAPT locus of this subject disclosed no known
tauopathy-associated mutations, nor any other genetic changes of obvious functional
significance. The two extended MAPT haplotypes that occur in human populations (H1
and H2) are thought to differentially influence the probability of developing
neurofibrillary tangles [103]. The tau haplotype in chimpanzees, however, is a mixture of
the human H1 and H2 haplotypes [46, 115, 220], and at present it is unclear whether this
gene structure affects the likelihood that chimpanzees will manifest tau lesions. While
genetic or epigenetic changes might yet be discovered that regulate the pathogenicity of
tau, our analysis shows that this animal did not harbor a sequence modification in the tau

gene that would be expected to precipitate a human-like tauopathy.
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Old age is the most important risk factor for AD and other neurodegenerative
diseases in humans [132], and age probably contributed to the emergence of tau
pathology in this chimpanzee. The documented maximum lifespan of Pan troglodytes is
59 years [111]. Chimpanzees in their 40's and 50's have been shown previously to
exhibit cerebral AB-amyloidosis, primarily in the form of CAA [49, 50, 65, 80, 81, 284],
but significant intraneuronal tau pathology has not been documented previously in
chimpanzees [49, 80, 81, 284]. Although it is not unusual to encounter occasional tau-
immunoreactive neurons and processes in older animals, immunohistochemical
examination of archival, postmortem tissue samples from eight additional chimpanzees
ranging from 30 to 59 years of age revealed little abnormal tau immunoreactivity (R.F.
Rosen, unpublished). Thus, while age probably played a role in the ontogeny of
tauopathy in this 41-year old animal, the paucity of tau lesions in other chimpanzees of
similar or greater age suggests that additional factors are involved.

Tau pathology also could be related to conditions that engendered the ischemic
stroke, which appears to be a rare occurrence in nonhuman primates [29, 72]. The
chimpanzee in this study had high levels of cholesterol throughout her adult life, and
hypercholesterolemia has been implicated as a risk factor both for stroke and tauopathy
[210]. Furthermore, the ischemic lesion itself may have directly initiated AD-like tau
pathology in this chimpanzee. In humans, epidemiological evidence suggests a
relationship between cerebral ischemia and dementia, and nearly one-third of AD patients
exhibit postmortem evidence of cerebral infarct [127]. Experimental evidence for a
relationship between ischemia and tau pathology is ambiguous, however. Total tau has

been found to increase in CSF after stroke in humans, although phospho-tau in brain
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appears not to be elevated [112]. In rats, tau is rapidly hyperphosphorylated, via a cdk5-
associated mechanism, in neurons at the site of experimental ischemia [298]. However,
the hyperphosphorylation occurs only in neurons in the infarcted region, and paired
helical filaments and neuritic tau-plaques were not observed. Tauopathy in the
chimpanzee in this investigation was advanced and widespread in both hemispheres, and
was not increased in the infarcted region proper, or in the adjacent neocortex, suggesting
that the lesions probably were present prior to the acute ischemic incident. Although the
Perls iron stain did not reveal evidence of prior microinfarcts in the tissue sections that
we sampled, the possibility that clinically silent microinfarcts may have precipitated tau
pathology in the years before the chimpanzee’s death cannot be eliminated.

The amyloid cascade hypothesis implicates the multimerization of AP as the
critical upstream effector in the pathogenic process that ultimately results in the
generation of neurofibrillary tangles in AD [104]. In vivo and in vitro evidence indicates
that aberrantly folded AB can induce tau hyperphosphorylation and polymerization in
neurons [26, 94]. The AB42:AB40 ratio, in particular, has been hypothesized to govern
the risk of developing AD [135, 176], and soluble ApB oligomers are increasingly thought
to play a crucial role [40, 294]. ELISA of (non-stroke) temporal neocortex from this
chimpanzee revealed a relatively high ratio of AB42:AB40, similar to that in humans with
AD. Furthermore, levels of buffer-soluble Ap (low molecular weight monomers and
oligomers) in the temporal cortex were well above the mean levels of soluble Ap in AD
(Fig. 2.7). This Ap profile, co-present with neurofibrillary tangles, therefore suggests the
possibility that excess soluble cerebral Ap42 may have contributed to the emergence of

tauopathy. The soluble AP quantities in this animal should be interpreted with caution,
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however, as the AB-precursor protein can be upregulated by the conditions associated
with brain injury [234], including stroke [224].

In summary, we report an unprecedented case of tauopathy with intraneuronal
paired helical filaments, neuropil threads and neuritic tau plaques in an aged chimpanzee.
The subject also exhibited a moderate degree of cerebral Ap deposition, mainly in the
brain vasculature. Despite tantalizing similarities, there are also important pathologic
differences between this chimpanzee and humans with AD, notably in the rarity of
neurofibrillary tangles in the hippocampus, the presence of unusual, tau-only neuritic
plaques lacking B-amyloid cores, and the paucity of parenchymal AB- (senile) plaques.
However, the occurrence of both tau- and AB-pathology indicates that the cellular and
molecular machinery for generating two key hallmarks of AD — neurofibrillary tangles
and Ap-amyloidosis — is fully present in aged chimpanzees. In addition to providing
evidence for biological similarities between humans and chimpanzees even late in the
lifespan, these findings compel us to reconsider the assumption that humans are the only

primates to manifest Alzheimer-like tauopathy with age.
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Supplementary Figures

Figure S2.1. Gross photos of brain slabs from chimpanzee CO494 at necropsy. The
brain was blocked into ~2cm coronal slabs and photographed with the anterior face up;
the left hemisphere is to the right. Regions of ischemic necrosis are indicated with
asterisks (compare to Figure 2.1, which is reversed relative to these blocks). Bar = 2.54

cm.
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Figure S2.2. Supplementary images of AB- and tau-pathology in chimpanzee
CO494. A: Cerebral f-amyloid angiopathy in the left temporal neocortex; Antibody,
6E10. B: Tau-immunoreactive somata and a neuritic tau plaques in the right prefrontal
cortex. Note also the profusion of neuropil threads; Antibody AT8. Bars = 100um for A

and B.
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Figure S2.3. Phospho-tau-immunoreactive processes in the temporal neocortex of
another 41 year old female chimpanzee (NO1-20Pt). Occasional tau-immunoreactive
processes and/or cells sometimes can be found in older chimpanzees and other primates,
particularly using antibodies to phosphotau 202/205, but in the chimpanzee samples that
we examined, such lesions were generally infrequent and focal compared to CO494.

Antibody AT8. Bar = 100pm.
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Figure S2.4. Point counting maps of tau-immunoreactive lesions in three brain
areas of chimpanzee CO494. Low magnification, computer-assisted diagrams of tau-
immunoreactive lesions point-counted throughout entire tissue sections (created with
Neurolucida image analysis software, MBF Biosciences). Sections taken from left
prefrontal (A), temporal (B), and occipital (C) and right prefrontal (D), temporal (E), and
occipital cortices (F); Legend: o - neuritic tau plaque; X — punctate tau plaque; A —

immunoreactive cell body; SFG — superior frontal gyrus; MFG — medial frontal gyrus;
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ITG — inferior temporal gyrus; PH — parahippocampal cortex; M — medial; L — lateral; D
—dorsal. Antibody CP13. Although there was a trend toward more lesions in the left
hemisphere, the overall number of tau lesions did not differ significantly between

hemispheres.
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Figure S2.5. Point counting maps of Ap40-immunoreactive lesions in three brain
areas of chimpanzee CO494. Low magnification, computer-assisted diagrams of Ap40-
immunoreactive lesions point-counted throughout entire tissue sections (created with
Neurolucida image analysis software, MBF Biosciences). Sections taken from left
prefrontal (A), temporal (B), and occipital (C) and right prefrontal (D), temporal (E), and
occipital cortices (F); Legend: ¢ - cerebral amyloid angiopathy; * - parenchymal plague;

SFG - superior frontal gyrus; MFG — medial frontal gyrus; ITG — inferior temporal



gyrus; PH — parahippocampal cortex; M — medial; L — lateral; D — dorsal. Antibody
R361. There were significantly more CAA profiles in the right hemisphere than in the

left (t=11.052, p=0.008).
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Figure S2.6. Point counting maps of Ap42-immunoreactive lesions in three brain
areas of chimpanzee CO494. Low magnification, computer-assisted diagrams of Ap42-
immunoreactive lesions point-counted throughout entire tissue sections (created with
Neurolucida image analysis software, MBF Biosciences). Sections from left prefrontal
(A), temporal (B), and occipital (C) and right prefrontal (D), temporal (E), and occipital
cortices (F); Legend: ¢ - cerebral amyloid angiopathy; * - parenchymal plaque, SFG —

superior frontal gyrus; MFG — medial frontal gyrus; ITG — inferior temporal gyrus; PH —



parahippocampal cortex; M — medial; L — lateral; D — dorsal. Antibody R398. There
were marginally more CAA profiles in the right hemisphere than in the left (t=3.779,

p=0.063).
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Chapter 3

Characterization of A peptide populations in aged

human and nonhuman primate brain

Introduction

The Alzheimer’s disease (AD) brain is characterized by copious deposition of
intracellular neurofibrillary tangles and extracellular senile plaques [253].
Neurofibrillary tangles, which are composed of abnormally hyperphosphorylated and
aggregated tau protein, interfere with normal cytoskeletal function, presumably leading to

neuronal death [91]. Senile plaques in the AD brain are (3-sheet rich amyloid deposits
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composed of aggregated g-amyloid (Ap) peptides. The temporal and regional patterns of
neurofibrillary tangle deposition are highly stereotyped in AD brain, and correlate with
the progressive development of cognitive decline [32]. However, genetic, pathologic,
and biochemical evidence strongly supports the amyloid cascade hypothesis of AD,
which implicates the overproduction and aggregation of the A peptide as the primary,
upstream events in the AD neurodegenerative cascade [104]. All known genetic
mutations that underlie early-onset, familial AD result in an increased production of
cerebral AP or an enhanced ability of the peptide to aggregate in the brain [21]. Af is an
amphiphilic peptide that rapidly self-aggregates, and mounting evidence indicates that
soluble oligomeric forms of the A peptide, rather than senile plaques, are the likely
culprits in AD synaptotoxicity and neurotoxicity [23, 40].

Ap is an extracellular cleavage product of the sequential proteolytic processing of
the APP transmembrane protein by p-secretase and then the y-secretase enzyme complex
[272]. The predominant cerebral Af isoforms are 40 and 42 amino acids in length, but (3-
and y-secretases are not sequence-specific proteases; additional Ap isoforms of various
lengths are produced, and the ratio of these Ap isoforms may play a crucial role in the
peptide’s toxicity. $-secretase cleavage also occurs in front of glutamate amino acid
residues 3 and 11 (where 1 and 42 are the first and last amino acid residues in full-length
ApB42), after which the free N-terminal glutamate can cyclize chemically or can be
cyclized by glutaminyl cyclase, forming a pyroglutamate residue. N-truncated, cyclized
AP 3pyrE-x and 11pyrE-x isoforms have a higher tendency to aggregate than Ap1-40 and
AP1-42, are more resistant to proteolysis, and are less soluble as a result of enhanced

hydrophobicity. Ap can also be altered at its C-terminus, with the most common
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isoforms ending at the 38" and 43™ amino acids [149, 185, 239]. The C-terminal
residues contribute to the physical oligomerization properties of the peptide, and may
therefore underlie the peptide’s toxicity [24]. Both full-length Ap and truncated Ap are
also subject to post-translational modifications, including N-terminal truncation by
endopeptidases, isomerization and racemization of aspartate residues (1 and 7), and
methionine oxidation (35), all of which enhance the peptide’s resistance to proteolytic
degradation. As plaques mature over periods of years (and sometimes decades) in the AD
brain, Ap peptides within the plaques undergo enzyme-induced post-translational
modifications [149, 248]. However, modified AP peptides have been identified in both
soluble cortical extracts and within amyloid deposits, suggesting that Ap polymerization
is a dynamic process, and that dissociating senile plaques in AD may be a source of
soluble, oligomeric AP peptides [150, 248, 269].

Ap plaque morphology is strikingly heterogeneous in the AD brain, ranging from
amorphous, diffuse deposits to highly structured, cored senile plaques. While Ap isoform
composition does not entirely determine plaque morphology, Ap42 predominates in
diffuse-type Ap lesions and cored senile plaques are composed of varying combinations
of full-length and modified Ap peptides [270]. The broad morphological spectrum of
plague morphology may be attributable to the existence of “strains” of folded peptides,
akin to those seen with the prion protein. In the prion diseases, a single prion protein
folds into structurally and functionally diverse strains. Molecular polymorphisms dictate
the prion strain’s toxicity, and these structural and bioactive characteristics can then be

transmitted to unfolded proteins via a templated protein folding mechanism [4].
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Like the prionoses, Alzheimer’s disease belongs to the cerebral proteopathy
family of diseases, which are characterized by aberrant protein aggregation and,
frequently, cerebral amyloid deposition [288]. As in AD, soluble protein oligomers are
implicated in the pathogenesis, region-specific neurodegeneration, and dementia of other
cerebral proteopathies, which include Parkinson’s disease and Huntington’s disease
[100]. In each of the cerebral proteopathies, the disease-relevant aggregates are
composed of entirely different proteins. However, conformation-specific antibodies to
protein oligomers exhibit striking pan-immunoreactivity to oligomeric proteins from
several different diseases, suggesting a common structural motif among disease-causing
protein aggregates. This common structure suggests a shared mechanism of protein
toxicity [85]. Ap oligomers, which have been studied most extensively, bind specifically
to the plasma membrane at neuronal synapses, and also have been shown to form annular
structures that can insert into the membrane, forming anomalous ion channels [57, 152].

We use animal models of cerebral A amyloidosis in order to study the in vivo
formation of AP aggregates and the mechanisms of Ap-induced synaptotoxicity and
neurotoxicity. Ap-producing transgenic mouse models of AD overexpress mutant APP
protein and accumulate cortical, hippocampal, and vascular A} amyloid deposits in an
age-related fashion. However, no mouse model fully recapitulates the pathological and
behavioral spectrum of AD [187]. In contrast to the extensive plaque maturation period
in the human brain, Ap plaques in the transgenic mouse brain are relatively dynamic and
have a paucity of post-translationally modified A isoforms [128, 148, 150]. Human-
sequence AP plaques can form (and disappear) in a matter of 24 hours in the mouse brain

[182]. Additionally, rodent AB, which differs from human Ap by 3 amino acids, is



90

produced in nearly all APP transgenic mouse models and is found to co-aggregate within
a subset of plaque deposits in these mice [280]. Rodent AP alone is benign and does not
tend to self-aggregate, but it alters the folding dynamics and biological activity of human-
sequence AP when the two synthetic peptides are co-incubated [305]. For these reasons,
we need a longer-lived, more biologically relevant animal model of cerebral Ap
amyloidosis with which to study Ap aggregation dynamics and potential long-term toxic
effects of cerebral Ap deposition.

The AP peptide sequence has been 100% conserved throughout primate
evolution, and nonhuman primates, our closest living relatives, accumulate significant
cerebral AP deposition with age [221]. Ap deposition in aged nonhuman primates
closely recapitulates the temporal and regional accumulation of diffuse and compact
parenchymal plaques and congophilic vascular amyloid in the human AD brain.
Additionally, cerebral Ap lesions in aged nonhuman primates mature over many years,
and are subject to similar post-translational modifications as the Ap in AD. Both AB40
and Ap42 are detected in plaques and vessels in aged ape and monkey brains, although
ApB40 is reported to be the predominant deposited isoform in immunohistochemical
studies (epitope availability and antibody penetration are variable in such studies, and
may result in the underestimation of the contribution of certain peptide isoforms to brain
lesions) [63, 81, 192, 231]. The nonhuman primate brain exhibits additional AD-relevant
cortical changes with age, such as the overexpression of tau protein, tau protein Kinases,
and Apolipoprotein E at nerve endings [137]. However, nonhuman primates do not
develop the full pathological spectrum of AD lesions, nor do they suffer from AD-like

dementia [241]. Rather, nonhuman primates are a unique model of age-related cerebral
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Ap amyloidosis in the absence of neurodegeneration or dementia. Our closest living
primate relatives can be utilized for the comparative study of healthy and pathological
brain aging, in order to clarify the nature of toxic protein aggregation unique to the
human brain.

AP peptides also accumulate with age in the brains of cognitively normal humans,
without apparent neurodegeneration or dementia [6]. In nondemented aged humans, Ap
aggregates into soluble oligomeric species, but the peptide isoform composition of these
oligomers may be different from soluble A oligomers in the AD brain [148]. In one
study, the predominant peptides identified in soluble extracts from nondemented and AD
human brains were ApB42, Appyr3-42, and Appyrll-42, but the two groups differed in
the relative contribution of Appyr3-42 to total soluble Ap populations, with the AD brain
containing over 50% ApPpyr3-42. Synthetic AB42/Appyr3-42/ApBpyrll-42 peptide
preparations with AD-like ratios of the three peptides exhibited enhanced toxicity relative
to nondemented human-like peptide preparations, indicating that the component ratio of
full-length and modified Ap peptides may underlie the peptide’s toxicity unique to AD
brain [218]. These data help to reconcile the A3 amyloid hypothesis with pathological
findings of benign cerebral Af deposition in nondemented humans and nonhuman
primates. However, the use of a nondemented human control group introduces an
important confound: it is nearly impossible to determine if the amyloid-laden brain from
a nondemented human subject is truly “normal” and not actually a case of preclinical AD.
The nonhuman primate model of benign cerebral amyloidosis circumvents this issue.

We hypothesize that there is an AD-specific population of full-length and

modified AP isoforms that underlies the peptide’s unique toxicity in the AD brain, and
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that these peptides can be experimentally distinguished from the benign A that deposits
in the brains of nondemented aged nonhuman primates. There has not yet been a
comprehensive biochemical analysis of the contribution of truncated and post-
translationally modified Ap to cerebral amyloidosis in the brains of both apes and
monkeys. In this study, we used immunohistochemistry, ELISA, MALDI-TOF mass
spectrometry, and immunoblotting to characterize total Af peptide populations in human
and nonhuman primate subjects. Fixed and unfixed temporal and occipital cortical tissue
was collected from the brains of a large cohort of aged chimpanzees (apes), rhesus
macaques (Old World monkeys), and squirrel monkeys (New World monkeys), in
addition to end-stage AD and “nondemented human” cases. While we were unable to
identify an AD-unique population of Ap peptides, our immunoblotting data suggest that
Ap oligomers in AD and aged nonhuman primate brain may be structurally distinct, akin
to the protein strains seen in prion diseases. Further structural analysis of Af} aggregates
in AD and nonhuman primate brain might help to clarify a structural motif that underlies

the unique toxicity of Ap in the AD brain.

Methods

Subjects
We analyzed postmortem brain tissue from 9 rhesus monkeys (Macaca mulatta)
(3 females, 6 males), 6 squirrel monkeys (Saimiri sciureus) (1 female, 5 males), 3 female

chimpanzees (Pan troglodytes), 9 humans with end-stage AD (6 females, 3 males), and 3
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nondemented elderly humans (2 females, 1 male) (Table 3.1). Human tissues were
obtained from the Emory University Alzheimer’s Disease Research Center Brain Bank in
accordance with federal and institutional guidelines, and were coded to ensure the
anonymity of subjects. Animal tissues were collected in accordance with federal and
institutional guidelines for the humane care and use of experimental animals. The Yerkes

Center is fully accredited by AAALAC International.

Tissue Collection and Preparation

For quantitative and qualitative biochemical analyses, unfixed, fresh-frozen
temporal and occipital cortical tissue blocks were weighed and Dounce-homogenized in 5
volumes of homogenization buffer (50mM Tris-HCI and 150mM NaCl, pH 7.5,
containing complete protease inhibitor tablets [Santa Cruz Biochemicals, Santa Cruz,
CA, USA)). Cortical homogenates were centrifuged at 100,000g for 60 minutes at 4°C in
a TLA 100.4 rotor (Beckman Coulter, Fullerton, CA, USA) and the supernatant (“soluble
extract”) aliquoted and stored at -80°C until use. The resulting buffer-insoluble pellet
was probe-sonicated in 70% formic acid, centrifuged at 16,1109 for 60 minutes at 4°C,
and the clear supernatant (“insoluble extract”) aliquoted and stored at -80°C until use.

For SDS-PAGE analysis, unfixed, fresh-frozen temporal and occipital cortical
tissue blocks were weighed and Dounce-homogenized in 4 volumes of sterile, ice-cold
0.01M phosphate buffered-saline, 137mmol NacCl, 2.7 mmol KCI (1x PBS), pH 7.4. 20%
weight/volume homogenates were sonicated 3 x 5 seconds, vortexed, centrifuged for 5

minutes at 3,000g, and the supernatants stored at -80°C until use.
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For immunohistochemistry, brains were fixed for at least 7 days in 0.1M PBS-
buffered 4% paraformaldehyde at 4°C. Temporal and occipital blocks were coronally
bisected so that both frozen and paraffin sections could be made from the same general
region. For the frozen sections, tissue blocks were cryoprotected in a graded series of
10%-30% sucrose, embedded in frozen Tissue-Tek OCT mounting medium (Sakura,
Torrance CA) and sectioned at 50um thickness on a cryostat at -20°C. Sections were
stored in antifreeze (30% ethylene glycol in 30% sucrose/PBS) at -20°C until use. The
remaining blocks were paraffin-embedded, sectioned at 8um thickness and mounted onto

silanized slides.

Antibodies

The following antibodies were used for immunohistochemistry,
immunoprecipitation, and/or immunoblotting: Monoclonal antibodies 6E10 and 4GS to
residues 3-8 and 17-24 of the AP peptide, respectively (both at 1:5000; Covance Research
Products, Denver, PA, USA); rabbit polyclonal antibodies R361 and R398 to C-terminal
residues 32-40 and 33-42 of AB40 and AP42, respectively (both at 1:15,000; provided by
Dr. Pankaj Mehta, Institute for Basic Research on Developmental Disabilities, Staten
Island, NY, USA); monoclonal antibody 8E1 to ABpyr3-x (0.75ug/ml, IBL, Gunma,
Japan); monoclonal antibodies CP13 to phospho-tau 202 (1:10,000), PHF1 to phospho-
tau 396/404 (1:10,000), and MC1 to aggregated tau (1:10,000) (all provided by Dr. Peter
Davies, Albert Einstein College of Medicine, Bronx, NY, USA); and monoclonal

antibody AT8 to phospho-tau 202/205 (1:5000; Covance) [241].
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Immunohistochemistry

To prepare slide-mounted paraffin sections for immunohistochemistry, sections
were de-paraffinized by heating in an oven for 30 minutes at 60°C followed by 1 minute
incubations in xylene, 100% ethanol, 95% ethanol, 70% ethanol, and ddH20. Paraffin
and frozen (floating) sections were washed in 0.1M PBS, pH 7.4, and then endogenous
peroxidases were inactivated with 3% H,O; in methanol. To block nonspecific reagent
binding, sections were incubated in 2% normal serum (horse serum for monoclonals and
goat serum for polyclonals) and 0.2% Tween-20 (Sigma-Aldrich, St. Louis, MO) in PBS
(blocking solution) for one hour at room temperature. As an antigen-retrieval technique
for AB-immunodetection, sections were pretreated for 10 minutes with 100% formic and
then incubated in primary antibody (diluted in blocking solution) for one hour at room
temperature and then overnight at 4°C. On the second day, Vectastain Elite kits (Vector
Laboratories, Burlingame, CA, USA) were used for avidin-biotin complex (ABC)-based
horseradish peroxidase immunodetection of antigen-antibody complexes. After rinsing,
sections were placed for one hour at room temperature in biotinylated secondary antibody
(2:200 in blocking solution), rinsed, immersed for 30 minutes in avidin-biotin complex,
and then developed with 3,3'-diaminobenzidine (DAB) (Vector Laboratories). Tissue
from pathologically verified human AD cases was used as positive control material, and
non-immune mouse IgG or rabbit serum was used in place of the primary antibodies as
negative controls.

AP load was assessed histopathologically in 6E10-immunostained paraffin

sections of temporal and occipital cortices. For each section, two researchers rated the
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levels of diffuse plaques, compact plaques, and CAA in capillaries and large vessels (+++

frequent, ++ moderate, + rare, - absent) [165].

Quantitative A ELISA

To quantify total ABx-40 and APx-42 levels in soluble and insoluble cortical
extracts, formic acid extracts were first neutralized with 1.0M Tris base, pH 11 (1:20
dilution), and then extracts were diluted in sample buffer as necessary (between 1:2 and
1:10,000). Diluted samples were added to 96-well microplates coated with a C-terminal-
specific capture antibody, and an N-terminal-specific detection antibody then was added
according to the manufacturer’s instructions (The Genetics Company, Schlieren,
Switzerland). AP content is expressed relative to the wet weight of tissue. All samples
were assayed in duplicate. After stopping the tetramethylbenzidine-peroxidase reaction
with sulfuric acid, plates were read at 450 nm on a Biotek Synergy HT Multidetection

plate reader (Biotek, Winooski, VT, USA).

ApB Immunoprecipitation/MALDI-TOF Mass spectrometry

To immunoprecipitate total AR from the cortical extracts, paramagnetic beads
were coated with antibodies 4G8 and 6E10, and the precipitates run on Tricine SDS-
PAGE gels or by matrix assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS), as previously described [274]. Briefly, 50ul Dynal M-
280 Dynabeads (Invitrogen, Carlsbad, CA) coated with sheep anti-mouse antibodies were
washed 3 times with 50ul 0.1M PBS, and incubated, rotating end-over-end for 24 hours

at 4°C, with monoclonal 4G8 and 6E10 antibodies at a concentration of 120pg/ml (3ug of
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each antibody/50ul beads). Antibody-coated beads were then blocked with 50ul 0.1%
bovine serum albumin (Sigma-Aldrich, St. Louis, MO). To control for nonspecific
binding, 25ul of blocked uncoated beads were added to 1.0ml soluble cortical extract or a
solution of 100ul formic acid extract, neutralized with 1.0M Tris to pH 7.4 and then
diluted up to 10ml with deionized water, and incubated, rotating end-over-end, for one
hour at room temperature. For each immunoprecipitation (IP) reaction, 50ul of Af
antibody-coated beads were added to the “cleared” extracts and incubated, rotating, for 3
hours at room temperature then 12 hours at 4°C. As a negative control, blocked beads
with no antibodies were incubated with cortical extracts from each group. Synthetic
ApP40 incubated with antibody-coated beads was used as a positive control.

For analysis of immunoprecipitated A by Western blotting, dried beads were
resuspended in 20ul total volume of 2x SDS-PAGE buffer and 10x reducing agent
(Invitrogen, Carlsbad, CA), boiled for 5 minutes, quickly vortexed and loaded onto 10-
20% Tris-Tricine gels (see below for continuation of the immunoblotting protocol). For
analysis of immunoprecipitated Af by MALDI-TOF MS, beads were washed 3 times
with ice-cold 0.1M PBS, 1 time with 50 mM ammonium bicarbonate pH 7.3, completely
dried in a SpeedVac, and then eluted with 20ul 0.5% formic acid. Samples were dried
under a cold stream of nitrogen gas and then resuspended in 4pl 0.1% formic acid/20%
acetonitrile in deionized water. At the New York University protein facility, 1ul of IP
eluate was mixed with 500ul ethanol and 500pul ACN in 0.1%TFA and then analyzed in a
Micromass TofSpec-2E MALDI-TOF instrument. Major peaks within all spectra were

identified with ExPASy’s FindPept software (http://us.expasy.org/tools/findpept.html).
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Peaks that were detected in the negative control (mock immunoprecipitation with no

antibodies) were not included in the final analysis.

Western blot

To determine total protein concentrations in clarified 20% cortical homogenates,
samples were diluted 1:10 in 0.1M PBS in a 96 well microplate, and incubated with
200ul of a solution of buffered bicinchoninic acid and 4% cupric sulfate, for 30 minutes
at 37°C, according to the manufacturer’s instructions (Thermo Scientific, Rockford, IL).
Plates were immediately read at 562 nm on a Biotek Synergy HT Multidetection plate
reader, and total protein concentration was determined by interpolation on a 4-parameter
standard curve. For each sample, 60ug of total protein was incubated with 2x Tricine
loading buffer, 10x reducing agent, and deionized water, boiled at 100°C for 5 minutes,
quickly vortexed, and loaded onto a 10-20% Tris-Tricine gel (Invitrogen). SeeBlue 2
molecular marker (Invitrogen) and 20ng synthetic, aggregated Ap42 (rPeptide, Athens,
GA) were run on each gel as a molecular weight marker and positive control,
respectively. Protein was transferred to nitrocellulose membranes that were then boiled
for 15 minutes in 0.1M PBS.

For immunoblotting, membranes were blocked for 30 minutes at room
temperature in 2.5% milk in Tris-buffered saline with 0.05% Tween-20 (TBS-T). After a
30 minute rinse in TBS-T, membranes were incubated in primary antibodies, diluted in
2.5% milk/TBS-T (6E10, 1:1000, 4G8, 1:2500, R361, 1:1000, R398, 1:1000, CP13,
1:1000, 8E1, 2.5ug/ml) for one hour at room temperature and then 12 hours at 4°C. On

day 2, the membranes were rinsed for 30 minutes in TBS-T, incubated for 90 minutes in
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a-mouse 1gG or a-rabbit 1gG electrochemiluminescence secondary antibody (diluted in
2.5% milk/TBS-T at 1:10,000 Amersham Biosciences, UK), then rinsed for 30 minutes in
TBS-T, all shaking at room temperature. To visualize the ECL-conjugated secondary
antibodies, the membranes were incubated in Pierce ECL Western Blotting Substrate
(Thermo Scientific, Waltham, MA) for 10 minutes, exposed to Kodak BioMax MS film
(Kodak, Rochester, NY) for 30 seconds to 5 minutes, then developed in a Kodak
processor. Films were scanned with a Canon flatbed scanner and images were edited in

Photoshop, using only the cropping tool.

Statistical analyses

We used the Kruskal-Wallis nonparametric one-way analysis of variance
(ANOVA) to detect group differences in Ap levels in the soluble and insoluble extracts
of both brain regions examined. Dunn’s post-hoc t-tests were then employed to detect
differences in AB40, Ap42, or total AP levels between individual groups for soluble and

insoluble cortical extracts from both regions.
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Group Case “Age(y) Sex _ SPMI(h) Braak Stage *ApoE
ND Human E04-46 40 m 31 Braak 0 3/4
E04-34 57 f 17 Braak 0 3/3
0S02-35 75 f 6 Braak 0 3/3
Human AD E04-33 57 f 20 Braak V/VI 3/4
E04-172 87 f 6 Braak V/VI 3/4
0S03-300 75 f 12 Braak V/VI 4/4
0S02-159 61 m 55 Braak V/VI 3/4
0S01-128 91 f 2.5 Braak V/VI 3/4
0S02-106 81 f 2 Braak >IV 3/3
E05-87 61 m 4 Braak V/VI 3/4
E08-41 84 m 4.5 Braak VI 3/4
E05-04 64 f 4.5 Braak VI 3/4
Chimpanzee YNO06-108Pt 44 f 3
YNO7-25Pt 47 f 1
YNO05-400Pt 41 f 1
Rhesus 06-1Mm 35 f <3
macaque AM109 26.6 m 1
AM120 26.5 f 1
554 38 m <3
1201 35 m <3
1203 33 f <3
1210 30 m <3
1211 25 f <3
1313 >20 m <3
Squirrel 84L 21 m 1
monkey 83GO 20 m 1
86J 17 m 1
06-5Ss 23 f <3
90T 17 m 1
92AH 15 m 1

“Age (y): Age (years)
8PMI (h): Postmortem interval (hours)

*ApoE: Apolipoprotein E genotype
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Table 3.2. Soluble AP levels (pmol AB/100ug wet weight tissue)

Temporal Cortex Occipital Cortex
Group Case Ap40 Ap42 Total Ap40  Ap42 Total
AB A
ND Human  E04-46 0 293 293 133 123.1 1364
E04-34 0 22 22 0 0 0
0S02-35 0 99 99 0 29 29
Human AD  E04-33 0 167 167 233 833 106.6
E04-172 53 315 368 2801.4 513.6 331.5
0S03-300 81.4 37.7 119.2 18.3 50.3 78.6
0S02-159 502.2 485 550.7 2049 778 282.7
0S01-128 77.2 71.4 148.7 1341.6 163.4 1505
0S02-106 1.1 28.3 29.4 0 47.2 47.2
E05-87 1594  86.2 1680.3 n/a n/a n/a
E08-41 21.4 39.2 60.5 n/a n/a n/a
E05-04 73.7 116.5 190.1 n/a n/a n/a
Chimpanzee  YNO06-108Pt 2212 799.2 10204 1689.6 532.7 22223
YNO7-25Pt 6.2 27.3 33.5 23.4 777.6  801.1
YNO05-400Pt 714.8 1669.1 2383.9 n/a n/a n/a
Rhesus 06-1Mm 1832 1943 3775 260.1 3328.8 3588.8
macaque AM109 n/a n/a n/a 5.5 16.1 21.6
AMI120 n/a n/a n/a 12.8 224 236.8
554 n/a n/a n/a 9.5 20.7 30.2
1201 n/a n/a n/a 31002.3 5442.7 36445.1
1203 n/a n/a n/a 399.8  2323.7 2723.8
1210 n/a n/a n/a 10.9 560.6 571.6
1211 n/a n/a n/a 12.1 53.2 65.3
1313 n/a n/a n/a 11.7 618.6  630.2
Squirrel 84L 8117.4 20729 10190.3 6570.3 2501.3 9071.5
monkey 83GO 7110.6 1408.6 8519.2 11566.1 2508.6 14074.7
86J 309.5 321.1 630.6 1748  95.6 270.4
06-5Ss 18.0 68.7 86.8 299.5 2162 515.8
90T 29.4 1049 1343 104.8 403.5 508.3
92AH 7.6 223 29.8 7.0 10.5 17.5

n/a: Not available
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Temporal Cortex
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Occipital Cortex

Group Case Ap40 Ap42 Total AB40Ap42 Total
AB AB
ND Human  E04-46 0 1 1 0 1 1
E04-34 0 0 0 0 0 0
0S02-35 0 0 0 0 1 1
Human AD  E04-33 3 83 86 2 211 213
E04-172 8 217 225 11 176 187
0S03-300 62 98 160 5 187 192
0S02-159 40 175 215 15 298 313
0S01-128 18 196 214 10 191 202
0S02-106 1 146 146 0 59 60
E05-87 275 353 628 n/a n/a n/a
E08-41 4 156 160 n/a n/a n/a
E05-04 4 445 449 n/a n/a n/a
Chimpanzee  YNO06-108Pt 15 93 109 249 179 428
YNO7-25Pt 0 24 24 1 62 63
YNO05-400Pt 10 69 79 n/a n/a n/a
Rhesus 06-1Mm 100 250 350 15 190 205
macaque AM109 n/a n/a n/a 0 29 29
AMI120 n/a n/a n/a 0 18 19
554 n/a n/a n/a 7 24 31
1201 n/a n/a n/a 843 487 1330
1203 n/a n/a n/a 10 228 238
1210 n/a n/a n/a 0 104 105
1211 n/a n/a n/a 2 90 93
1313 n/a n/a n/a 0 67 67
Squirrel 84L 367 230 597 396 618 1014
monkey 83GO 497 252 750 1121 508 1629
86J 8 91 99 1 174 176
06-5Ss 19 318 337 26 370 396
90T 3 357 360 43 178 221
92AH 0 51 52 0 2 2

n/a: Not available
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Figure 3.1. AB deposition in Alzheimer’s temporal cortex.
Immunohistochemistry with antibodies to various epitopes within the Ap peptide
revealed extensive plaque deposition throughout cortical layers 2 to 6 of the superior
temporal gyrus in a typical AD brain, while only rare deposits of vascular amyloid were
seen. In several other AD subjects, heavy plaque deposition was also detected along the
superficial pial layer of the cortex. (A) The majority of compact and diffuse plaques
contain AP peptides beginning at amino acid residue 1, as detected with antibody 6E10.

In panel (B), the 8E1 antibody to the pyroglutamized residue of N-terminally cleaved
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ApB3-x reacts with a large subset of 6E10-immunoreactive cored and diffuse plaques as
well as occasional CAA. In panels (C) and (D), immunostaining with C-terminal Ap
antibodies (R361 in [C] and R398 in [D]) show that Apx-40 peptides are less common in
diffuse plaques, and are found in the central core of compact plaques. Apx-42 is found in
many more compact and diffuse plaques, and is localized both at the center and around
the perimeter of senile plaques. Diffuse AB-immunoreactive deposits were also detected
within the white matter of most AD subjects in this study (data not shown). Bar =

200pum.
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Figure 3.2. AB deposition in aged chimpanzee temporal cortex. In the
superior temporal gyrus of this 41-year old female chimpanzee, immunohistochemistry
with four AB-specific antibodies revealed species-typical accumulation of large-vessel
cerebral amyloid angiopathy. Also detected were small AB-immunoreactive plaques
associated with large cortical vessels. Antibodies to AB1-x (A) and ABpyrogiutamate3-X (B)
both revealed dense vascular amyloid deposits throughout the cortical layers and along
the pial surface (antibodies 6E10 in [A] and 8E1 in [B]). Vascular amyloid along the pial
layer was also immunoreactive for antibodies R361 (C) and R398 (D), which are specific
for C-terminal AP ending at residues 40 and 42, respectively. Both Apx-40 and APx-42

are deposited in chimpanzee CAA, however Ax-42 was the predominant isoform
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detected in this animal. Note several large vessels that were not at all affected by CAA.

Bar = 200um.



107

e £ L )
t . e
3 PEN
k: ' )
AB1-x ABpyr3-x
. R, p
- 4 \ .
.
. »
' < i.
ABx-40 ! ABx-42 by sk

»
Figure 3.3. AB deposition in the superior temporal gyrus of an aged rhesus
macaque. Immunohistochemistry with antibodies to 4 distinct Ap epitopes revealed
species-typical accumulation of cerebral amyloid angiopathy and, occasionally, small
compact and diffuse plagques in rhesus monkeys. The lesions were spread throughout
cortical layers 2 to 6 in this case, although, as in all simians and humans, their
morphology and distribution can vary among cortical regions. (A) Antibody 6E10,
specific for the N-terminal region of Ap, labeled large vessel and capillary CAA and, less
frequently, compact and diffuse parenchymal plaques. (B) Antibody 8E1, which binds to
N-terminally truncated and modified Appyrogiutamate3-X peptides, showed occasional

immunoreactivity in large vessel CAA but more often in small diffuse and compact
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plaques. (C) Polyclonal antibody R361 revealed ABx-40 accumulation in various
morphologies of compact plaques. (D) Apx-42, as revealed with antibody R398, was
found in all types of vascular and parenchymal Ap lesions in this subject. Overall, Ap
deposits contained slightly more ABx-42 than Apx-40 in this animal. Rhesus monkeys
exhibit significant within-species variability, and some of the oldest rhesus macaques
accumulate heavier amounts of parenchymal plaque deposition in the more superficial

cortical layers. Bar = 200um.
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Figure 3.4. AB deposition in aged squirrel monkey temporal cortex. Aged
squirrel monkeys manifest significant vascular and parenchymal A deposition that is
generally found in the deeper cortical layers and spreads to layer 2 in older animals. (A)
In this 18-year-old subject, immunostaining with antibody 6E10 revealed Ap1-x peptides
in large vessel and capillary CAA, as well as diffuse and small, compact senile plaques.
(B) ABpyrogiutamate3-X peptides were detected in a subset of 6E10-immunoreactive lesions,
and the modified peptide tended to be located in the core of compact plagues (antibody
8E1). (C) In this animal, APx-40-positive lesions were rarely detected, while Apx-42 (D)
accumulated in plaques and vessels throughout the cortex, particularly in deep-layer

diffuse deposits, which are probably composed of full-length A42, based on comparison
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with the adjacent 6E10-immunostained section (antibody R361 in [A] and antibody R398

in [B]). Bar = 200um.
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Figure 3.5. ELISA quantification of soluble AB40 and AB42 in human and
aged nonhuman primate brain. Using capture antibodies specific to the C-termini of
ApPx-40 and Apx-42 and an N-terminal-specific detection antibody, we quantified the
total amount of full length AB40 and AB42 in buffer-soluble temporal and occipital
cortical extracts from 3 nondemented humans, 9 end-stage AD cases, 3 chimpanzees, 9
rhesus macaques, and 6 squirrel monkeys. (A) In the temporal cortex, no soluble AB40
and very low levels of Ap42 were detected in the nondemented human cases (n=3, means
= 0 pmol AB40/100ug [S.D.=0] and 13.82 pmol Ap42/100ug [S.D.=13.97]). Mean
soluble AB40 and AB42 levels were higher in all 3 nonhuman primate groups compared
to AD subjects, except for AB40 in the one rhesus macaque. In both cortical regions, the
mean AB40:AP42 ratio was greater than one for AD and all nonhuman primate groups,
with the exception of the temporal cortex in the chimpanzees. Note the different scales
on the y-axes of the two graphs, as peptide levels were substantially higher in the

occipital cortex. By nonparametric ANOVA, total soluble Ap levels were significantly
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different between nondemented human and squirrel monkey groups (p<0.05) but no other
significant differences were detected between any of the groups in either cortical region,
probably because of the variability of values within groups. ND = nondemented human,

AD = Alzheimer’s disease human. Bars = standard deviations.
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Figure 3.6. Insoluble AB accumulates at comparable levels in AD and aged
nonhuman primate brain. By ELISA, full-length AB40 and AB42 peptides were
quantified in formic-acid solubilized protein extracts from temporal and occipital cortical
samples from 3 nondemented humans, 9 end-stage AD cases, 3 chimpanzees, 9 rhesus
macaques, and 6 squirrel monkeys. (A) Insoluble temporal cortical extracts from the
nondemented human cases contained significantly lower levels of AB42 and total Ap
than were detected in both AD and squirrel monkey temporal cortex (p<0.05). (B)
Insoluble extracts from the occipital cortex of nondemented humans also contained
negligible detectable AB40 or AB42, as compared to A load in AD cases, but these
differences were not significant by nonparametric ANOVA. In both cortical regions
examined, ApB42 and total AP levels were only significantly different between squirrel
monkey and nondemented human subjects. No significant differences were detected
between temporal or occipital cortical Ap levels in AD and any nonhuman primate group.

In both cortical regions of all groups, the insoluble AB40:Ap42 ratio was less than one.
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However, there was a trend towards relatively more AB40 in the aged nonhuman primate
brains. ND = nondemented human, AD = Alzheimer’s disease human. Bars = standard

deviations.
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Figure 3.7. MALDI-TOF mass spectrometric analysis of soluble Ag peptides
in AD and aged nonhuman primate temporal cortex. Total Ap peptide populations
were immunoprecipitated from soluble cortical extracts and analyzed by MALDI-TOF
MS, using antibodies 6E10 and 4G8, to the N-terminus and central hydrophobic region of
the AP peptide, respectively. Each spectral peak represents one peptide, each of which
has a unique mass-to-charge value (m/z). Shown are representative spectra of temporal

cortical extracts from each group (AD Human: OS0-159, Chimp: Y05-400Pt, Rhesus
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macaque: 06-1Mm, Squirrel monkey: 83GO), with labeled peaks that correspond to full-
length, truncated, or modified Ap peptides. Soluble Ap40 and Ap40o0x (oxidized at
Met35 residue) were detected in all cases but soluble AB42 was only detected in its
oxidized form. The AB1-34 peptide was consistently detected in soluble extracts from
most AD and nonhuman primate cases, but not in any of the nondemented human cases.
Furthermore, no full-length AB40 and ApB42 was detected in any soluble extracts from the
nondemented human group. Similar results were obtained with soluble extracts from the
occipital cortex (data not shown). For a complete list of soluble Ap peptides detected in

both temporal and occipital cortical extracts from all subjects, see Figure 3.9.
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Figure 3.8. MALDI-TOF mass spectrometric analysis of insoluble AB
peptides in AD and aged nonhuman primate temporal cortex. Ap peptides were
immunoprecipitated from formic acid-solubilized cortical extracts that had been
neutralized with 1.0M Tris buffer and diluted with deionized water. In order to isolate
full-length, fragmented, and modified Ap peptides, paramagnetic beads were coated with
antibodies 6E10 and 4G8, which bind to the N-terminus and central hydrophobic region
of the AP peptide, respectively. Concentrated immunoprecipitate was analyzed by
MALDI-TOF MS to identify individual peptides by their unique mass-to-charge value.
Representative spectra of insoluble Ap populations are shown for each group (AD
Human: OS0-159, Chimp: Y05-400Pt, Rhesus macaque: 06-1Mm, Squirrel monkey:
83GO0). Nondemented human cortical extracts had few detectable formic acid-soluble Ap

peptides, and no full-length AB40 or Ap42 (data not shown). In addition to full length
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AB40, Ap42, and the oxidized isoforms of the peptides, other common fragments
detected in all four groups include, but are not limited to, AB2-40, ABpE3-40, and AB4-
40. There was no group of A peptides, nor an individual Af peptide, that was
exclusively detected in AD or nonhuman primate brain. Figure 3.9 contains a meta-
analysis of fragments detected in both cortical regions examined, including A peptides

detected in occipital cortical samples (data not shown).
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Figure 3.9. Analysis of common AP fragments detected by MALDI-TOF in
buffer-soluble and insoluble temporal and occipital cortical extracts from human
and nonhuman primate subjects. Major peaks that were detected in linear mode

MALDI-TOF MS were entered into EXPASY’s FindPept software

(http://us.expasy.org/tools/findpept.html) in order to match m/z values with potential Ap
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peptides. Peaks that were also detected in negative control samples (sham
immunoprecipitations with no primary antibodies) were eliminated from the analysis.
Based on antibody specificity, all feasible Ap fragments are listed in column 1. Shaded
boxes indicate that the Ap peptide in that row was detected in at least 2 cases from that
column’s group. Numbers in the shaded boxes indicate the number of cases in which the
AP peptide was detected and “(ox)” indicates that at least one of the detected peptides
was in its oxidized form. AD: temporal cortex, n=3, occipital cortex, n=6; ND: temporal
cortex, n=3; Chimpanzee: temporal cortex, n=3, occipital cortex, n=5; Rhesus macaque:
temporal cortex, n=3, occipital cortex, n=7; Squirrel monkey: temporal cortex, n=3,

occipital cortex, n=5.
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Figure 3.10. Western blot analysis of multimeric Ag distribution in AD and
aged squirrel monkey temporal cortex. Clarified temporal cortical homogenates from 7
end-stage AD cases and 7 aged squirrel monkeys, normalized for total protein, were
electrophoretically separated by molecular weight on a Tris-Tricine 10-20% gel and
immunoblotted with anti-Af antibodies 6E10 and 4G8. (A) Immunoblotting with
antibody 6E10 revealed strong bands running at approximately 4 KDa in all
homogenates, which correspond to monomeric AB40 and Ap42. Dimeric and trimeric
Ap species were also detected in some AD and squirrel monkey samples, particularly in
the cases shown to have higher levels of insoluble A by ELISA (Figure 3.6). (B) The
4G8 antibody also detected strong bands of AR monomers in nearly all AD and squirrel
monkey homogenates. 4G8-immunoreactive bands corresponding to A dimers and
trimers were substantially stronger in most AD samples than in squirrel monkeys with
comparable levels of total AB. Both antibodies bound to a band migrating around

100KDa, or full-length APP, in all samples. SDS-PAGE/Immunoblotting did not reveal
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any apparent differences in the distribution of aggregated Ap between the AD and
squirrel monkey samples. In the last lane, 100ng of fibrillar synthetic AB42 was run as a

positive control. AD: Alzheimer’s disease, SM: Squirrel monkey.
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Results

A Immunohistochemistry

In fixed temporal and occipital cortical tissue, Ag-immunoreactive amyloid
deposits were detected in all AD and aged nonhuman primate cases. Ap plaque
deposition was dense and widespread throughout cortical layers 2 to 6 in all AD cases
examined (Figure 3.1). Diffuse and compact plagques were seen along layer 1 in some
cases, and diffuse Ap-immunoreactive plaques in the white matter were detected in most
cases. In the nonhuman primate cases, plague deposition was more focal in nature.
Parenchymal plaques were composed predominantly of Ap42 in both AD and nonhuman
primate brain, with a smaller subset of plagues containing Ap40 peptides. Ap amyloid
was detected in the vasculature of all nonhuman primate cases, while cerebral amyloid
angiopathy (CAA) was relatively rare in the 9 AD cases examined. The contribution of
ApP40 and AB42 to vascular lesions varied substantially within and between nonhuman
primate groups (Figures 3.2-3.4).

ApB immunohistochemistry revealed species-typical patterns of Ap deposition,
which may be due to species variations in APP processing and/or Af clearance. In the
aged chimpanzee brain, parenchymal plaques were rare and focal in occurrence, while the
majority of Apg-immunoreactive amyloid was located in large vessels (Figure 3.2).
Rhesus macaques accumulated diffuse and compact parenchymal plaques along with
vascular Ap deposits, and, like chimpanzees, the AP tended to deposit heavily only in the
final third of the animal’s lifespan (Figure 3.3). In aged squirrel monkey brains,

however, heavy ApB deposition was often detected by 15-17 years old, halfway through
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the animal’s maximum lifespan. AP had a predilection to accumulate as CAA in the
squirrel monkey brain, although some squirrel monkeys in this study exhibited
extracellular AB deposits throughout the cortex, both compact and diffuse in nature
(Figure 3.4). In the squirrel monkey brain, Ap plaques tended to accumulate first in the
deep cortical layers throughout the cortex, and then spread to more superficial layers in
the oldest animals, which presumably represents a more advanced stage of AB
proteopathy. Previous studies have reported a rostro-caudal gradient of Ap deposition in
aged monkeys, with higher levels of A lesions in frontal cortex compared to more
caudal regions, with the lowest number of lesions in the occipital cortex. Our
immunohistochemical data in temporal and occipital cortex generally confirmed this
finding, although, with quantitative ELISAs we detected more insoluble AB in nonhuman

primate occipital cortex than temporal cortex.

Quantification of Ap40 and Ap42

In this study, we quantified AB40 and AB42 isoforms in buffer-soluble and
insoluble, temporal and occipital cortical extracts from a substantial cohort of aged
chimpanzees, rhesus macaques, and squirrel monkeys, alongside samples from humans
with AD and nondemented human control cases. As expected, we detected only
negligible levels of both soluble Ap isoforms in nondemented aged human cases.
Compared to the 3 nonhuman primate groups in this study (with the exception of rhesus
macaque temporal cortex), we found lower levels of soluble Ap40 and Ap42 in both the

temporal and occipital cortex of AD cases (Figure 3.5).
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We also found that both AB40 and Ap42 formed insoluble deposits in the aged
nonhuman primate brain at similar or higher levels than in the end-stage AD brain, while
the nondemented human cases contained substantially less insoluble peptide than either
the simians or AD cases (Figure 3.6). By ELISA of temporal cortical samples, insoluble
ApP40 and AB42 levels were not significantly different between AD and any aged
nonhuman primate group, although Ap levels were substantially lower in the chimpanzee
cohort. In this regard, it is worth noting that the chimpanzees in this group were younger
(relative to their maximum known lifespan of 60 years) than were the other nonhuman
primates. In the occipital cortex, there were also no significant differences between
AB40, Ap42 or total AP levels between AD cases and any nonhuman primate group.

Because a predominance of the Ap42 isoform has been implicated in the toxicity
and aggregability of the peptide in AD brain [107, 176], we calculated the Ap40:ApB42
ratios for each case and cortical region. Soluble AB40:Ap42 ratios were highly variable
for all groups except for the rhesus macaque occipital cortex, in which 8 of the 9 cases
had more AB42 than Ap40. However, insoluble AB42 was more abundant than was
Ap40 in both cortical regions of the humans and nonhuman primates, although the
relative levels of AB40 in the occipital cortex were somewhat higher in the nonhuman
primates (Figure 3.6). The AB40:Ap42 ratio was less than 1.0 in every AD case
examined, and exceeded 1.0 in at least one cortical region of only four nonhuman
primates (YNO6-108Pt, 1201, 84L and 83G0; see Table 3).

Because this is a comparative study of the primary A structure in AD and aged
nonhuman primate brain, we have taken into consideration that A} from human subjects

may be subject to relatively higher levels of ex vivo proteolysis during the longer
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postmortem intervals. However, in both human and nonhuman primate subjects, we did
not detect significant differences in AB40 or AB42 levels by ELISA in frontal cortical
tissue that was either snap-frozen at necropsy or stored at 4°C for 18 hours prior to

freezing (data not shown).

MALDI-TOF MS

In order to identify species-unique populations of full-length and modified A,
total Ap peptide populations were immunoprecipitated and ionized in a MALDI-TOF
mass spectrometer to measure the mass and charge for each protein in the
immunoprecipitate. Full length Ap was not detected in temporal cortical samples from
nondemented human cases (n=3). Peptides that were detected in at least 2 cases per group
were designated as common isoforms for that group. Fragments that were seen in both
oxidized and unmodified states are designated by “(0x)”. In soluble extracts from
temporal cortex (n=3 for all 5 groups), Ap34 was the most commonly detected isoform,
and was seen in at least 2 cases from each group (AD, chimpanzee, rhesus macaque and
squirrel monkey) (Figure 3.7). Other common fragments in temporal cortex soluble
extracts were Ap8-34 and Ap16-40(ox) in AD subjects, AB1-13, Ap6-37, AB10-39,
AP15-40, AB18-390x and AB19-400x in nondemented human, Ap4-34, AB15-40(ox) and
AB16-40(ox) in chimpanzee, AB1-370x, Ap3-38, Ap4-380x, and AP15-40 in rhesus
macaques, and Ap3-20 in squirrel monkeys. No soluble AB42 was detected, possibly due
to decreased ionization efficiency of the longer A isoform. In soluble extracts from
occipital cortical samples, Ap1-40, both oxidized and not, was seen in all 4 groups

examined (AD, chimpanzee, rhesus macaque, and squirrel monkey), and Ap1-34 also
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was a common fragment, but only in AD and rhesus macaque samples. Overall, there
were many more A peptides in occipital cortical samples than in temporal cortex.
Common soluble fragments in occipital cortex were Ag1-19, Ap1-33, AB1-38, Ap4-30,
Ap4-34, AB4-38(0x), AB4-390x, AB4-40, Ap4-42, AB6-370x, ABPE11-37(0X), AB16-
39(ox), Ap17-37(ox) and AB18-370x in AD subjects (n=6), Ap1-28, Ap1-420x, Ap3-43,
ApB4-19, Ap4-38(ox), AB10-38, Ap11-43(ox), ABpE11-37, Ap13-42, AB19-380x, AB20-
34 in chimpanzee subjects (n=5), Ap1-19, Ap1-28, Ap1-39(ox), Ap3-14, Ap4-15, AB6-
14, AB10-40, AB14-28, Ap15-34, AB15-37(ox), AB17-40(0x), AB20-38(0x) in rhesus
macaque subjects (n=7), and Ap1-20, Ap1-28, AB1-33, AB3-34, A3-42, AP4-390x, AP4-
42, Ap10-20, AB11-20, and Ap14-28 in squirrel monkey subjects (n=5).

Insoluble Ap40 (oxidized and not) was detected in insoluble extracts of temporal
cortex from AD and all nonhuman primate groups, while insoluble AB42 was seen in at
least 2 cases in only the AD and squirrel monkey groups (n=3 for all groups) (Figure
3.8). Additional insoluble A peptides in the temporal cortex were AB3-40, ABpE3-20,
APB4-40, AB4-420x, AB10-19, AB15-40(0x) in AD subjects, AB1-430x and ABpE11-42
in nondemented humans, Ap4-38 and Ap15-30 in chimpanzees, AB1-39, ABpE3-12,
AB6-17, Ap10-38 and AB10-390x in rhesus macaques, and AB1-39, ABpE3-12, Ap3-40,
ApP4-28, and ApP4-42o0x in squirrel monkeys. In insoluble extracts from occipital cortical
samples, peaks corresponding to Ap40, AB40ox, AB42 and AB42ox were identified in
AD and all 3 nonhuman primate groups and there were more Ap fragments detected
overall, as compared to insoluble temporal cortex extracts. Other common insoluble Af
fragments detected in occipital cortex were AB1-430x, Ap2-14, Ap2-38, Ap3-33,

ABPE3-42, AB 4-40, AB4-42, AB6-38, ABPE11-40, and AB2-40(0x) in AD cases (n=6),
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AB1-28, Ap3-14, Ap4-15, AB6-14, AB6-40, AB16-42(ox), AB19-28, and AB20-38 in
chimpanzees (n=5), Ap1-34, Ap1-38(ox) Ap2-42, Ap3-40(ox), ABpE3-42, AB6-34,
ApB6-38(0x), AB13-40, AB17-28, AB17-380x, AB18-42(ox), AB19-28, and AB20-30 in
rhesus macaques (n=7), and Ap1-34, Ap1-38, Ap1-43, Ap3-43(ox), ABpE3-42, Ap4-12,
ApB4-34, Ap6-37, AP11-40(ox), and AB2-30 in squirrel monkeys (n=5). Common
fragments and the number of cases within each group in which the fragments were

detected are listed in Figure 3.9.

ApS Immunoblot

To characterize the distribution of monomeric and multimeric Ap peptide
populations in AD and aged nonhuman primate brain, temporal cortical homogenates
from 7 AD and 7 squirrel monkey cases were separated by molecular weight with SDS-
PAGE and immunoblotted with antibodies 6E10 and 4G8 to the N-terminus and central
region of the AP peptide, respectively (Figure 3.10). Both antibodies detected strong
monomeric A bands at 4kDa in every case examined. In the 6E10 immunoblot, Ap
dimers (~8 kDa) were detected in 5 of the 7 AD cases, and 3 of the 7 squirrel monkeys,
while trimeric Ap (~12KDa) bands were seen in only 1 AD case and 4 squirrel monkey
samples. Duplicate membranes were probed with the 4G8 antibody, revealing strong
bands of monomeric A in all but one squirrel monkey (92AH). Dimeric Ap bands were
4G8-immunoreactive in all AD samples and 5 of 7 squirrel monkeys, similar to that seen
with 6E10. However, 4G8 detected 12 kDa A multimers (trimers) in 4 AD cases and 2
squirrel monkeys, a staining pattern markedly distinct from 6E10. Both antibodies

labeled bands around 100KDa, corresponding to the APP protein. The 4G8 antibody had
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a substantially higher predilection for putative Ap dimers and trimers, while 6E10-
labeled monomer bands were stronger than 4G8-labeled monomer bands in duplicate
samples. In several cases, Ap dimers were detected with 4G8 and not at all with 6E10

immunoblotting.

Discussion

Because it is nearly impossible to distinguish nondemented humans with senile
plaque accumulation from humans with preclinical, incipient AD, the aged nonhuman
primate is a biologically relevant model of benign cerebral AB-amyloidosis with which
we have conducted a comparative phenotypic analysis of the long-term accumulation of
toxic and benign cerebral AB. In this study, we characterized cerebral Ap peptide
populations in aged nonhuman primates and AD subjects, in order to identify an AD-
unique set of AP peptides that might underlie its human-specific toxicity and serve as a
potential therapeutic target for AD. We found that cerebral Ap peptides from humans and
nonhuman primates are practically indistinguishable at a primary structural level, but that
the folded structures of multimeric A may be distinct in AD and nonhuman primates.
Mounting evidence points to these low molecular weight Ap oligomers as the neurotoxic
and synaptotoxic culprits in AD pathology and dementia [93, 148, 246, 258, 297] and
also suggests that structural polymorphisms may dictate the relative toxicity of protein

oligomers [216, 266, 268].
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A Immunohistochemistry

We used immunohistochemistry with AB-specific antibodies to the N-terminal, C-
terminal and central regions of the peptide to characterize age-related cerebral Ap
accumulation in a broad evolutionary spectrum of nonhuman primates. We confirmed
previous reports that Ap tends to aggregate into CAA in aged nonhuman primates [63,
81]. However, we saw extensive variability in cortical Ap lesion morphology between
species and within species, and the Af isoform content of amyloid deposits also was
highly variable. In chimpanzees, vascular amyloid containing both AB40 and ApB42 was
predominantly located in large vessels (Figure 3.2). The squirrel monkey cortex was
beset by amyloidotic capillaries (Figure 3.4), a pattern we reported previously in a
comprehensive histological study of the morphology and regional distribution of AB
deposition in aged squirrel monkeys [63]. While parenchymal plaques were infrequent in
the chimpanzee brain, plagues were detected throughout the cortex of several rhesus
macaques and squirrel monkeys in this study. A plaques in the rhesus cortex tended to
be more diffuse in nature, whereas squirrel monkeys accumulated a unique type of small,
spherical plaque that is not generally seen in the AD or rhesus brain (Figures 3.3, 3.4). N-
terminally truncated, pyroglutamized ApPpyr3-x was detected within AP deposits in all
nonhuman primate cases (Figures 3.2-3.4), indicating that, in both nonhuman primate and
AD brain, Ap is subject to variable $-secretase cleavage events as well as to post-
translational modifications that are not seen in shorter-lived, transgenic mouse models of
cerebral amyloidosis.

Despite extensive morphological variability in nonhuman primate Ap deposition,

all lesion types identified in the AD brain except for cored, halo senile plaques were seen
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in at least one case from each nonhuman primate group in this study, and AD-relevant Ap
isoforms were identified in each of these lesions (Figures 3.1-3.4). Additionally, while
the predilection for CAA in the nonhuman primate brain presents a striking phenotypic
difference from AD, the accumulation of vascular Ap by no means represents a benign
peptide aggregation pathway. Rather, CAA is a histopathological hallmark of a family of

sporadic and familial human vascular disorders characterized by lobar hemorrhage [146].

Quantification of Ag Isoforms

A mounting body of evidence implicates buffer-soluble Ap oligomers in the AD
neurodegenerative cascade [100, 258, 294, 297]. Ap40 and ApB42 levels have been
quantified by ELISA in the cortex, white matter and CSF in numerous studies of
nondemented, mild cognitively impaired, and demented humans, revealing an increase in
insoluble AB42 and a decrease in soluble AB42 in the brain as patients progress towards
end-stage AD [68, 148, 191, 225, 297]. In the AD and nonhuman primate brain cohorts
in this study, we used ELISA to quantify Agx-40 and ABx-42 peptides in buffer-soluble
cortical extracts (which contains predominantly Ag monomers and low molecular weight
oligomers) and formic acid-soluble extracts made up mostly of solubilized peptides from
higher molecular weight Ap oligomers and Ap-containing amyloid fibrils. Surprisingly,
we found no significant differences in cortical levels of soluble or insoluble, AB40 or
AB42 between humans with AD and any of the nonhuman primate groups examined. In
fact, with the exception of insoluble Ap in the chimpanzee temporal cortex, mean soluble
and insoluble AP levels were higher in all three nonhuman primate groups than in AD

cases (Figures 3.5, 3.6). This finding was unexpected in light of our



132

immunohistochemical data, which indicate that temporal cortical A amyloid
accumulation is comparable among AD and nonhuman primate groups, and that there is
substantially more total Ap deposition in the occipital cortex of AD patients than in aged
nonhuman primates. These differences may be attributable to variations in tissue
preparation, antibody penetration and/or epitope availability between the experimental
techniques.

The ratio of AB40 and AB42 isoforms influences the toxicity of the peptide, and
ApB40, when >1 may actually be protective against Ap-induced neurotoxicity [135, 176].
Surprisingly, Ap40:Ap42 ratios were similar between AD and all nonhuman primate
cortical extracts, with the exception of the insoluble fraction of chimpanzee temporal
cortex. AB40 predominated in soluble fractions, whereas Ap42 was the predominant
insoluble Ap isoform in all groups. We can conclude from these results that neither the
overall quantity of Ap peptide, nor the ratio of AB40:Ap42, is sufficient to initiate and/or

sustain the neurodegenerative cascade seen in AD brain.

Mass Spectrometric Detection of Modified AS Isoforms

Full-length Ap is predominantly 40 and 42 amino acids in length, but the peptide
can be truncated at both its N- and C-termini and is also subject to post-translational
modifications, including pyroglutamization at a truncated N-terminus and oxidation of
the methionine residue [238, 248]. Ap truncation and post-translational modifications can
affect the peptide’s disease-relevant properties: toxicity, tendency to aggregate, and
solubility [218]. Using highly sensitive MALDI-TOF MS analysis of cerebrospinal fluid

from AD and nondemented human patients, Portelius and colleagues identified an AD-
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specific “signature” combination of peptides: Ap1-16, Ap1-33, AB1-39, and Ap1-42.
This fragment signature could be used to distinguish sporadic AD from nondemented
patients with a high level of accuracy [225]. Piccini and colleagues used Western
blotting to identify and quantify an AD-specific population of soluble AB1-42, ABpE3-
42, and ABpE11-42 peptides in frontal cortical extracts, and showed that synthetic “AD-
like” solutions of these 3 A isoforms had enhanced cytotoxicity when compared to
synthetic AP peptides prepared in ratios detected in nondemented humans [218].

Using nonhuman primates as a pure model of nontoxic cerebral A accumulation,
we employed MALDI-TOF MS to identify Ap isoforms that may be found uniquely in
the AD brain (where they are toxic), or in the nonhuman primate brain (where they are
relatively benign, and possibly even protective). We were unable to identify any single
Ap peptide or group of Ap isoforms that occurred in the majority of AD subjects, but was
not found in any nonhuman primate brain. In fact, MALDI spectra from AD and squirrel
monkey insoluble extracts were strikingly similar (Figures 3.7, 3.8). The accumulation of
numerous cleaved Ap fragments in the nonhuman primate brain suggests that similar
endopeptidases are proteolyzing A aggregates in both AD and nonhuman primates, and
that the presence or absence of any of these Ap fragments may not confer enhanced

toxicity to multimeric Af in vivo.

Multimeric Ag in AD and Nonhuman Primate Brain
Species-typical phenotypes of cerebral A amyloidosis revealed in our
immunohistochemical analyses may be a result of distinct Ap aggregation pathways in

the brains of different primates. It has been shown previously that Ap dimers and trimers
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isolated from the AD brain reduce LTP both in vitro and in vivo, presumably through the
disruption of synaptic transmission [258]. We used Western blotting to identify, in whole
cortical homogenates, populations of SDS-insoluble, low molecular weight Af3 oligomers
in AD and monkey brain. We identified 8 and 12 kDa SDS-insoluble Ap multimers in
the AD brain, as expected, but we also detected these multimers in several older squirrel
monkey subjects (Figure 3.10). However, 12 kDa multimers from squirrel monkey brain
exhibited enhanced immunoreactivity to an N-terminal A antibody, as compared to AD
brain-derived trimers. Conversely, the 4G8 antibody to AB17-24 showed enhanced
binding to 12 kDa multimers from the AD brain compared to the squirrel monkey brain.
Our immunoblotting data suggest that multimeric Ap species in humans and aged
nonhuman primates have distinct epitope availabilities, possibly due to differences in
tertiary folded structure. However, because AP aggregates are highly sensitive to
experimental manipulation, these experiments should be confirmed with nondenaturing
gels in combination with alternative blotting membrane materials.

In additional to the histological and biophysical techniques used in this study,
conformational differences in A amyloid can be detected with luminescent conjugated
polyelectrolyte probes, which are flexible amyloid-binding ligands that experience a
change in emitted fluorescence spectra upon binding to polymorphic amyloid structures
[293]. These ligands reveal structural polymorphisms in multimeric Ap species. Our
data suggest that the distinct bioactive properties of Ap aggregates formed in AD and
nonhuman primate brain may be attributable to differences in tertiary structure of peptide

multimers. Further in vitro and in vivo characterization with luminescent conjugated
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probes may reveal species differences in the higher-order structure and/or neurotoxicity
of naturally-occurring Ap oligomers.

The toxicity of soluble protein oligomers in Alzheimer’s disease may be a
common disease mechanism shared by misfolded proteins that underlie several other
neurodegenerative diseases, such as Parkinson’s disease, Huntington’s disease and the
prion diseases. The higher-order folded structure of the prion protein confers its toxic
properties, and diverse “strains” of folded proteins have distinct toxicities and
aggregation dynamics. The nonhuman primate model of cerebral Ap-amyloidosis may
represent naturally occurring strains of aggregated Ap that form amyloid-related lesions
without the toxic intermediates that are seen in AD. The comparative study of these
naturally occurring, benign Ap multimers and the toxic Ap multimers from the AD brain
may help to clarify the nature of the toxic structural motif that is unique to Ap in humans
with AD. Furthermore, as nonhuman primates are relatively resistant to the
neurodegenerative proteopathies that affect so many elderly humans, further comparative
studies of the aging brain in humans and nonhuman primates may help us understand
why the aging human brain is a particularly conducive environment for the formation and

propagation of toxic protein oligomers.
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Chapter 4

PIB Binding in Aged Primate Brain: Enrichment
of High-Affinity Sites in Humans with Alzheimer’s

Disease®

Introduction

The AB-cascade hypothesis of Alzheimer’s disease (AD) holds that the

intracerebral accumulation of multimeric AB is a key early event in the pathogenesis of

4 Reproduced with minor edits from original publication: Rosen, R.F. et al (2009).
PIB binding in aged primate brain: Enrichment of high-affinity sites in humans
Alzheimer’s disease. Neurobiol Aging.



137

the disease [104]. However, the deposition of AB in the human brain is not invariably
associated with frank dementia, inasmuch as abundant Ap lesions sometimes occur in
aged humans in the absence of overt cognitive impairment [19, 53]. Nonhuman primates
and other mammals produce AP that is identical in amino acid sequence to human Ap,
and many species naturally accumulate senile plaques and cerebral B-amyloid angiopathy
(CAA) with age [159, 287]. However, no nonhuman species has been shown to exhibit
the full behavioral or pathological characteristics of AD [241]. In light of the substantial
evidence for a key role of Ap in the etiology of AD, these findings, along with in vitro
and in vivo studies [180, 216], can be reconciled by the possibility that aggregated AB
takes the form of polymorphic molecular strains, some of which are more pathogenic
than others [160]. The possible existence of functionally heterogeneous protein
polymorphs has important implications for understanding the pathogenesis of
neurodegenerative disorders such as AD, and for developing specific diagnostic and
therapeutic agents. The identification of molecular probes for pathogenic features of AB
and related molecules will help to address this issue [160].

Pittsburgh compound B (PIB), a synthetic, radiolabeled benzothiazole ligand
based on the chemical structure of the amyloid dye Thioflavin-T, has been developed for
imaging AP deposits in vivo by positron-emission tomography (PET) [140, 207].
Radiolabeled PIB binds with high-affinity and high specificity, at concentrations
typically achieved in imaging (~1 nM), to Ap plaques and CAA [13, 123, 139, 154], but
only weakly to neurofibrillary tangles and Lewy Bodies [74, 118, 139, 306]. In vitro
studies have identified high- and low-affinity binding sites on AP assemblies [141, 304].

The stoichiometry of high-affinity PIB binding in AD brain homogenates indicates that
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PIB binds directly to AB amyloid, with more than 500 binding sites per 1000 molecules
of AB. However, PIB binds at high-affinity with significantly lower stoichiometry (fewer
than one binding site per 1000 Ap molecules) in synthetic Ap fibril preparations, as well
as in deposit-rich, B-amyloid precursor protein (APP)-transgenic mouse brain [141, 167,
257, 275]. With a Kd of 1-2 nM, only the high-affinity PIB binding sites in cerebral Ap
deposits are significantly occupied at the ligand concentrations achieved in PET scans
[175].

Several groups have demonstrated only negligible **C-PIB or ‘*F-PIB uptake in
microPET experiments with APP-transgenic mouse models [141, 257, 275]. Because
APP-transgenic mice lack the profound neurodegeneration and cognitive dysfunction
seen in AD patients [58, 159], these findings suggest that PIB has the potential to
differentiate between pathogenic (AD-related) and relatively benign forms of multimeric
AP, and possibly to reveal structural characteristics that render AP especially toxic in the
AD brain. Most current transgenic mouse models express artificially high levels of
mutant APP, often coexpressed with mutant presenilin [58]. The majority of these
models produce human-type AB in the context of endogenous murine AB, which is
relatively refractory to aggregation and, when co-aggregated with synthetic human-
sequence A, reduces in vitro PIB binding [125, 305]. Furthermore, in APP-transgenic
mouse models, the AP deposits lack many of the post-translational modifications that
contribute to the insolubility of the lesions in humans [147]. For these reasons, it is
important to evaluate PIB binding in longer-lived animal models that naturally form
deposits of human-sequence AP, such as aged nonhuman primates. We hypothesized that

the differential pathogenicity of multimeric AB in humans and nonhuman primates is
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related to structural variations in the molecule that can be distinguished by the high-
affinity binding of PIB. Here we present a quantitative analysis of *H-PIB binding in
postmortem cortical homogenates from AD patients, nondemented elderly humans, aged
chimpanzees, rhesus macaques, and squirrel monkeys. Despite levels of Ap that
sometimes exceeded those in AD, high-affinity *H-PIB binding in nonhuman primates
was strikingly less than that in humans with AD, suggesting that PIB might serve as a

selective probe for human-specific molecular markers of AD.

Methods

Subjects

We analyzed postmortem brain tissue from 9 rhesus monkeys (Macaca mulatta)
(3 females, 6 males), 6 squirrel monkeys (Saimiri sciureus) (1 female, 5 males), 3 female
chimpanzees (Pan troglodytes), 9 humans with end-stage AD (6 females, 3 males), and 3
nondemented elderly humans (2 females, 1 male) (Table 4.1). Human tissues were
obtained from the Emory University Alzheimer’s Disease Research Center Brain Bank in
accordance with federal and institutional guidelines, and were coded to ensure the
anonymity of subjects. Animal tissues were collected in accordance with federal and
institutional guidelines for the humane care and use of experimental animals. The Yerkes

Center is fully accredited by AAALAC International.
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Preparation of tissue samples

For quantitative biochemical analyses, unfixed, fresh-frozen temporal and
occipital cortical tissue blocks were weighed, Dounce-homogenized in 5 volumes of
homogenization buffer (50mM Tris-HCI and 150mM NaCl, pH 7.5, containing complete
protease inhibitor tablets [Santa Cruz Biochemicals, Santa Cruz, CA, USA]), and stored
at -80°C until use. For immunohistochemistry, brains were fixed for at least 7 days in
4%, 0.1M Phosphate-buffered saline (PBS)-buffered paraformaldehyde at 4°C.
Temporal and occipital cortical blocks from the contralateral hemisphere were paraffin-
embedded, sectioned at 8pum thickness and mounted onto silanized slides. For
autoradiography and immunohistochemistry, cryosections from unfixed temporal cortical
blocks were cut at 10um, mounted onto silanized slides, and stored in air-tight containers

at -80°C until use.

ELISA quantification of cortical Ap40 and Ap42

Cortical homogenates were centrifuged at 100,000g for 60 minutes at 4°C in a
TLA 100.4 rotor (Beckman Coulter, Fullerton, CA, USA). The resulting buffer-insoluble
pellet was probe-sonicated in 70% formic acid and centrifuged at 16,110g for 60 minutes
at 4°C, and the supernatant containing formic acid-solubilized, buffer-insoluble AP was
retained. Formic acid extracts were neutralized with 1.0M Tris base, pH 11 (1:20
dilution) and diluted in sample buffer. AP ending at amino acids 40 or 42 (APx-40 and
APBx-42) was measured in each extract by ELISA, using C-terminal specific capture
antibodies and an N-terminal specific detection antibody according to the manufacturer’s

instructions (The Genetics Company, Schlieren, Switzerland). A content is expressed
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relative to wet weight of tissue. All samples were assayed in duplicate. After stopping
the tetramethylbenzidine-peroxidase reaction with sulfuric acid, plates were read at 450

nm on a Biotek Synergy HT Multidetection plate reader (Biotek, Winooski, VT, USA).

*H-PIB binding assay

PIB binding assays were conducted on the same tissue samples as were the Af
ELISAs. Cortical homogenates were prepared as described above, at an original
concentration of 167 mg wet tissue weight /ml. Homogenates were further diluted 1:33.3
in 0.1M PBS (pH 7.4) to a final concentration of Smg wet weight/ml. In a 96 well
polypropylene plate, 20ul of diluted homogenate (100pug wet tissue weight) were added
to each of duplicate wells. 200ul of 1 nM *H-PIB (SA=82 Ci/mmol, custom synthesis,
GE Healthcare, UK) were quickly added to each well. Samples were incubated at
ambient temperature for 2.5 hours, without shaking, transferred to a 96 well Multiscreen
HTS Hi Flow FB filter plate, and filtered with a vacuum manifold (Millipore
Corporation, Bedford, MA, USA). Nonspecific binding was defined as the counts
retained in the presence of 1 uM unlabeled PIB. Kd and Bmax values were determined
for all groups using a competition binding assay with a constant concentration of 1.2nM
*H_PIB and concentrations of unlabeled PIB between 0.1 nM and 1.0 uM. Filters were
rapidly washed with 4 X 200ul of PBS at room temperature and dried on the manifold,
after which 50ul of MicroScint 20 scintillation fluid (PerkinElmer, Waltham, MA, USA)
was added to each well. After 24 hours incubation on an orbital shaker, *H-PIB binding
was quantified in a TopCount scintillation counter (PerkinElmer) and specific binding

was calculated by subtracting nonspecific counts per minute (CPM). Using 1 nM *H-
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PIB, ligand binding was linear between 25 and 150pg wet weight AD tissue per well.
CPMs were converted to femtomoles using an experimentally-determined 15% counting
efficiency in the scintillation counter. Similar results were obtained when the filters were
placed in vials and counted with scintillation fluid. Finally, to determine whether
species-specific molecules might enhance or inhibit *H-PIB binding, we performed this in
vitro binding assay using 1:1 mixtures of AD and nonhuman primate cortical

homogenates.

Immunohistochemistry

The following antibodies were used for immunohistochemistry: Monoclonal
antibodies 6E10 and 4GS to residues 3-8 and 17-24 of the A peptide, respectively (both
at 1:5000; Covance Research Products, Denver, PA, USA); rabbit polyclonal antibodies
R361 and R398 to C-terminal residues 32-40 and 33-42 of AB40 and AB42, respectively
(both at 1:15,000; provided by Dr. Pankaj Mehta, Institute for Basic Research on
Developmental Disabilities, Staten Island, NY, USA); monoclonal antibodies CP13 to
phospho-tau 202 (1:10,000), PHF1 to phospho-tau 396/404 (1:10,000), and MC1 to
aggregated tau (1:10,000) (all provided by Dr. Peter Davies, Albert Einstein College of
Medicine, Bronx, NY, USA); and monoclonal antibody ATS to phospho-tau 202/205
(1:5000; Covance) [241]. Vectastain Elite kits (Vector Laboratories, Burlingame, CA,
USA) were used for avidin-biotin complex (ABC)-based horseradish peroxidase
immunodetection of antigen-antibody complexes.

Endogenous peroxidase was inactivated with 3% H,O, in methanol, and

nonspecific reagent binding was blocked with 2% normal horse serum (for monoclonals)
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or normal goat serum (for polyclonals) in 0.2% Tween 20 in PBS (blocking solution) for
one hour at room temperature. For AB-immunodetection, sections were pretreated for 10
minutes with 100% formic acid to expose antigenic sites and then incubated in primary
antibody (diluted in blocking solution) overnight at 4°C. After rinsing, sections were
placed for one hour at room temperature in biotinylated secondary antibody (1:200 in
blocking solution), rinsed, immersed for 30 minutes in avidin-biotin complex, and then
developed with 3,3'-diaminobenzidine (DAB) (Vector Laboratories). Tissue from
pathologically verified human AD cases was used as positive control material, and non-
immune mouse 1gG or rabbit serum was used in place of the primary antibodies as
negative controls. In some instances, a hematoxylin counterstain was applied after
immunostaining.

AP load was assessed histopathologically in 6E10-immunostained sections of
temporal and occipital cortices. For each section, two researchers rated the levels of
diffuse plaques, compact plaques, and CAA in capillaries and large vessels (+++

frequent, ++ moderate, + rare, - absent) [165].

*H-PIB autoradiography

Cryosections were thawed for 10 minutes, immersed in 10% ethanol for 20
minutes, and incubated for 1 hour in 1.0nM *H-PIB in 5% ethanol/PBS, at room
temperature. Nonspecific binding was determined in the presence of 1.0uM unlabeled
PIB. Sections were then quickly rinsed twice with 10% ethanol and twice with deionized
water, both at 4°C. After drying under a cold air stream, sections were directly apposed

to Hyperfilm ®H (GE Amersham, UK). After a 2-week exposure, film was developed
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with D19 developer solution (Kodak, New Haven, CT) and images were captured with a
QICAM digital camera (QImaging, BC, Canada). Except for size cropping, images were
not digitally manipulated prior to publication.

For confirmation of ApB deposition in the regions analyzed by autoradiography,
adjacent cryosections were fixed for 30 minutes in 70% ethanol at room temperature and
immunohistochemistry with antibody 6E10 was performed as described above, except

that the sections were incubated in 100% formic acid for 2 minutes.

Statistical analysis

Analysis of variance (ANOVA) was used to determine group differences in
insoluble AP levels between AD and the three nonhuman primate groups. ANOVA also
was used to assess potential group differences in PIB binding among the nonhuman
primates. Because PIB binding did not differ significantly among the three nonhuman
primate species in either the temporal or occipital cortical samples (see also Figure 4.2),
and because of the small number of samples in some groups, we combined the nonhuman
primate cases for subsequent analyses, in which we conducted nonparametric Mann-
Whitney U tests (two-tailed, CI=95%) to compare PIB binding between humans with AD
and nonhuman primates. We also employed nonparametric Mann-Whitney U tests to
compare PIB binding between AD and nondemented human cases and between
nondemented human cases and nonhuman primates. For the determination of PIB
binding site characteristics in cortical homogenates, we conducted a curve-fit analysis of
the displacement binding data using a nonlinear homologous competition equation. To

assess the relationship between PIB binding and insoluble Ap in the temporal and
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occipital cortices of AD cases, we applied the two-tailed Pearson product-moment
correlation coefficient (Pearson's r, CI=95%). For the homogenate “mixing experiments”
(Figure 3.4), we used ANOVA followed by post-hoc t-tests to detect possible synergistic

effects of mixing cortical homogenates on PIB binding levels.
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Table 4.1. Case List
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Group Case “Age(y) _Sex __ *PMI(h) Braak Stage *ApoE
ND Human E04-46 40 m 31 Braak 0 3/4
E04-34 57 f 17 Braak 0 3/3
0S02-35 75 f 6 Braak 0 3/3
Human AD E04-33 57 f 20 Braak V/VI 3/4
E04-172 87 f 6 Braak V/VI 3/4
0S03-300 75 f 12 Braak V/VI 4/4
0S02-159 61 m 5.5 Braak V/VI 3/4
0S01-128 91 f 25 Braak V/VI 3/4
0S02-106 81 f 2 Braak >V 3/3
E05-87 61 m 4 Braak V/VI 3/4
E08-41 84 m 4.5 Braak VI 3/4
E05-04 64 f 45 Braak VI 3/4
Chimpanzee YNO06-108Pt 44 f 3
YNO7-25Pt 47 f 1
YNO5-400Pt 41 f 1
Rhesus macaque  06-1Mm 35 f <3
AM109 26.6 m 1
AM120 26.5 f 1
554 38 m <3
1201 35 m <3
1203 33 f <3
1210 30 m <3
1211 25 f <3
1313 >20 m <3
Squirrel monkey  84L 21 m 1
83GO 20 m 1
86J 17 m 1
06-5Ss 23 f <3
90T 17 m 1
92AH 15 m 1

“Age (y): Age (years)

Spmi (h): Postmortem interval (hours)

*ApoE: Apolipoprotein E genotype
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Table 4.2. Histopathological assessment of Ap-plaques and cerebral amyloid angiopathy

Temporal Cortex

Occipital Cortex

Group Case DP CP CaAA LVAA DP CP CaAA LVAA
ND Human E04-46 - - - - - - - +
E04-34 - - - - - - - -
0S02-35 - - - - - - - -
Human AD E04-33 ++ +++ ++ + ++ +++ + +
E04-172 +++ +++ ++ ++ ++ +++ + +
0S03-300 +++ +++ + ++ +++ 4+ ++ ++
0S02-159 +++ +++ ++ ++ +++ 4+ ++ ++
0S01-128 +++ + + - +++ 4+ ++ ++
0S02-106 ++ ++ + + ++ ++ ++ ++
E05-87 +++ +++ + ++ nfa  nla n/a n/a
E08-41 +++ +++ + + nfa  nla n/a n/a
E05-04 ++ +++ - + nfa nla n/a n/a
Chimpanzee YNO06-108Pt- - + ++ - - ++ ++
YNO7-25Pt - + + + nfa nla n/a n/a
YNO5-400Pt- + ++ + nfa nla n/a nla
Rhesus macaque 06-1Mm  ++ + + + +++ +++ ++
AM109 n/a n/a n/a n/a nfa nla n/a n/a
AM120 n/a n/a n/a n/a nfa  nla n/a n/a
554 n/a n/a n/a n/a ++ - + -
1201 n/a n/a n/a n/a +++  ++ ++ ++
1203 n/a n/a n/a n/a ++ + ++ ++
1210 n/a nla n/a n/a + - - +
1211 n/a n/a n/a n/a nla nla n/a n/a
1313 n/a nla n/a n/a + - ++ -
Squirrel monkey 84L ++ ++ +++ + - - + ++
83GO - ++ ++ ++ ++ + ++ +++
86J +++ ++ ++ + nfa nla n/a n/a
06-5Ss +++ ++ ++ + - - ++ +
90T ++ +++ ++ ++ ++ - + ++
92AH ++ + ++ + - - - +

DP: Diffuse plaques

CP: Compact plaques

CaAA: Capillary amyloid angiopathy

LVAA: Large vessel amyloid angiopathy

n/a: Not available
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Table 4.3. Insoluble AP levels and PIB binding (fmol /100ug wet weight tissue)

Temporal Cortex Occipital Cortex
Group Case AB40 Ap42 Total PIB  AB40 Ap42 Total PIB
AB binding AB binding
ND Human E04-46 0 1 1 0 0 1 1 0
E04-34 0 0 0 1 0 0 0 1
0S02-35 0 0 0 0 0 1 1 0
Human AD E04-33 3 83 86 17 2 211 213 31
E04-172 8 217 225 17 11 176 187 18
0S03-300 62 98 160 26 5 187 192 34
0S02-159 40 175 215 23 15 298 313 43
0S01-128 18 196 214 35 10 191 202 24
0S02-106 1 146 146 10 0 59 60 24
E05-87 275 353 628 26 n/a n/a n/a n/a
E08-41 4 156 160 25 n/a n/a n/a n/a
E05-04 4 445 449 22 n/a n/a n/a n/a
Chimpanzee YNO06-108Pt 15 93 109 3 249 179 428 0
YNO7-25Pt 0 24 24 1 1 62 63 0
YNO05-400Pt 10 69 79 0 n/a n/a n/a n/a
Rhesus macaque 06-1Mm 100 250 350 2 15 190 205 2
AM109 n/a n/a n/a n/a 0 29 29 2
AM120 n/a n/a n/a n/a 0 18 19 2
554 n/a n/a n/a n/a 7 24 31 0
1201 n/a n/a n/a n/a 843 487 1330 0
1203 n/a n/a n/a n/a 10 228 238 2
1210 n/a n/a n/a n/a 0 104 105 2
1211 n/a n/a n/a n/a 2 90 93 0
1313 n/a n/a n/a n/a 0 67 67 0
Squirrel monkey 84L 367 230 597 1 396 618 1014 3
83GO 497 252 750 0 1121 508 1629 3
86J 8 91 99 3 1 174 176 3
06-5Ss 19 318 337 1 26 370 396 1
90T 3 357 360 1 43 178 221
92AH 0 51 52 1 0 2 2 3

n/a: Not available
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Figure 4.1. ELISA quantitation of insoluble Apx-40 and Apx-42 in temporal
(A) and occipital (B) cortical homogenates from aged humans and nonhuman
primates.

A: Insoluble AB in temporal cortex (ND, n=3; AD, n=9; Chimpanzee, n=3;
Rhesus macaque, n=1; Squirrel monkey, n=6). Mean AB42 levels were higher than AB40
levels in the temporal cortex of all 4 groups. B: Insoluble Ap in occipital cortex (ND,
n=3; AD, n=6; Chimpanzee, n=2; Rhesus macaque, n=9; Squirrel monkey, n=6). In
nonhuman primates, the occipital cortical AB40:AB42 ratio was somewhat higher than in
AD. However, no statistically significant differences in AP levels were detected between
AD and nonhuman primate groups in either cortical region. ND: Nondemented human;
AD: Alzheimer’s disease; Pt: Pan troglodytes (Chimpanzee); Mm: Macaca mulatta

(Rhesus macaque); Ss: Saimiri sciureus (Squirrel monkey). Bars = standard deviations.
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Figure 4.2. Postmortem quantification of *H-PIB binding in cortical
homogenates from aged humans and nonhuman primates. Despite comparable mean
levels of insoluble AB, *H-PIB (1 nM) binding is low to undetectable in aged nonhuman
primate temporal (A) and occipital (B) cortices compared to the same regions from
humans with Alzheimer's disease. (AD vs. nonhuman primates, temporal cortex [Mann-
Whitney]: p<0.0001, occipital cortex: p=0.0004). Note also the low binding of PIB in
nondemented control humans (ND vs. AD, temporal cortex: p=0.0091, occipital cortex:
p=0.0238). No significant difference in PIB binding was detected between nondemented
humans and nonhuman primates. [Temporal cortex: ND, n= 3; AD, n=9; Chimpanzee,
n=3; Rhesus macaque, n=1; Squirrel monkey, n=6. Occipital cortex: ND, n=3 ; AD, n=6;
Chimpanzee, n=2; Rhesus macaque, n=9; Squirrel monkey, n=6]. ND: Nondemented
human; AD: Alzheimer’s disease; Pt: Pan troglodytes (Chimpanzee); Mm: Macaca

mulatta (Rhesus macaque); Ss: Saimiri sciureus (Squirrel monkey). Bars = means.
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Figure 4.3. Cortical homogenate mixing experiments do not indicate a

species-specific factor that modulates *H-PIB binding in aged humans or nonhuman
primates. Homogenates from AD temporal (A) and occipital (B) cortices (100ug tissue)
were incubated with temporal and occipital cortical homogenates (100ug tissue) from
nondemented humans, chimpanzees, rhesus macaques, and squirrel monkeys in an in
vitro ®H-PIB binding assay. The amount of ligand binding to homogenate mixtures
approximately equaled the sum of *H-PIB binding to each mixture component, indicating
an absence of species-specific, auxiliary factors that enhance or suppress PIB binding.
ND: Nondemented human; AD: Alzheimer’s disease; Pt: Pan troglodytes (Chimpanzee);
Mm: Macaca mulatta (Rhesus macaque); Ss: Saimiri sciureus (Squirrel monkey). Bars =

Standard deviations.
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Figure 4.4. Relationship between insoluble Ap levels and *H-PIB binding in

AD cortical homogenates. Total levels of insoluble AR (AB40 and AB42) correlate

positively with *H-PIB binding to AD temporal and occipital cortical homogenates. The

correlation was not statistically significant in either cortical region, however (temporal

cortex, r=0.3417, p=0.3682; occipital cortex, r=0.7088, p=0.1149).
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Figure 4.5. Analysis of high-affinity *H-P1B binding in AD and chimpanzee
cortical homogenate. A homologous competition binding analysis with 1.2nM *H-PIB
and unlabeled PIB between 1.0 nM and 1.0uM reveals a high-affinity PIB binding
component in AD temporal cortical homogenate (Kd = 3.0nM, Bmax = 209.28
fmol/100ug wet tissue) but no detectable high-affinity PIB binding components in
chimpanzee temporal cortical homogenate (AD human: open squares, Chimpanzee: filled
diamonds). Similar results were seen with rhesus macaque and squirrel monkey cortical

homogenates (data not shown).
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Figure 4.6. *H-PIB Autoradiography in AD and aged squirrel monkey

cortical tissue sections. 1.0nM *H-PIB binds to Ap lesions throughout the cortex and, to
a lesser extent, in the white matter of AD temporal cortical cryosections (A). This
binding is mostly, but not entirely, blocked by 1uM unlabeled PIB (B), and corresponds
to 6E10-immunoreactive AP lesions in adjacent cryosections (arrows in A and C). In
cryosections from squirrel monkey temporal cortex, negligible *H-PIB binding is
detected (D), despite the presence of heavy vascular and parenchymal A deposition, as
shown with 6E10 immunohistochemistry in adjacent cryosections (F) (asterisks denote
the same large blood vessel in panels D-F). Note that the AB-positive lesions in squirrel
monkeys consist largely of microvascular deposits and small parenchymal plaques (inset
in F), as previously described [63]. When *H-PIB was incubated in the presence of 1uM
unlabeled PIB, binding was mostly blocked (E); however, as in the AD cases, "H-PIB
binding was mostly, but not entirely eliminated by unlabeled PIB. Bar in F = Imm for

panels A-F; bar in the inset = 50pm.
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Results

A and tau pathology in human and nonhuman primate brain

Immunohistochemistry with antibodies to AP revealed species-typical ApB-
immunoreactivity patterns in cortical sections from every AD and aged nonhuman
primate subject examined in this study, whereas the nondemented humans were largely
devoid of AB-lesions (Table 4.2). Humans with AD showed abundant parenchymal Af3
deposits, as well as occasional CAA, whereas the aged nonhuman primates displayed
relatively more CAA accompanied by parenchymal AP deposits. Immunohistochemistry
using antibodies to pathological forms of tau revealed widespread neurofibrillary tangles
in all AD cases examined. We detected little or no aberrant tau immunoreactivity in the
nondemented humans or in the nonhuman primates, with the exception of one aged
chimpanzee (Y05-400Pt) that presented with tauopathy in addition to moderate CAA, as

previously described [241].

Quantification of Ap40 and Ap42

Because previous studies have shown that PIB binding positively correlates with
the levels of buffer-insoluble, but not soluble AP [13, 118, 141, 143, 263], our
quantitative analysis focused on insoluble AP, which constitutes the great majority of the
protein in senile plaque cores and CAA. We found that AB40 and AB42 accumulate in
the aged nonhuman primate brain to similar or higher levels than in the end-stage AD
brain; by ELISA of temporal cortical samples, aged squirrel monkeys had higher mean

levels of total insoluble AP than did the AD cases (365.6 fmol/100ug wet tissue [n=6,
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SD=272.48 fmol] vs. 253.58 fmol/100pg [n=9, SD=172.91 fmol], respectively). Mean
levels of total AP in nondemented human (n=3), rhesus macaque (n=1) and chimpanzee
(n=3) temporal cortex were 0.41 fmol/100pug wet tissue (SD=0.51 fmol), 349.95
fmol/100pg, and 70.43 fmol/100pg (SD=42.76 fmol), respectively (Figure 4.1). In the
occipital cortex, total insoluble A levels in nonhuman primates were consistently higher
than in AD (AD mean=194.49 fmol/100ug wet tissue [n=6, SD=81.02 fmol], chimpanzee
mean=245.62 fmol/100pg [n=2, SD=257.7 fmol], rhesus macaque mean=235.06
fmol/100pg [n=9, SD=417.68 fmol], squirrel monkey mean=573.01 fmol/100pg [n=6,
SD=624.28 fmol]) (Figure 4.1). Statistically, however, AP levels did not differ
significantly between the AD cases and the nonhuman primates in either cortical region,
probably because of the high inter-individual variability in the groups.

Because a predominance of the AB42 isoform has been implicated in the toxicity
and aggregability of the peptide in AD brain [107, 176], we calculated the AB40:ApB42
ratios for each case and cortical region. Overall, AB42 was more abundant than was
AP40 in both cortical regions of the humans and nonhuman primates, although the
relative levels of AB40 in the occipital cortex were somewhat higher in the nonhuman
primates (Figure 4.1). The AB40:AB42 ratio was less than 1.0 in every AD case
examined, and exceeded 1.0 in at least one cortical region of only four nonhuman

primates (YNO6-108Pt, 1201, 84L and 83GO0; see Table 3).

In vitro *H-PIB binding
The binding of one nanomolar *H-PIB was strikingly less in cortical homogenates

from all nonhuman primates compared to samples from the AD cases (temporal cortex:
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p<0.0001; occipital cortex: p=0.0004). We found high levels of specific PIB binding in
the AD cases (temporal cortex: mean = 22.48 fmol/100pg wet tissue [SD=6.91], occipital
cortex: mean = 29.01 fmol/100ug wet tissue [SD=8.93]) that correlated positively, but
not significantly, with the amount of AP measured by ELISA (temporal cortex, 1=0.3417,
p=0.3682; occipital cortex, r=0.7088, p=0.1149) (Figure 4.4). PIB binding in the AD
cases was consistently greater in occipital cortex than in temporal cortex, despite similar
or lower levels of AP in this region by ELISA (Figures 4.1, 4.2). Nonlinear regression
analysis of the homologous competition binding data reveals a Kd of 3.0 nM and Bmax
0f 209.28 fmol/100ug wet tissue for high-affinity PIB binding sites in AD temporal
cortex, and a Kd of 3.0nM and Bmax of 234.48 fmol/100ug wet tissue for the ligand in
AD occipital cortex (Figure 4.5). We were unable to detect a high-affinity binding site in
cortical homogenates from any of the three nonhuman primate groups.

In the nonhuman primates, only background PIB binding was observed in
temporal and occipital cortices of all subjects examined (Table 4.2; temporal cortex:
mean = 1.41 fmol/100ug wet tissue [SD=0.93], occipital cortex: mean = 1.33 fmol/100ug
[SD=1.15]), even though the levels of total AP in most simians were at least as high as
those in the AD brain (Figure 4.1). In the cerebellar cortex, which is relatively unaffected
by AP plaque deposition or neurodegeneration, only background levels of *H-PIB
binding were detected in the AD cases (data not shown).

To address the possibility that species-specific molecules might enhance or inhibit
H-PIB binding, we performed the same in vitro binding assay with 1:1 mixtures of AD

and nonhuman primate cortical homogenates. There was only an additive effect of
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combining homogenates from AD cases with those from the nonhuman primates (Figure

4.3), indicating an absence of species-specific binding-modulatory factors.

*H-PIB autoradiography

To determine if *H-PIB binds to a particular subset of amyloid lesions in AD or
nonhuman primate brain, we performed *H-PIB autoradiography on unfixed cryosections
from the superior temporal gyrus of nondemented human, AD, and squirrel monkey
subjects (n=2 for all groups). At the same ligand concentration used in the cortical
homogenate binding assays (1.0 nM), we detected strong, specific binding to a broad
morphological range of senile plaques in the grey matter of the AD superior temporal
gyrus (Figure 4.6) but not to neurofibrillary tangles (data not shown). PIB also bound to
a smaller number of lesions in the subcortical white matter (Figure 4.6). In the two
squirrel monkey cases examined, we did not detect specific *H-PIB binding to any Ap
lesions, despite heavy cortical and vascular amyloid deposition in both cases, as shown
by Ap immunohistochemistry of adjacent cryosections (Figure 4.6). No *H-PIB binding
was detected in cortical sections from nondemented human subjects who lacked AP

deposition (data not shown).

Discussion

We describe the first evidence that Pittsburgh compound B (PIB), a high-affinity
molecular probe for A deposits in the AD brain, binds at substantially diminished
stoichiometry to cortical homogenates from aged nonhuman primates, despite total Ap

levels equal to, or greater than, the levels measured in AD brains. The virtual absence of
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PIB binding in monkeys and chimpanzees under the conditions that we employed
suggests a paucity of high-affinity PIB binding sites on Ap multimers in nonhuman
primates, similar to that reported for APP/presenilin-1-transgenic mice [141]. Klunk,
Lockhart, and colleagues have provided evidence for high- and low-affinity PIB binding
sites located within the fibrillar Ap assembly [143, 166]. The AD brain contains
approximately 500-fold more high-affinity PIB binding sites per Ap molecule than does
synthetic Ap or ApB from transgenic mouse brains [141]. In the present study, PIB
binding to nonhuman primate cortical homogenates was negligible at a 1 nM ligand
concentration, which is selective for the high-affinity PIB binding sites that are the
primary target in PET studies [139]. To the best of our knowledge, this is the first report

of deficient PIB binding to cortical tissue containing profuse, naturally occurring Ap

plaques and cerebral B-amyloid angiopathy. Our findings suggest that, unless ultra-high
specific-activity PIB is used [167], PIB would not be an effective B-amyloid imaging
agent in nonhuman primates [206], even in aged animals with heavy AP deposition.

The dearth of high-affinity cortical PIB binding sites in simians may be
attributable to structural variants of multimeric AB. In vitro [216] and in vivo [180]
evidence increasingly favors the existence of polymorphic AB multimers, analogous to
structurally and functionally diverse prion strains [42, 45, 170]. Under different in vitro
conditions, distinct A strains, distinguishable by biophysical and/or imaging techniques,
can be generated from the identical starting peptide [216]. In vivo, morphologically
distinct AB-deposits can be seeded in the brains of transgenic mice by Ap-rich cortical

extracts from different types of APP-transgenic mice [180]. Our findings support the
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hypothesis that Ap can form polymorphic molecular assemblies that are distinguishable
by their PIB-binding characteristics.

Histological observations using the fluorescent PIB analog, 6-CN-PIB, further
indicate that PIB binds selectively to a structural motif within fibrillar A assemblies.
Denaturation of proteins in cortical tissue sections from AD cases abolishes the binding
of 6-CN-PIB [118], indicating a conformation-sensitive binding substrate for PIB.
Diffuse AB plagues in the cerebellum (a region of the brain that usually shows little
degenerative change in AD) do not bind 6-CN-PIB or unlabeled PIB in AD cases [118,
263], suggesting variations in the molecular structure of these lesions even within the
same case. 6-CN-PIB binds to a subset of extracellular neurofibrillary tangles in AD
tissue sections [118], but these 'ghost' tangles also can be immunoreactive for Ap [292],
and the 6-CN-PIB concentrations used for histostaining are 100- to 10,000-fold higher
than the brain concentrations attained in PET studies. This and other autoradiographic
studies show that *H-P1B does not bind to neurofibrillary tangles at a 1-nanomolar
concentration [165]. The high selectivity of PIB for aggregated Ap, as opposed to tau
(neurofibrillary tangles) or a-synuclein (Lewy Bodies) [74, 118, 143], makes it unlikely
that the strong PIB signal in human AD brain is due to the presence of such lesions,
which are rare or nonexistent in most nonhuman primates. Furthermore, one aged
chimpanzee that we examined (YNO05-400Pt) had significant tauopathy [241], but the *H-
PIB binding in this case was very low, similar to that in nonhuman primates that were
mostly devoid of tauopathy (Table 4.3).

In the present study, PIB binding to AD brain homogenates correlated positively

with total insoluble AP, as previously reported [118, 141, 263]. The variability in
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published reports of PIB binding levels and insoluble AP levels in AD cortical
homogenates may be attributable to the heterogeneity of Ap deposition among brain
regions and among individuals [283], and/or to minor differences in the assay conditions
in different laboratories. In these four studies, quantitative A ELISAs were performed
with different capture and detection antibody pairs, on insoluble Ap samples prepared
with distinct buffers and extraction techniques. Further, our *H-PIB assay employed a
scaled-down microplate version of the cell harvester protocols utilized in the other
studies. Importantly, the positive correlation between PIB binding and Ap levels in our
study confirms previous findings, and supports the view that PIB is a useful probe for the
pathologic accumulation of AB in the human brain.

In autoradiographic experiments using the same tracer levels and specific activity
employed in our binding assays, *H-PIB specifically labels a wide morphological variety
of AP deposits in cortex and subcortical white matter of AD cases, but not of squirrel
monkeys. The intensity of binding is not explained by the unique presence of a particular
fragment of AP, since previous MALDI-TOF mass-spectrometric studies indicate that all
Ap fragments, including pyroglutamate Ap pE3-40 and pE3-42, are present in the
neocortices of humans with AD and aged nonhuman primates [242]. The ratio of
AP40:AB42 could influence PIB binding[141], but our ELISA data indicate that the
relative amounts of AB peptides ending at amino acids 40 and 42 are largely similar in
human and nonhuman primates, especially in the temporal neocortex. Together, these
data strengthen the hypothesis that high-affinity PIB binding is dependent upon
quaternary structural motifs of assembled fibrillar AB, and thus the high-affinity binding

element may not be quantifiable with techniques that detect only histologic or primary
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structural characteristics of the Ap peptide. Finally, our homogenate-mixing experiments
(as well as those of Klunk et al, 2005) do not support the existence of a species-specific
factor that modulates PIB binding.

In summary, we show that high-affinity PIB binding sites are significantly
deficient in AB-rich cortical extracts from aged nonhuman primates compared to extracts
from humans with Alzheimer’s disease. Considerable evidence supports a central role
for AB in AD neurodegeneration [104], yet AD-like dementia has not been reported in
any nonhuman primate [287]. PIB thus could be a useful experimental tool for clarifying
the molecular underpinnings of the uniquely human predisposition to Alzheimer's

disease.
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Chapter 5

Deficient High-Affinity Binding of Pittsburgh

Compound B in a Case of Alzheimer's Disease®

Introduction

Radiolabeled Pittsburgh compound B (PIB; [N-methyl-11C]2-(4'-
methylaminophenyl)-6-hydroxybenzothiazole) is a promising in vivo imaging agent
that can bind with high affinity, specificity and stoichiometry to parenchymal amyloid-[3
deposits [140, 207, 244] and cerebral B-amyloid angiopathy (CAA) [13, 123] in patients

with Alzheimer’s disease (AD). Positron-emission tomography (PET) imaging studies

5 Reproduced with minor edits from original publication: Rosen, R.F. et al (2009).
Deficient high-affinity PIB binding in case of Alzheimer’s disease. Acta Neuropath,
accepted.
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indicate that ''C-labeled PIB rapidly enters the brain, where it is retained significantly
longer in APB-rich regions than in brain areas that lack A deposits [140, 207]. Thus, PIB
may be a useful tool to aid in the diagnosis of AD plaque pathology in living patients
[184, 219].

Evaluation of post-mortem or biopsied brain samples from patients who exhibited
cortical PIB retention in PET scans indicates that PIB binding in vivo correlates with
heavy cerebral AP deposition [13, 118, 154]. However, some instances of unexpectedly
high uptake in nondemented cases [244], or unexpectedly low retention in clinically
diagnosed AD cases [62, 140, 162, 197], have been reported, and some A lesions appear
to be refractory to PIB binding [118, 264]. Studies in vitro and in animal models furnish
additional evidence that, at nanomolar concentrations similar to those achieved in PET
imaging, PIB does not bind to all multimeric assemblies of Af} equally [141, 243, 264].
Specifically, the density of high-affinity PIB binding sites per molecule of Af} is much
lower in 3-amyloid precursor protein (APP)-transgenic mice [141] and in normal aged
nonhuman primates [243] compared to AD patients, despite profuse cerebral A
deposition in the animal models.

These experiments suggest that PIB may recognize a polymorphic molecular site on
multimeric A that is enriched in human AD cases but is altered or concealed in
nonhuman species [160, 243]. The occasionally weak correlations between PIB binding
and AR levels [62, 140, 162, 197, 243, 244] and the presence of poorly binding lesions in
some brain regions [118, 264] suggest the possible existence of polymorphic AP
aggregates in humans as well. Here we report a case of clinically and pathologically

confirmed AD with heavy A} burden yet strikingly reduced high-affinity PIB binding in
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vitro compared to a series of nine other AD cases. This finding raises the possibility that
some cases of clinicopathologically verifiable AD might not show significant retention of
radiolabeled PIB in diagnostic PET scans, and further suggests that PIB can discriminate

among naturally-occurring, polymorphic forms of multimeric Af in humans.

Materials and Methods

Subject

A 72 year-old woman (case AD1) was clinically diagnosed with possible
Alzheimer’s disease four years prior to death. Her initial symptoms began six years prior
to her diagnosis, and included impairments in short-term memory and visuospatial
function. Neuropsychological testing corroborated these findings, and she experienced a
gradual worsening of cognition in the subsequent years, in addition to worsening gait
disturbance and incontinence. Nine years after her initial symptoms, she underwent
ventriculoperitoneal shunt placement for possible normal pressure hydrocephalus. Her
family reported transient improvement in her gait and incontinence, which then regressed
within one month of the shunt placement, possibly due to shunt malfunction. Subsequent
shunt revisions did not improve her symptoms, and she died shortly thereafter. Aside
from her mother, who had Parkinson’s disease but normal cognition, she had no family
history of dementia or other neurodegenerative diseases.

At autopsy, the brain weighed 1110 grams and showed no significant atrophy over

the convexity. Vessels of the circle of Willis showed mild-to-moderate, patchy
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atherosclerosis with 50% occlusion of the right middle cerebral artery. A lesion
approximately 1 cm in diameter was noted in the right frontal cortex corresponding to the
site of entry of the ventricular shunt, and an old infarct approximately 1.5 cm in diameter
was identified in the right medial posterior parieto-occipital cortex. The lateral and third
ventricles were markedly dilated, and the hippocampus, amygdala and entorhinal cortex
showed moderate atrophy. The caudate nucleus was slightly flattened, but the substantia
nigra was normally pigmented. Histopathologically, the case was assigned a Braak AD

stage of 6 (Table 5.1); the apolipoprotein E genotype was ApoE3/4.

Comparison subjects

Nine additional, clinically and pathologically confirmed AD cases and three age-
matched, nondemented subjects were analyzed for comparison with AD1 (Table 1) in the
core analysis. These subjects were part of an earlier comparative study of Ap in humans
and nonhuman primates [243]. Tissue samples from three additional clinically and
pathologically confirmed AD cases (which were verified to be PIB-sensitive by in vitro
*H-PIB binding analysis) and one age-matched control (Table 5.1) were used as

comparison subjects only in the MALDI-TOF mass spectrometry analyses (below).

Tissue preparation
Bilateral tissue slabs from the core subjects were dissected from the superior
temporal gyrus (AD, n=10; ND, n=3) and the paracalcarine occipital cortex (AD, n=7;
ND, n=3). The samples from one hemisphere were quickly frozen and stored at -80°C.

Frozen tissue later was weighed and Dounce-homogenized in 5 volumes of Tris-buffered
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saline (TBS) homogenization buffer (S0mM Tris-HCI and 150mM NaCl containing
complete protease inhibitor [Santa Cruz Biochemicals, Santa Cruz, CA, USA]). Aliquots
of the homogenates were stored at -80°C until use in the PIB binding analysis, Af3}-
ELISAs, immunoblots and mass spectrometry. Additional blocks of frozen tissue were
sectioned at 10um on a cryostat and mounted onto silanized slides (Fisher Scientific,
Waltham, MA, USA). Location-matched tissue from the contralateral hemisphere was
fixed in phosphate-buffered, 4% paraformaldehyde, embedded in paraffin wax, and
processed for histochemical analysis. In two AD cases, fixed, non-embedded samples
from the temporal neocortex were used for ultrastructural investigation (below). All
tissue samples were obtained from the Emory University Alzheimer’s Disease Research
Center Brain Bank and the New York University Alzheimer’s Disease Center Brain
Bank, in accordance with federal and institutional guidelines, and the samples were coded

to ensure the anonymity of the subjects.

DNA Sequencing for the 3-Amyloid Precursor Protein (APP), Presenilin 1 (PSEN-
1), and Presenilin 2 (PSEN-2)

Coding exons 3-18 with the corresponding 50bp of intronic junctions of APP and all
coding exons from both PSEN-1 and PSEN-2, along with at least 25 base pairs of
flanking sequence, were sequenced from genomic DNA extracted from AD1 brain tissue,

using primers described in the supplementary material (Tables S5.1, S5.2 and S5.3).
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Immunohistochemistry

Tissue sections from all AD cases were processed immunohistochemically using
monoclonal anti-Af antibodies 6E10 to APB1-16 (1:25,000), 4G8 to AB17-24 (1:5,000;
both from Covance, Princeton, NJ, USA), and 8E/ to the pyroglutamized amino terminus

of AB,,...3-x (1:5,000; Immuno-Biological Laboratories, Gunma, Japan); polyclonal

yr-glu
antibodies R361 to AP332-40 and R398 to AP33-42 (both at 1:15,000, courtesy of Pankaj
Mehta, Institute for Basic Research on Developmental Disabilities, Staten Island, NY,
USA); monoclonal anti-tau antibodies CP13 to phosphorylated tau serine 202 (1:10,000),
MC1 to a pathologic conformation of tau (1:5,000; both courtesy of Peter Davies, Albert
Einstein College of Medicine, Bronx, NY, USA), and ATS to phosphorylated tau serine
202/phosphothreonine 205 (1:5,000; Covance). To rule out the presence of
synucleinopathy, we employed a polyclonal antibody to a-synuclein (1:300, courtesy of
Bernardino Ghetti, Indiana University, Indianapolis, IN, USA) (see Rosen et al., 2008 for
antibody details).

Vectastain Elite kits (Vector Laboratories, Burlingame, CA, USA) were used for
avidin-biotin complex (ABC)/horseradish peroxidase immunodetection of antigen-
antibody complexes, with diaminobenzidine (DAB) or DAB + nickel as chromogens.
Appropriate positive control specimens from cases with previously confirmed pathology
were included in all immunostaining experiments. In some instances, sections were
lightly counterstained with hematoxylin. Non-immune mouse IgG or rabbit serum was
used in place of the monoclonal and polyclonal primary antibodies, respectively, as

negative controls. Some additional sections were stained with Congo Red, Thioflavin-T,

hematoxylin and eosin, or the Campbell-Gallyas AD-silver stain [243].
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Electron microscopy

Fixed tissue slabs from the temporal neocortex of two AD cases (the PIB-refractory
case [AD1] and a PIB-sensitive case [AD6]) were cut on a vibratome at 70pum thickness,
and regions of heavy A load were identified in adjoining sections immunostained with
antibody 6E10. Samples from these regions were dissected from the adjacent, non-
immunostained section, washed in phosphate buffer (0.1M, pH 7.4) and immersed in
osmium tetroxide (1% in phosphate buffer) for 20 minutes. They were then rinsed in
phosphate buffer and dehydrated in graded concentrations of ethanol and propylene
oxide. Uranyl acetate (1%) was added to the 70% ethanol (35 minute immersion) to
improve contrast in the electron microscope. Next, the blocks were embedded in epoxy
resin (Durcupan ACM; Fluka, Ft. Washington, PA, USA) and heated for 48 hours at
60°C. Ultrathin sections were cut with a Leica Ultracut T2 (Nussloch, Germany),
collected onto single-slot copper grids, and stained with lead citrate. Thin sections were
examined with a Zeiss EM10-C electron microscope (Oberkochen, Germany) and digital

images were captured with a Dual View camera (Gatan Inc., Pleasanton, CA, USA).

*H-PIB binding assay

To measure high-affinity PIB binding in cortical homogenates, all samples were
simultaneously incubated with 1.0nM *H-PIB (specific activity=82 Ci/mmol, custom
synthesis, GE Healthcare, UK) in a microplate radioligand binding assay [243]. At
1.0nM, the concentration of free *H-PIB used in our in vitro experiments is comparable to

that achieved with ''C-PIB in PET scans [244], and is selective for the high-affinity
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binding sites on A [13, 123, 139, 141]. The same tissue homogenates used in Af
ELISAs (below) were diluted 1:33.3 in phosphate-buffered saline (PBS) (pH 7.4) to a
final concentration of 5Smg wet weight tissue/ml. In a 96 well polypropylene plate, 100ug
of wet cortical tissue (20ul of diluted homogenate) from each sample were incubated, in
duplicate, with 200ul of 1.0 nM *H-PIB in 5% ethanol/PBS (nonspecific binding was
defined as counts detected in the presence of 1.0 uM unlabeled PIB). After a 2.5-hour
incubation (at room temperature, without shaking), samples were quickly transferred to a
96 well Multiscreen HTS Hi Flow FB filter plate and filtered with a vacuum manifold
(Millipore Corporation, Billerica, MA, USA). Filters were rinsed 4 times with PBS at
room temperature. The filters were dried for 30 minutes at 37°C, after which 50ul of
MicroScint 20 (PerkinElmer, Waltham, MA, USA) scintillation fluid were added to each
well and the plate was incubated at room temperature for 24 hours, shaking at 100 rpm.
*H-PIB binding was quantified in a TopCount scintillation counter (PerkinElmer) and
specific binding was calculated by subtracting nonspecific counts per minute (CPM)
(+1.0#M unlabeled PIB). Based on a 15% counting efficiency (established empirically),
CPM were converted to femtomoles of bound PIB. PIB binding was linear between 25
and 200ug (wet weight) of AD cortical tissue homogenate added per well with 1.0nM “H-
PIB. To characterize the high-affinity binding components in case AD1 and other AD
homogenates, samples were incubated in 1.2nM *H-PIB with concentrations of unlabeled

PIB between 0.1 nM and 1.0uM in a competition binding experiment.
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*H-PIB Autoradiography

Slide-mounted, unfixed cryosections were brought to room temperature in air-tight
containers and then immersion-fixed in 10% ethanol/PBS for 20 minutes. Sections were
incubated in 1.0nM *H-PIB (specific activity=82Ci/mmol) in 5% ethanol/PBS for one
hour at room temperature, rinsed twice with 10% ethanol/PBS and 2 times with ddH,0,
both on ice, and then air-dried before exposing directly to a BAS-TR2040 tritium
imaging plate (Fujifilm, Stamford, CT, USA). After 2 weeks of exposure, the plate was
developed in a BAS-5000 Image Plate Scanner and images were captured with
MultiGauge software (Fujifilm). Adjacent cryosections were immunostained with Ap

antibody 6E10, as described above.

ELISA Quantification of A40 and Ap42

Cortical homogenates were spun at 100,000 x g for one hour at 4°C in a TLA-100.4
ultracentrifuge rotor (Beckman Coulter, Fullerton, CA USA). After collecting buffer-
soluble supernatants, the pellet was sonicated in 70% formic acid, spun at 16,100 x g for
60 min at 4°C, and the clear supernatant was collected as the buffer-insoluble extract.
For both extracts, total ABx-40 and APx-42 levels were measured by enzyme-linked
immunosorbent assays (ELISA) using standardized kits (The Genetics Company,
Schlieren, Switzerland) as previously described [241, 243]. AP content is expressed

relative to the wet weight of the tissue samples (Tables 5.2, 5.3).
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Western blot

Unfixed cortical tissue blocks were Dounce-homogenized in 4 volumes of PBS.
The 20% homogenate was vortexed, probe-sonicated 3 x 5 seconds (level 4, Model 100
ultrasonic dismembrator, Fisher Scientific), centrifuged at 3,000 x g for 5 minutes at 4°C,
and the supernatant stored at -80°C until use. Total protein was quantified in the sample
with a microplate bicinchoninic acid (BCA) assay (Pierce Biotechnology, Rockford, IL,
USA). 60ug of protein was boiled for 5 minutes in 2x Tricine sample buffer and 10x
Reducing Agent (Invitrogen, Carlsbad, CA, USA), run on a 10-20% Tricine gel
(Invitrogen) and blotted onto a nitrocellulose membrane. The membrane was boiled for
15 minutes in 1XxPBS, then blocked at room temperature in 2.5% nonfat milk/0.05%
Tween-20 (blocking buffer) for 60 minutes, incubated in primary antibody to AP (6E10,
1:1000 diluted in blocking buffer) for 48 hours at 4°C, followed by 90 minutes in
horseradish peroxidase-conjugated anti-mouse IgG antibody (1:10,000 in blocking buffer,
GE Healthcare, Piscataway, NJ, USA). Antibody binding was detected with Super Signal
West Pico electrochemiluminescence substrate (Fisher Scientific) and exposed to Kodak

MR Biomax film (Kodak, New Haven, CT, USA).

Immunoprecipitation/MALDI-TOF MS

For mass spectrometry, cortical homogenates were ultracentrifuged to isolate buffer-
soluble Ap (see above). Pellets were resuspended in 2% SDS, spun at 100,000 x g for 60
minutes at 10°C to extract detergent-soluble Ap, and the pellet containing buffer-
insoluble proteins was sequentially extracted with 70% and 90% formic acid (above).

Immunoprecipitation of A was performed using paramagnetic beads coated with a
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cocktail of antibodies 4G8 and 6E10, or C-terminal specific antibody 12F4 to Apx-42,
and the precipitates analyzed by matrix-assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) mass spectrometry, as previously described [274]. Briefly, Dynal M-280
Dynabeads (Invitrogen) coated with sheep anti-mouse antibodies were then coated with
monoclonal antibodies 4G8 and 6E10, each at a concentration of 60 pg/ml, or
monoclonal antibody 12F4 (Covance) at 120 ug/ul. 50ul of coated beads were added to
1.0ml soluble cortical extract, 1.0ml detergent-soluble extract (after detergent removal
using SDS-OUT, according to manufacturer’s instructions, Pierce Biotechnology), or a
solution of 100ul formic acid extract, neutralized with 1.0M Tris buffer to pH 7.4 and
then diluted up to 10ml volume with deionized water. Following immunoprecipitation
and washing, beads were completely dried in a SpeedVac, eluted with 20ul of 0.5%
formic acid, dried in a SpeedVac and resuspended in 4pl of 0.1% formic acid. 1ul of IP
eluate was mixed with 500ul ethanol and 500ul acetonitrile in 0.1% trifluoroacetic acid
and then analyzed in a Micromass TofSpec-2E MALDI-TOF instrument. Major peaks
within all spectra were identified with ExPASy's FindPept software

(http://us.expasy.org/tools/findpept.html).




Tables

Table 5.1. Case List.

Case Group Age Sex PMI (hr) Braak stage ApoE type
AD1 AD 72 f 3 VI 3/4
AD2 AD 61 m 55 V/VI 3/4
AD3 AD 75 f 12 V/VI 4/4
AD4 AD 91 f 2.5 V/VI 3/4
AD5 AD 61 m 4 V or VI 3/4
AD6 AD 64 f 4.5 VI 3/4
AD7 AD 87 f 6 V/VI 3/4
ADS AD 84 m 4.5 VI 3/4
AD9 AD 81 f 2 V/VI 3/3
ADI10 AD 57 f 20 V/VI 3/4
ADI11* AD 86 f 2.5 \" 3/3
ADI12* AD 74 f 2.8 VI 2/4
ADI13* AD 84 f 35 VI 3/4
ND1 Citrl 40 m 31 0 3/4
ND2 Citrl 57 f 17 0 3/3
ND3 Citrl 75 f 6 0 3/3
ND4* Citrl 78 m 1.6 0 3/3

* Only included in MALDI-TOF MS analysis

PMI: Postmortem interval (hours)

ApoE type: Apolipoprotein E genotype

174
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Table 5.2. Soluble AB40 and AB42 levels in temporal and occipital cortices of the core
Alzheimer's disease and nondemented control cases, as measured by ELISA. AP levels

are presented relative to wet tissue weight (fmol A/100ug wet weight tissue).

Temporal Cortex Occipital Cortex
Group Case AB40 Ap42 Total AB40  Ap42  Total
Ap AP
Alzheimer's ADI1 21.63 0.13 21.76 2456 242 26.98
AD2 0.50 0.05 0.55 0.20 0.08 0.28
AD3 0.08 0.04 0.12 0.02 0.06 0.08
AD4 0.08 0.07 0.15 1.34 0.16 1.51
ADS 1.59 0.09 1.68 n/a n/a n/a
ADG6 0.07 0.12 0.19 n/a n/a n/a
AD7 001 001 0.04 2.80 0.51 3.31
ADS8 0.02 0.04 0.06 n/a n/a n/a
ADO9 0 0.03 0.03 0 0.05 0.05
ADI10 0 001 0.02 0.02 0.08 0.11
AD means: 240 0.06 2.46 4.14 0.48 4.62
Nondemented NDI1 0 0.03 0.03 001 0.12 0.14
ND2 0 0 0 0 0 0
ND3 0 001 0.01 0 0 0

ND means: 0.00 0.01 0.01 0.00 0.04 0.05
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Table 5.3. Insoluble AB40 and AP42 levels in temporal and occipital cortices of the core
Alzheimer's disease and nondemented control cases, as measured by ELISA. AP levels

are presented relative to wet tissue weight (fmol A/100ug wet weight tissue).

Temporal Cortex Occipital Cortex
Group Case AB40 Ap42 Total AB40  Ap42  Total
AP AP
Alzheimer's ADI1 1126.13 790.51 1916.63 2685.25 912.84 3598.09
AD2 39084 17488 214.72 1549 29796 31345
AD3 6248 97.56 160.04 5.23 186.51 191.73
AD4 1775 196.38 214.13 1029 191.29 201.58
AD5 27537 35257 627.94 n/a n/a n/a
AD6 3.88 44472 448.59 n/a n/a n/a
AD7 7.65 217.09 224.74 1097 17623 187.21
ADS8 4.07 155.58 159.66 n/a n/a n/a
AD9 0.62 14553 146.15 0.21 59.36 59.57
ADI10 3.37 8291 86.28 2.18 21123 21341
AD means: 15412 265.77 419.89 38995 290.77 680.72
Nondemented NDI1 0 0 0 0.19 0.22 041
ND2 0 0.98 0.98 0.23 1.27 1.50
ND3 0.03 0.23 0.26 0 0.62 0.62

ND means: 0.01 0.40 041 0.14 0.70 0.84
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Figures

Figure 5.1. Af and tau pathology in the superior temporal gyrus of the PIB-refractory

Alzheimer's case AD1. (A) Antibody 6E10-immunoreactive senile plaques (two denoted
by arrows) and large-vessel CAA (black arrowhead). (B) Antibody CP13-
immunoreactive, intra-somatal neurofibrillary tangles (two denoted by arrowheads) and
abundant neuropil threads. (C) Ultrastructure of amyloid fibrils in the periphery of a
senile plaque. (D) Ultrastructure of a bundle of paired helical filaments (marked by two
arrowheads). Case AD1 had significant CAA, and the senile plaques sometimes showed

diminished immunostaining in the central region (right-hand arrow in a), but otherwise
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the histopathology did not differ remarkably from that of the other AD cases. Bar =

100pum in A and B and 200nm in C and D).
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Figure 5.2. Cerebral 3-amyloid angiopathy in the occipital cortex of case ADI.

Both large vessels (black arrowheads) and capillaries (grey arrowhead) were affected.
CAA of both types was more abundant in the occipital cortex than in the temporal cortex.
A plaque-like parenchymal deposit of Af is denoted by the arrow. Antibody 4G8; Bar =

200pm.
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Figure 5.3. Immunostaining for AB42 (A) and AP40 (B) in nearby temporal cortical
sections from case AD1. The antibody to AP42 stained a variety of diffuse and dense
parenchymal lesions as well as CAA, but the antibody to APB40 stained mainly CAA (the
same two immunoreactive blood vessels are marked by arrowheads in both panels) and

dense plaque cores (two denoted by arrows in b). Bar = 300um.
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Figure 5.4. A levels and *'H-PIB binding in temporal and occipital cortical homogenates
from AD1, nine comparison AD cases and three nondemented control (ND) cases.

(A, B). By ELISA of soluble and insoluble extracts, AD1 (red arrowheads) exhibited
substantially more soluble and insoluble AB40 and AB42 than did all other AD cases
examined in this study. Negligible Af} was detected in both regions of the 3 ND cases
(group means are indicated by the horizontal lines). Levels of soluble AB40 and AB42

(A) and levels of insoluble AB40 and AB42 (B) are expressed in fmol AP per 100ug wet
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tissue for each subject. (C) Radioligand binding assays with *H-PIB reveal high levels of
PIB binding to temporal and occipital cortical tissue from all AD cases in this study
except AD1, which showed only background levels of PIB binding. (D) The ratio of PIB
binding to total AP in two cortical regions. When AD1 data points were excluded from
the analysis, total levels of insoluble AP (AB40 and AB42) correlate positively with *H-
PIB binding to AD temporal (n=9) and occipital (n=7) cortical homogenates from the

comparison AD cases [29].
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Figure 5.5. Analysis of high-affinity *H-PIB binding in temporal cortical homogenates
from two AD cases. A homologous competition binding analysis of PIB binding levels
in temporal cortical homogenates incubated with 1.2nM *H-PIB alone and with 1.2nM
*H-PIB co-incubated with concentrations of unlabeled PIB between 1.0 nM and 1.0uM
did not reveal a measurable high-affinity PIB binding component in case AD1 (dotted
line). In case AD2 (continuous line), a high-affinity PIB binding component was
detected with a Kd = 3.0nM and Bmax = 209.28 fmol/100ug wet tissue (AD2: open
squares, AD1: filled diamonds). Comparable results were obtained with occipital cortical

homogenates (data not shown).
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Figure 5.6. *H-PIB binding experiments with mixtures of AD and ND cortical
homogenates. To detect the potential presence of a diffusible element in AD1 cortical
tissue that inhibits PIB binding in vitro, we incubated 1.0nM *H-PIB with 1:1 mixtures of
cortical homogenates from a typical PIB-sensitive AD case (AD2) and the PIB-refractory
case AD1. We did not identify an inhibitory or synergistic effect on PIB binding in either
the temporal or occipital cortical homogenates. Rather, the quantity of PIB binding to
mixed homogenates was approximately the sum of total PIB binding to each individual
homogenate. Similar results were seen when 1.0nM *H-PIB was incubated with mixtures
of temporal and occipital cortical homogenate from AD2 and a nondemented control case

(ND2) that alone exhibited negligible high-affinity PIB binding.
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Figure 5.7. ®H-PIB autoradiography in temporal cortical sections from case AD1 and a
PIB-sensitive AD case (AD5). (A) Ata 1.0nM concentration, *H-PIB binds to few
cortical plaques and lightly to some blood vessels in the superior temporal cortex of AD1.
(B) In an adjacent cryosection, immunohistochemistry with the 6E10 antibody to Af
reveals abundant senile plaques as well as CAA in this cortical region. The blue
arrowheads denote PIB-positive Ap plaques and CAA, although the greater part of the
ApB-immunoreactive plaques and vessels did not bind to PIB by autoradiography. (C) In
case AD5, ®H-PIB autoradiography and (D) 6E10 immunohistochemistry on adjacent
cryosections demonstrate heavy, PIB-positive senile plaque deposition in the superior
temporal cortex. Red arrows indicate PIB-positive AP lesions identified in adjacent

cryosections.
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Figure 5.8. Western blot analysis of multimeric Afy and APP in AD temporal cortex.
Temporal cortical homogenates containing 60ug of total protein from case AD1 and
seven other AD cases were separated by SDS-PAGE and immunoblotted with antibody
6E10 to the N-terminal region of Af. A preparation of synthetic AB42 (10 ng) is in the
far right lane, as a positive control. Strong bands of monomeric A} were detected in all
AD cases examined. Light bands corresponding to Af dimers were detected only in
some of the AD lanes under these conditions. In AD1, 6E10 immunoblotting revealed
high levels of dimeric and trimeric Af, as well as several higher molecular weight, Af-
immunoreactive bands between 17 KDa and 44KDa. Note that 6E10 also recognizes the
AP epitope in APP (top band), which was not increased in AD1. When the total protein
content in AD1 temporal cortex was diluted to 6.78ug to normalize total A} levels to
those seen in the comparison AD cases, the higher molecular weight bands, though

lighter, were still detected by 6E10 immunoblot analysis, indicating that the presence of



187

these bands cannot be accounted for simply by the overall quantity of A in AD1

temporal cortex (data not shown).
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Figure 5.9. Immunoprecipitation/MALDI-TOF MS detection of AP peptides in the
temporal cortex of case AD1 and a comparison PIB-sensitive AD case (AD12). By mass
spectrometry, we detected substantially more individual Af fragments in all cortical
fractions of AD1 temporal cortex, as compared to three other AD cases (data from one

comparison AD case shown). Numerous C-terminally truncated peptides (Ap1-x) were
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seen in the buffer (TBS)-soluble extract, yet AB42 was barely detectable. These same
truncated peptides also were detected in SDS-soluble extract, along with AB40 and Ap42.
N-terminally truncated peptides (Apx-40 and Apx-42) and full-length AB40 and Ap42
predominated in formic acid-solubilized fractions (FA 70% and FA 100%) from AD1
cortex. This pattern of terminal-specific truncations in soluble and insoluble cortical
fractions was not seen in the comparison AD cases or in a nondemented control case (not
shown). The AP fragments written in red were particularly abundant, while those in
parentheses were just barely detectable. a-42: Immunoprecipitation with monoclonal
antibody 12F4, specific to Apx-42; 4G8/6E10: Immunoprecipitation with two
monoclonal antibodies, one to AB17-24 (4G8) and one to AB1-16 (6E10); TBS: Tris-
buffered saline extract; SDS: sodium dodecyl sulfate-soluble extract; FA: formic acid-

solubilized extract.
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Results

APP, PSENI, and PSEN2 gene sequencing

No mutations were detected in coding exons 3-18 and 50 bp of intronic junctions
of the APP gene sequence in AD1 genomic DNA. Sequencing of all PSEN1 and PSEN2
coding exons and at least 25 base pairs of flanking sequence failed to identify any known
AD-associated mutations or polymorphisms,that would result in amino acid sequence
change to PSEN1 or PSEN2. Conservative minor allele single nucleotide polymorphisms

were identified in exons 3, 4, and 11 of PSEN2 (listed in Table S5.4).

Histopathology

Immunohistochemically, subject AD1 had copious dense-cored and diffuse
parenchymal senile plaques characteristic of advanced AD, as well as significant large
vessel and capillary CAA and tau-positive neurofibrillary pathology (Figures 5.1, 5.2).
Parenchymal and vascular A} lesions were detected throughout the temporal and
occipital cortices of case AD1, with slightly more parenchymal deposits in the temporal
cortex and a predilection for vascular amyloid deposition in occipital cortical regions
(Figures 5.1a, 5.2). The presence of AD-typical lesions was confirmed by multiple
antibodies to A and tau, and by the Congo Red, Thioflavin-T and Campbell-Gallyas
silver stains (not shown). Antibody R398 to AP42 disclosed a large variety of
parenchymal and vascular lesions, similar to antibody 6E10, whereas antibody R361 to
AP40 labeled primarily CAA and plaque cores (Figure 5.3). Antibody 8E1 to Af,,,.3-X,

like antibodies 6E10 and R398, stained a broad spectrum of vascular and parenchymal
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AP deposits (not shown). Ultrastructurally, the senile plaques consisted of fibrillar
material consistent with amyloid (Figure 5.1¢), and the neurofibrillary pathology included
filamentous ribbons typical of AD (Figure 5.1d). The antibody to a-synuclein did not

show concomitant cortical Lewy bodies or Lewy neurites in this case (not shown).

'H-PIB binding and Af3 analysis

PIB binding was markedly reduced in temporal and occipital cortical homogenates
of case AD1 compared to 9 other clinically and pathologically confirmed AD subjects
(Figure 5.4), and was in the range of the non-demented control cases (PIB also bound
strongly to homogenates from the AD cases used as controls for the mass spectrometry
analysis, below). Despite a paucity of high-affinity PIB binding sites, ELISAs disclosed
levels of soluble and insoluble AB40 and A[342 that greatly exceeded those in both brain
regions of all nine comparison AD cases in the core group (Tables 5.2,5.3). The
AP40:AP42 ratios for soluble and insoluble AP also were higher in AD1 than in the 9
other AD cases (Figure 5.4). A competition curve experiment with *H-PIB and unlabeled
PIB in temporal cortical homogenates from AD1 and a comparison case (AD2) revealed
a high-affinity PIB binding site in AD2 (Kd = 3.0nM and Bmax = 290 fmol), comparable
to previously published reports [118, 141, 243], but not in AD1 (Figure 5.5). Similar
results were seen in the occipital cortex (data not shown). Finally, mixing experiments
with AD1 and AD2 temporal and occipital cortical homogenates revealed only an
additive effect on PIB binding when equal parts of tissue from each case were

simultaneously incubated with 1.0nM *H-PIB (Figure 5.6).
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Autoradiography of 1nM H-PIB binding in unfixed cryosections revealed some
cortical plaques in the superior temporal cortex of case AD1. However, comparison with
an adjacent cryosection that was immunostained with antibody 6E10 indicated that only a
subset of potential plaques and CAA were labeled (Figure 5.7). In the temporal cortex of
a comparison AD subject (AD5), *H-PIB autoradiography and 6E10
immunohistochemistry on adjacent cryosections showed substantial overlap of Af-
immunoreactive and PIB-positive lesions (Figure 5.7).

Using antibody 6E10 for immunoblot analysis of temporal cortical extracts from
ADI and seven comparison AD cases, strong bands of 4KDa A3 monomers were
detected in all 8 cases. Light bands corresponding to AP dimers (~8KDa) were
detectable in several of the AD cases. In the cortical extract from AD1, however, these
AP dimer bands were of substantially greater intensity relative to the 7 comparison AD
cases, and a strong immunoreactive band was detected at ~12 KDa, corresponding to
trimeric Af. Additionally, numerous higher molecular weight bands migrating between
17 and 44 kDa were detected solely in AD1 temporal cortical tissue. APP levels
(~100KDa) were similar in AD1 and the 7 comparison AD cases (Figure 5.8). Because
our ELISA analyses indicate considerably higher total AP levels in AD1 tissue, an
immunoblot was conducted with AD1 cortical extract that was diluted to reduce total
protein, thereby yielding total AP levels that were comparable to the mean A levels in
the comparison AD cases. When A levels are normalized as such, the higher molecular

weight 6E10-immunoreactive bands, though weaker, are still visible (data not shown).
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ApB MALDI-TOF mass spectrometry

MALDI-TOF MS on immunoprecipitated buffer-soluble, SDS-soluble, and formic
acid-soluble Ap from AD1, three comparison (PIB-sensitive) AD cases and one
nondemented control case revealed a pattern of N- and C-terminally truncated fragments
unique to AD1 temporal cortex (Figure 5.9, data from 2 AD cases and the nondemented
case not shown). Full-length Ap40 and Ap42 were detected in all fractions from all AD
cases, although Ap42 was barely detectable in AD1 buffer-soluble extract, suggesting
that the peptide may be preferentially deposited in insoluble lesions and/or cleared from
the brain (Figure 5.9). Numerous buffer-soluble, C-terminally truncated Af fragments
were identified in AD1 tissue (Ap1-38, Ap1-37, AB1-36, Ap1-34, Ap1-33, Ap1-29,
AB1-28, Ap1-19, AB1-18, AB1-16) but not in any of the 3 comparison AD cases.
Insoluble Apx-42 fragments with various N-terminal residues were identified in the AD1
insoluble extract, as were oxidized AB40, Ap42, and Apx-42 peptides, the majority of

which were not seen in the comparison cases.

Discussion

Pittsburgh compound B has been shown to bind with high affinity to parenchymal
senile plaques [140, 207, 244] and to cerebral 3-amyloid angiopathy [13, 123] in
Alzheimer’s disease. Previous studies also have reported a significant positive
correlation between PIB binding and AP levels [13, 118, 154, 264], further supporting the

utility of this ligand in the antemortem diagnosis of AD and CAA. In assessing *H-PIB
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binding to cortical tissue homogenates in a series of ten AD patients, however, we
discovered a case of pathologically confirmed AD (case AD1) with particularly heavy
cerebral AP deposition, yet negligible high-affinity binding of PIB.

To address potential reasons for the paucity of PIB binding in case AD1, we first
considered the ways in which this patient differed from the other AD cases.
Histopathologically, AD1 showed numerous diffuse parenchymal AP deposits, dense-
cored A plaques and neurofibrillary tangles typical of advanced AD, as well as
substantial large vessel and capillary CAA (Figures 5.1,5.2,5.3 and 5.7). However,
relative to PIB-sensitive AD cases, autoradiography with 1nM *H-PIB detected only a
fraction of the senile plaques and CAA in AD1 (Figure 5.7). Comparison with the
adjacent, AB-immunostained sections did not indicate preferential binding of PIB to a
particular type of AP lesion. Although AD1 had substantial CAA, some degree of CAA
is usual in AD [11], and vascular amyloid was present (albeit to a lesser degree) in most
of the other cases that we examined. Furthermore, PIB has been shown to be a sensitive
marker for CAA in vivo [13, 123] and in vitro [165]. Finally, in addition to CAA,
abundant dense and diffuse AP plaques were present in the cortical samples from AD1
(Figure 5.1), yet, despite a heavy burden of AP lesions of multiple types, high-affinity
PIB binding was unexpectedly meager.

Next, we used ELISA to measure the overall quantity of AB and found that the
levels of both soluble and insoluble AB40 and AP342 in AD1 greatly exceeded those in the
comparison group of nine AD patients. We then asked whether the relative amounts of
AP40 and AP42 might influence PIB binding. As is usual for AD patients with

prominent CAA [146, 235], the AP40:AP42 ratio was particularly high in AD1 (temporal
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cortex: APB40:AP42 = 1.42, vs. 0.22 in the comparison AD group; occipital cortex:
AP40:AP42 =2.94, vs. 0.04 in the comparison group). However, PIB binding has been
shown to correlate strongly with levels of both A40 and AP42 in brain tissue [264], and
PIB also binds with low stoichiometry but equal affinity to synthetic, aggregated AB40
and AB42 in vitro [141]. Hence, neither a paucity of A} nor the absolute amounts of the
two major isoforms of AP is a likely explanation for the deficiency of high-affinity PIB
binding in this case. However, the influence of the ratio of Af isoforms on PIB binding
to AP generated in vivo deserves further study.

To rule out the presence of a diffusible cortical element in case AD1 that specifically
inhibits the high-affinity binding of PIB to AP, we then incubated *H-PIB with mixtures
of cortical homogenates from AD1 and a typical PIB-sensitive AD case (AD2). Both in
temporal and occipital cortices, PIB binding to AD2 cortical homogenate was neither
enhanced nor decreased in the presence of AD1 cortical homogenate, indicating an
absence of diffusible factors in the AD1 cortex that inhibit high-affinity PIB binding to
AB. These data also argue against a diffusible substance in typical AD tissue that
stimulates PIB binding to A, as the mixture of AD2 and AD1 cortical homogenates
failed to increase PIB binding beyond the sum of the values achieved in the individual
homogenates, despite very high amounts of Af} in the AD1 cortical homogenate.

There is evidence to suggest that PIB binds with high affinity to parenchymal

lesions containing N-terminally-truncated and modified Ap,,, ,.,3-x peptide isoforms, and

pyr-glu

that the low stoichiometry of PIB binding to A in the transgenic mouse brain may be
attributable to a dearth of such modified AP isoforms [113, 167]. In case ADI1, however,

an N-terminal-specific antibody to Af3,,. ..,,3-x labeled a substantial majority of

pyr-glu
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parenchymal and vascular Af} deposits in the temporal and occipital cortices. By mass
spectrometry of temporal cortical samples, we did identify a pattern of N- and C-
terminally truncated AP peptides unique to AD1: AB1-x fragments predominated in the
soluble extract, and APx-42 peptides were detected mainly in the insoluble extract
(Figure 5.9). The heterogeneity of C-terminal Ap fragments in the PIB refractory case
may represent the atypical action of carboxyl peptidase(s) in AD1 brain. The possibility
of anomalous peptidase activity and/or Af clearance mechanisms in this subject, as well
as the effect of modified Ap isoforms on PIB binding affinity, remain to be established.
Importantly, these data indicate that deficient high-affinity PIB binding to cortical
homogenate from this case is not attributable to an absence of modified or truncated Ap
isoforms that are generally found in mature plaques of the AD brain. Furthermore, in
conjunction with the extract-mixing experiments (above), the findings suggest that the
presence of abundant AB1-x fragments in the soluble extract does not inhibit PIB binding
when introduced into cortical extracts from other AD cases.

We then analyzed the distribution of multimeric Ap by SDS-PAGE/Western blot,
and detected AP} monomers and dimers in both AD1 and most of the comparison AD
cases. However, A immunoblots also yielded a dense series of low and higher
molecular weight Af-immunoreactive bands in AD1 that were not identified, under
identical conditions, in any of the comparison AD cases (Figure 5.8). Normalization of
total AP levels indicated that these bands could not be attributed solely to the heavy AP
load in AD1. Whether these oligomers are indicative of an alternative A3
folding/aggregation pathway unique to this case, and whether the presence of these

oligomers somehow inhibits PIB biding, warrants further investigation. Again, however,
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the absence of an inhibitory effect of AD1 extract on PIB binding in other AD cases
(above) argues against the presence of such an inhibitory factor, at least in a readily
diffusible form.

The E4 subtype of apolipoprotein E has been linked to an increased likelihood of
developing both AD [47, 223] and CAA [98, 229], and to the overall severity of cerebral
[-amyloidosis [117, 292, 296]. However, like AD1, seven of the nine AD cases in the
comparison group also were hemizygous for ApoE4, and one was homozygous, yet all of
these individuals displayed strong in vitro binding of *H-PIB, as did the case that was
ApoE3/3. Consequently, apolipoprotein E genotype per se does not account for the
anomalous PIB binding in AD1. Genetic analysis of the common AD-associated loci in
the genes for APP, presenilinl and presenilin 2 revealed no obvious mutations or
functional polymorphisms that might explain the paucity of high-affinity PIB binding in
ADI.

Although the PIB-refractory AD case was not imaged with ''C-PIB prior to death,
our in vitro findings, using a concentration of free SH-PIB similar to that achieved in the
brain parenchyma of ''C-PIB-scanned patients [244], suggest the possibility that the PET
signal would have been diminished or absent in this patient, despite the presence of
copious cerebral Af. Currently, few cases of suspected AD have been imaged with PIB
and then characterized pathologically and biochemically post-mortem; consequently, the
frequency of PIB-refractory cases in the AD population is unknown. Although there is
compelling evidence that PIB binds only weakly to AP deposits in nonhuman species

[141, 243, 264], our present results, in conjunction with other findings [62, 140, 162,
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197], suggest that PIB imaging may not detect all AP lesions in some humans as well [62,
140, 162, 197].

In summary, we describe a case of pathologically confirmed AD with heavy cerebral
[-amyloidosis yet negligible high-affinity PIB binding in cortical homogenates. On a
mechanistic level, the presence of PIB-refractory A in a confirmed case of Alzheimer’s
disease implies the existence of molecular strains of A that could be functionally
dissimilar with regard to the pathogenesis of AD [160], similar to the heterogeneity of
prion strains [45, 77]. In this light, PIB and other binding agents could serve as specific,
early diagnostic tools that distinguish polymorphic AD phenotypes, as well as selective in
vitro molecular probes for strain-like structural variants of multimeric A3 [160]. Until
the prevalence of PIB-refractory AP in senescent humans can be established, our findings
indicate that limited ''C-PIB retention in PET images of suspected AD cases should be

interpreted with caution.



Supplementary Tables

Table S5.1. Primers used to sequence coding exons of APP

Exon Primer Sequence
Exon 3 APP Exon 3 Forward Primer cggaaaaagtcagagaccttg
APP Exon 3 Reverse Primer ttcattctgaggcagggaac
Exon 4 APP Exon 4 Forward Primer aaaggtagtagggtcttgattgg
APP Exon 4 Reverse Primer tgggttacggatagtagcactg
Exon 5 APP Exon 5 Forward Primer ccaaagtgtaacccatgctaaa
APP Exon 5 Reverse Primer aactctgtgatgggtgactga
Exon 6 APP Exon 6 Forward Primer gcatccccttttagcaactg
APP Exon 6 Reverse Primer gttgggcggagtcttgtaga
Exon 7 APP Exon 7 Forward Primer tctagtcctggtggecagtt
APP Exon 7 Reverse Primer ctgcggagactctgagcaat
Exon 8 APP Exon 8 Forward Primer ggttttgttggagggacca
APP Exon 8 Reverse Primer caagctgtctggcaaaatca
Exon 9 APP Exon 9 Forward Primer gctgcacagtgtctcatggt
APP Exon 9 Reverse Primer ccttcctaggcagcatgttc
Exon 10 APP Exon 10 Forward Primer tgggaggtcaaatattcttcag
APP Exon 10 Reverse Primer tgggactatgaacaatcacacg
Exon 11 APP Exon 11 Forward Primer agggttggagagtgcaagaa
APP Exon 11 Reverse Primer atggaatggacaggggttg
Exon 12 APP Exon 12 Forward Primer ttagaaggcagacctgcaaaa
APP Exon 12 Reverse Primer fcagaaaatgccaaaccaca
Exon 13 APP Exon 13 Forward Primer tgtatctacctgcagtgcttgg
APP Exon 13 Reverse Primer ctagttccagcctgacagtttc
Exon 14 APP Exon 14 Forward Primer tcttgtgagctgcgactttg
APP Exon 14 Reverse Primer tggcagtttacatgctttgc
Exon 15 APP Exon 15 Forward Primer tggttcttttctggetgete
APP Exon 15 Reverse Primer tcggaacttgggaaatgaag
Exon 16 APP Exon 16 Forward Primer caggtttcccttaccctttca
APP Exon 16 Reverse Primer gcgctcagectagcectattt
Exon 17 APP Exon 17 Forward Primer caaccagttgggcagagaat
APP Exon 17 Reverse Primer cacggtaagttgcaatgaatg
Exon 18 APP Exon 18a Forward Primer cgttctgctccaagatgtca
APP Exon 18a Reverse Primer ctggctaaggggctatgtga
APP Exon 18b Forward Primer cattatcgccttttgacagc
APP Exon 18b Reverse Primer tgcttacaatgaacagggattc
APP Exon 18c Forward Primer gtgggagttcagctgcttct

APP Exon 18c Reverse Primer

gttggccccaacttcctact
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Table S5.2. Primers used to sequence coding exons of PSEN1

Forward Reverse
Exon 3 ttgcggtccttagacagctt ttctcagaggtgaggggaga
Exon 4 tcatagtgacgggtctgttgtt tcgctctctcaactgctect
Exon 5 ggtgagttggggaaaagtga ttacacatgcacctggcttc
Exon 6 gttgtggtgagctgagatcg gcaaggagcaacagaagaatg
Exon 7 tgtttgggagccatcacat ggcattcctgtgacaaacaa
Exon 8 acccccaccagttcacct ctgcaggagttccaggaatg
Exon 9 ggcagcattaggaagactgg tgggcattatcatagttctcaag
Exon 10 | agcccatgctttgtggttta gctacctaaaggaatccatgact
Exon 11 | cacagctgaagcctaattttg aatgtgtggccagggtagag
Exon 12 | aaccccaaaaggaaaatattcag Ccgggcctatcatatctcct




Table S5.3. Primers used to sequence coding exons of PSEN2
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Forward Reverse

Exon 3 ttgtgtccaagtctccaggtce catcagggaatgaatgtctgg
Exon 4 ccaaaaatccgtgcattaca gctgcaggtacagtgaccaa
Exon 5 ccctagcaggtccagaatca tctaaaggcggctgtttcac
Exon 6 agagcattcaggcttgggta catgcccatgtccacttgt
Exon 7 ccaggttgggactgaatgg agcacctgecctcettgt
Exon 8 cggggatagtttgacaagga gcccagtcaactctgaaagc
Exon 9 ggtcctgtgcaggctttct actcatgcctctcagggaag
Exon 10 | accccttcttggagctttgt cctcatgecctcetceac
Exon 11 | tgggccagagtttctcttct tggtctcaagcetgacccttc
Exon 12 | actggtcctcgaacaagctc cctcctcaccaagtaaacacg
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Table S5.4. Individual minor allele single nucleotide polymorphisms identified in APP,
PSEN1 and PSEN2 from genomic DNA sequencing of Case AD1

Location SNP ID Allele | Allele Type
PSEN2, Exon 3 rs6759 T Minor
PSEN2, Exon 3 rs11405 C Minor
PSEN2, Exon 4 rs1042740 T Minor
PSEN2, Exon 11 rs2855562 G Minor
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Chapter 6

In vivo Characterization of Naturally Occurring,

Pathogenic and Benign Ap Multimers

Introduction

AD is a cerebral proteopathy, a brain disease caused by aberrant protein folding
and aggregation. The cerebral proteopathies comprise a subset of over 40 disorders of
various systems in which a functional, endogenous protein misfolds into a toxic species,
either spontaneously or through the exogenous introduction of a similarly misfolded
protein that serves as a folding template for disease transmission [289]. Other cerebral

proteopathies include Huntington’s disease, frontotemporal dementia, Parkinson’s
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disease, and the prion diseases, each of which can be attributed to the toxic gain of
function of a single, distinct protein. Intriguingly, the toxic protein multimers in many of
these phenotypically diverse disorders share a common higher order structural motif and,
very likely, a common mechanism of toxicity [85]. From extensive studies of the
initiation, transmission, and progression of the prion diseases, we know that a protein
alone can be an infective disease agent that propagates in a new host via a mechanism of
protein folding, or templating [101, 232]. The heritable information appears to lie in the
structure of the folded proteins, and it is the structure itself that dictates the cellular
characteristics of the infectious protein, such as disease incubation time, virulence, and
toxicity [42]. Proteins with an identical amino acid sequence can fold into distinct
molecular “strains”, which in turn underlie unique disease phenotypes, and these strains
generally are faithfully propagated between organisms of the same species [78].

Several molecular polymorphisms have been detected within f3-sheet structures of
Ap fibrils from AD brains and synthetic peptide preparations, supporting the concept of
Ap strains [214, 277]. Recently developed amyloid-binding ligands exhibit striking
conformational specificity, and may be able to differentiate structurally polymorphic Ap
fibrils at both in vivo and ex vivo levels of analyses [203, 207]. Pittsburgh Compound B
(P1B) is a radiolabeled positron emission tomography (PET) ligand that binds specifically
and with high affinity to naturally occurring Ap deposits in the brains of AD subjects
[118, 141, 244]. PIB binds with substantially diminished stoichiometry to aggregated Ap
in nonhuman primate and transgenic mouse brain, as well as to synthetic Ap fibrils [141,
243], indicating that high-affinity PIB binding may be specific for a toxic form, or strain,

of multimeric Af.
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We have previously shown that cerebral Ap peptide populations in aged
chimpanzees, rhesus macaques, and squirrel monkeys are strikingly similar to the full-
length, truncated, and modified Ap isoforms that accumulate in the AD brain, but that the
higher-order structure of nonhuman primate Ap can be distinguished from that of AD by
a paucity of high-affinity PIB binding sites [242, 243]. Therefore, multimeric Af in
cognitively normal humans and in aged nonhuman primates may represent relatively
benign strains of the folded peptide, as compared to the toxic AP aggregates found in
AD.

In this study, we used the in vivo seeding model of Ap-amyloidosis to
characterize multimeric Ap from AD and aged squirrel monkey brains, which are
hypothesized to accumulate toxic and benign strains, respectively. Cortical extracts from
both AD subjects and aged APP transgenic mice contain soluble A “seeds” which
induce the early misfolding and deposition of Ap peptides when injected directly into the
brains of young APP transgenic mice [129]. However, the morphology of seeded AB is
determined by the nature of the Ap “seeds” and the cortical environment of the host
transgenic mouse [181, 286]. Cortical homogenates from different AD cases and Af-
depositing transgenic mice induce morphologically distinct patterns of A deposition.
Furthermore, mice carrying various combinations of AD-like transgenes, under the
control of diverse promoters, exhibit predilections for particular morphologies of seeded
AP [181]. As such, seeding studies allow for the in vivo characterization of naturally
occurring Ap strains.

For the first time, we show that AB-rich cortical extracts from AD and aged

nonhuman primates are similarly capable of seeding the early deposition of extracellular
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Ap in the PSAPP transgenic mouse brain. We also show that Ag multimers from AD
and aged squirrel monkeys are able to induce the formation of Ap deposits with high-
affinity PIB binding sites, which are not normally produced in the PSAPP mouse brain.
Further characterization of naturally occurring, toxic and benign Ap multimers in this
seeding model may help to clarify the crucial events involved in the initiation and

propagation of toxic misfolded proteins in Alzheimer's disease.

Materials and Methods

Subjects

Postmortem cortical tissue from five pathologically confirmed, end-stage AD
cases (3 females, 2 males, ages 61-91) and two female nondemented human control cases
(ages 57 and 75) were used in this study. All human postmortem material was obtained
from the Emory University Alzheimer’s Disease Research Center Brain Bank in
accordance with federal and institutional guidelines, and the samples were coded to
ensure the anonymity of the subjects. Nonhuman primate tissue was collected from five
aged squirrel monkeys (one 23-year-old female and 4 males, ages 17-21) and 2 younger
male squirrel monkeys, ages 10 and 14. Cortical tissue from squirrel monkey 06-5Ss was
a generous gift from Dr. David Lyons (Stanford University, Palo Alto, CA), and cortical
tissue from all other animals was collected at the Yerkes National Primate Research
Center from aged animals that had died of causes unrelated to brain disease. All PSAPP
mice used in this study carried co-segregating transgenes for APPSwe and PSEN1dE9,

under the PrP promoter, and had been backcrossed for at least 8 generations [28]. PSAPP
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mice were generously provided by Dr. James Lah of the Center for Neurodegenerative

Disease at Emory University.

Tissue preparation

Bilateral tissue blocks from the superior temporal gyrus were dissected from all
cases used in this study. Blocks from one hemisphere were snap-frozen and stored at -
80°C. For preparation of tissue homogenates for Ap ELISA and PIB-binding assays,
blocks were weighed and then Dounce-homogenized in 5 volumes of Tris-buffered saline
homogenization buffer (50mM Tris-HCL and 150mM NaCl containing complete
protease inhibitor cocktail [Santa Cruz Biochemicals, Santa Cruz, CA]). Aliquots were
stored at -80°C until use.

For the preparation of seeding injectates, tissue blocks were weighed, Dounce-
homogenized in 4 volumes of 0.1M phosphate-buffered saline (1x PBS), vortexed, and
then sonicated 3 times for 5 seconds. The samples were centrifuged at 3,000 x g for 5
minutes at 4°C, and aliquots of the supernatant (“injectate”) were stored at -80°C until
just before use [286].

Contralateral tissue blocks and mouse brains from the first experiment were
immersion-fixed in PBS-buffered, 4% paraformaldehyde, cryoprotected in 30% sucrose,
and then sectioned on a cryostat at 50um and 40um, respectively. Sections were stored
at -20°C in antifreeze containing 30% ethylene glycol and 30% sucrose.

Unfixed mouse brains collected from the second and third seeding experiments
(see below) were processed for autoradiography, immunohistochemistry, and radioligand

binding experiments, all on ice. The right hemisphere was nicked along the ventral
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cortex for identification purposes and the brains were coronally bisected in a brain matrix
at the rostrocaudal level of the injection site. The rostral-most block was snap-frozen,
sectioned on a cryostat at 12um, and affixed to silanized slides. Block B2, caudal to the
injection site, was slabbed caudally at the level of the rostral cerebellum, and the right
and left hippocampi then were dissected from block B2 with a sterile #11 scalpel blade.
The hippocampi were weighed, homogenized in 9 volumes of TBS homogenization
buffer, and the aliquots were stored at -80°C. The remainder of block B2 was
immersion-fixed in PBS-buffered 4% paraformaldehyde for 24 hours, embedded in

paraffin wax, and processed for histochemical examination.

Stereotaxic mouse surgeries

In the first series of seeding experiments, eight 4-month old, female PSAPP mice
were anesthetized with isoflurane gas. 2.5ul of 10% AD or squirrel monkey injectate
(AD: 0OS02-159, E04-172; SM: 83GO, 84L, n=2 for all cases) were stereotaxically
injected into the hilus of the dentate gyrus at a rate of 0.5ul/min, using the following
coordinates: -2.2 A/P; +/-1.8 ML; -1.9 DV [75]. Sham injections of sterile PBS were
administered in the contralateral hippocampus. Post-operatively, mice received an
injection of 0.05 mg/kg buprenorphine to minimize discomfort. In the second series of
experiments, 27 two-month old PSAPP mice received unilateral intrahippocampal
injections of AD or squirrel monkey cortical extract, using the same coordinates
described above. The injectates were individually diluted in order to standardize the total
levels of AP peptide in all injectates (Table 6.2). In the contralateral hippocampus, the

mice received a control injection of cortical extract that was essentially devoid of fibrillar
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AP, i.e. from nondemented humans or younger squirrel monkeys, at the same dilution as
the Ap-rich injectates (Table 6.2).

For the final, third seeding experiment, all five AD or squirrel monkey injectates
(10% w/v) were mixed together at 1:1 ratios and vortexed for one minute to create
“mixed injectates”. Eight 11.5 week-old mice were injected unilaterally with 2.5ul of the
mixed injectate (AD n=5, squirrel monkey n=3) at the coordinates noted above, and with
2.5ul of 1x PBS into the contralateral hemisphere as a control. All 43 animals were
incubated for 4 months after surgery, after which the 8 animals from Series 1 were
euthanized by overdose of isoflurane and transcardially perfused with ice-cold phosphate-
buffered 4% paraformaldehyde. The 27 animals from Series 2 and the 8 animals from
Series 3 were euthanized by overdose of isoflurane, and the unfixed brains were collected

by dissection on an ice-cooled plate.

Antibodies

Antibodies used for histochemical processing were: monoclonal anti-Ap antibody
6E10, raised against AB1-16 (1:25,000, Covance, Princeton, NJ), polyclonal antibodies
R361 and R398, to Ap32-40 and AB33-42, respectively (both at 1:15,000, generously
provided by Dr. Pankaj Mehta, Institute for Basic Research of Developmental
Disabilities, Staten Island, NY), monoclonal antibody to NeuN (1:5000, Chemicon,
Temecula, CA), polyclonal antibody to glial fibrillary acidic protein (a-GFAP, 1:5,000,
Dako, Carpinteria, CA), and the monoclonal Ibal antibody as a marker for microglia

(1:10,000, Osaka, Japan) [241].
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Immunohistochemistry

For immunohistochemical labeling of Ap deposits in cortical tissue sections,
endogenous peroxidase was blocked with 3% H,O, in methanol and then Ap epitopes
were revealed by incubation with 100% formic acid for 10 minutes. Nonspecific binding
was blocked by a one hour incubation in 2% normal serum (horse serum for mouse
monoclonal and goat serum for rabbit polyclonal antibodies) and 0.2% Tween-20
(Sigma-Aldrich, St. Louis, MO) in 1xPBS (“blocking solution™). Without rinsing,
sections were then incubated in primary antibody diluted in blocking solution, shaking
overnight at 4°C. After rinsing in 1XPBS on the second day, sections were incubated in
biotinylated secondary antibody (1:200 in blocking solution) for one hour, rinsed, then
incubated for 30 minutes in avidin-biotin enzyme complex from the Vectastain Elite kit
(Vector Laboratories, Burlingame, CA), all at room temperature. Antigen-antibody-
horseradish peroxidase complexes were revealed with diaminobenzidine as the
chromogen (Vector Labs). As a negative control, non-immune mouse IgG or rabbit
serum was used in place of monoclonal and polyclonal antibodies, respectively. AD
tissue was used as a positive control in all experiments.

For cellular localization of AB-immunoreactive deposits by double
immunofluorescence labeling, after overnight incubation with monoclonal antibody 6E10
as described above, sections were rinsed and incubated in biotinylated anti-mouse
antibody (1:200 in blocking solution, Jackson ImmunoResearch Laboratories, West
Grove, PA) for one hour, rinsed, and then incubated for one hour with fluorescein-
conjugated streptavidin (1:500 in blocking solution, Jackson), all at room temperature.

Sections were extensively rinsed in 1XxPBS and then incubated for one hour in blocking
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solution at room temperature, followed by overnight incubation with primary antibody
(GFAP, Ibal or NeuN), diluted in blocking solution, at 4°C. On day 3, the sections were
rinsed in 1XPBS and incubated for one hour in Rhodamine Red-X-conjugated anti-mouse
or anti-rabbit secondary antibody (Jackson). Slide-mounted sections were coverslipped
with Dakocytomation fluorescence mounting medium (Dako).

Light microscopic images were captured with a Leica DMLB microscope (Leica,
Wetzlar, Germany) and Spot XPlorer and Flex digital cameras (Diagnostic Instruments,
Sterling Heights, MI). Confocal images were taken with a Zeiss LSM 510 laser scanning
confocal microscope (Carl Zeiss, Oberkochen, Germany). Besides cropping, images

were not further manipulated prior to publication.

ABELISA

Cortical homogenates were spun at 100,000g for 60 minutes at 4°C ina TLA
100.4 rotor (Beckman Coulter, Fullerton, CA) and the supernatant was removed as the
“soluble fraction.” Pellets were probe-sonicated for 30 seconds in 70% formic acid,
centrifuged at 14,0009 for 30 minutes at 4°C, and the clear supernatant, or the “insoluble
fraction,” was removed. Both fractions were aliquoted and stored at -80°C. To measure
total Apx-40 and APBx-42 in cortical extracts, formic acid-solubilized protein extracts
were neutralized with Tris base, pH 11.0. Soluble and neutralized insoluble cortical
extracts were diluted in sample buffer (1:2 to 1:5,000) and peptides were measured by
enzyme-linked immunosorbance assays, according to manufacturer's instructions (The
Genetics Company, Schlieren, Switzerland). Samples were read at 450nm on a Biotek

Synergy multidetection plate reader (Biotek, Winooski, VT).
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Autoradiography

Slide-mounted frozen cryosections were brought up to room temperature in air-
tight containers and then immersion-fixed in 10% ethanol/PBS for 20 minutes. Sections
were incubated in 1.0nM *H-PIB (SA=82Ci/mmol, custom synthesis, GE Healthcare,
UK) in 5% ethanol/PBS for one hour at room temperature, rinsed 2 times with 10%
ethanol/PBS and 2 times with ddH,O, both on ice, and then air-dried before exposing
directly to *H-Hyperfilm (GE Amersham, UK). After 4 weeks exposure, the film was
developed with D19 developer solution (Kodak, New Haven, CT) and images were
captured with a QICAM digital camera (Qlmaging, Surrey, BC, Canada). Adjacent
cryosections were immunostained with A antibody 6E10, as described above.

For “radiodotblot” analysis of high-affinity PIB binding sites, 2ul of clarified
temporal cortical homogenates (20% w/v) or 3ul hippocampal homogenates (10% w/v),
were pipetted in duplicate onto silanized “Superfrost Plus” microscope slides (Fisher
Thermo Scientific, Waltham, MA), dried on a slide warmer at 37°C overnight, and stored
in an airtight container at -80°C until use. “Dot blot” slides were processed in the same
manner as slide-mounted cryosections, described above. Intensity in a prescribed region
of interest for each sample was quantified using Photoshop. Group means were

compared using an unpaired t-test with a 95% CI.
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Case GroupAge Sex PMI Braak ApoE
0S02-159 (AD1) AD 61 m 9.5 VIVI 3/4
0S01-128 (AD2) AD 91  f 25  VIVI 3/4
E05-04 (AD3) AD ©64 f 4.5 Vi 3/4
E05-87 (AD4) AD 61 m 4 VIVI 3/4
E04-172 (AD5) AD 87 f 6 VIVI 3/4
E04-34 ND 57 f 17 0 3/3
0S02-35 ND 75 f 6 0 3/3
06-5Ss (SM1) SM 23 f <3

83GO (SM2) SM 20 m 1

90T (SM3) SM 18 m 1

84L (SM4) SM 21 m 1

86J (SM5) SM 17 m 1

92AC SM 14 m 1

06-2Ss SM 10 m 1

AD: Alzheimer's disease; ND: Non-demented human; SM: Squirrel monkey; m:

male; f: female
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Table 6.2. Seeding Experiment 2: Ap-normalized injectates, contralateral control
cases, and quantitative soluble and insoluble A ELISA data

Soluble Fraction

Insoluble Fraction

Case Inject. Ctl AB40 AP42 Total AB40 AP42 Total
(%0) AB AB

AD1 10 E04-34 0.50 0.05 0.55 39.84 174.88 214.72
AD2 10 0S02-35 0.08 0.07 0.15 17.75 196.38 214.13
AD3 5 E04-34 0.07 0.12 0.12 3.88 44472 448.59
AD4 4 E04-34 1.59 0.09 1.68 275.37 352.57 627.94
AD5 10 0S02-35 0.01 0.03 0.04 7.65 217.09 224.74
SM1  6.67 92AC 0.02 0.07 0.09 18.63 317.88 336.52
SM2  3.33 92AC 7.11 1.41 8.52 497.06 252.49 749.55
SM3 6 06-2Ss 0.03 0.10 0.13 2.71 356.88 359.59
SM4 4 06-2Ss 8.12 2.07 10.19 366.78 229.97 596.75
SM5 20 92AC 0.31 0.32 0.63 8.32 90.96 99.28
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Figure 6.1. Profound cerebral g-amyloid deposition in Alzheimer’s disease
and in an aged squirrel monkey. Temporal cortical sections from AD (E04-172) and
squirrel monkey (06-5Ss) cases immunostained with an antibody to Apx-40 (R361).

Both cases exhibit numerous diffuse and cored Ap deposits (golden brown) throughout

all cortical layers. Bar = 200um.
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Figure 6.2. Radiodotblot detection of substantial high-affinity *H-PIB binding in
AD compared to aged squirrel monkey cortical homogenates. (A) Ap-rich temporal
cortical homogenates (300ug wet tissue) from AD cases and squirrel monkeys (n=5 each)
were analyzed by *H-PIB radiodotblot. In the top row, dried homogenates were
incubated with 1.0nM *H-PIB. Samples in the bottom row were co-incubated with 1.0
nM *H-PIB and 1.0uM unlabeled PIB to determine the levels of nonspecific ligand
binding. Shown here are identical regions of interest from a single film exposure.
Darker signal indicates the presence of specifically bound radioligand. (B) Densitometric
quantification of signal from the radiodotblot experiment, in which nonspecific signal (+
unlabeled PIB) was subtracted from positive signal detected after incubation with 1.0nM
*H-PIB. PIB binding was significantly higher in AD human cortical homogenates
compared to squirrel monkey cortical homogenates. Means (in Specific Intensity) - AD
Human: 50.78, SD=17.85; Squirrel monkey: 12.50, SD=10.56, p = 0.0033. Bars =

standard deviation.
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Figure 6.3. AB-rich cortical homogenates from both AD cases and squirrel
monkeys seed the deposition of AB in PSAPP mouse hippocampus. (A) 10% AD
extract (0S02-159) injected into the dentate gyrus of a 4-month old PSAPP mouse
induced heavy AP deposition in the dentate granule cell layer, the hippocampal fissure
and along the pial surface. Seeded A deposition also is apparent along the corpus
callosum dorsal to the hippocampus, exhibiting substantial lateral spread in both
directions. Note the apparent decrease in independent hippocampal plaques in the seeded
hemisphere compared to the contralateral hippocampus, which was injected with 1xPBS.
(B) Injection of aged squirrel monkey cortical extract (84L) induced a strikingly similar

pattern of seeded AP deposition in the hippocampus and white matter of this PSAPP
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mouse. 40um-thick fixed-frozen sections were immunostained with an antibody to Ap42

(R398). Objective: 5x.
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Figure 6.4. AD and monkey-seeded AB deposition spreads throughout most
of the rostro-caudal extent of the PSAPP mouse hippocampus. (A-E) AD cortical
extract induced Ap deposition throughout all hippocampal cell layers, the hippocampal
fissure and the corpus callosum near the injection site. (F-J) Squirrel monkey cortical
extract (84L) induced induced a similar pattern of Af deposition. Both AD and squirrel
monkey-seeded AP exhibits substantial spread both rostrally and caudally, often reaching
the limits of the hippocampal formation in the injected hemisphere. 40um-thick fixed-

frozen sections were immunostained with an antibody to Ap42 (R398). Objective: 5x.
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Figure 6.5. Both AD and monkey-seeded A is predominantly extracellular.
(A, B) Double immunofluorescence and confocal microscopy with antibodies to Ap and
glial cells (GFAP for astrocytes and Ibal for microglia) in the CA3 region of an AD
extract-injected mouse reveal little colocalization of Ap and either glial marker. (C, D)
In the corpus callosum above the hippocampus of monkey-injected PSAPP mouse brain,
there is some colocalization of Ap in GFAP-positive astrocytes, but no aggregated Ap

was detected in Ibal-labeled microglial cells. Aggregated AP also was detected in white
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matter astrocytes in AD extract-injected animals. Ap/NeuN double immunofluorescence

did not reveal any intraneuronal Ap aggregates (data not shown). Bars = 20um.
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Figure 6.6. Injectates containing mixed AD extracts and mixed squirrel
monkey extracts both seed high-affinity PIB binding sites in PSAPP mouse brain
(Experiment #3). (A) 1.0 nM *H-PIB autoradiography on a 12um cryosection from a
“mixed AD extract”-injected animal reveals high-affinity PIB binding along the dentate
gyrus (black arrowhead) and in the corpus callosum (above white asterisk), presumably
within seeded AP deposits, as there is no PIB-positive material detected in the sham-
injected hippocampus in this 6-month old mouse. (B) PIB-positive Af deposits are
detected along the hippocampal fissure (black arrowhead) as well as in the dentate gyrus
(above white asterisk) in the squirrel monkey extract-injected hemisphere of a PSAPP
mouse. (C). 1.0 nM *H-PIB radiodotblot analysis of hippocampal homogenates from AD
extract-injected and nondemented human cortical extract-injected hemispheres reveal no
difference in PIB binding between the two hippocampi, despite the presence of a small
amount of seeded Ap in the AD extract-injected hippocampus by autoradiography,

possibly reflecting the differential sensitivity of the two assays.
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Results

Ap deposition in AD and aged nonhuman primate brain

We previously showed that cerebral AB40 and AB42 peptides accumulate at
comparable levels in end-stage AD and very old squirrel monkeys. Here we confirm by
immunohistochemistry with Ap-specific antibodies that the broad morphological
spectrum of AP plaques in the AD brain is recapitulated to a certain extent in aged
squirrel monkeys, although there is considerable inter-animal variability, and the plaques
overall tend to be smaller in squirrel monkeys (Figure 6.1). In the 5 aged squirrel
monkeys examined in this study, we identified diffuse, compact, and neuritic
parenchymal plaques containing Ap1-x, Apx-40 and Apx-42 peptides. Ap-
immunoreactive material also was detected in capillaries and large vessels of all 5
squirrel monkeys, whereas cerebral f-amyloid angiopathy was much less frequent in the
5 AD subjects examined (not shown). In some instances, parenchymal A plaque density
appeared substantially greater in AD cortex compared to squirrel monkey cortex, and
plagques in AD temporal cortex were distributed throughout cortical layers 2 to 6 while
squirrel monkey plaque deposition was more focal in nature, and not seen in all cortical
layers.

In an earlier study, we used autoradiography and microplate radioligand binding
assays to demonstrate that *H-PIB binds to high affinity sites with high stoichiometry in
AB-rich AD cortex, whereas *H-PIB binds with much lower stoichiometry to AB-rich
squirrel monkey cortex. Here we employed a new technique, the “radiodotblot”, in

which cortical homogenates are dried onto slides and then ®H-PIB binding is analyzed by



226

standard autoradiographic techniques. We have shown that this simple quantitative
technique is reliable for the detection of radioligand binding sites. By radiodotblot
analysis, we confirm that homogenates from AD cortex contain abundant high-affinity
PIB binding sites, while squirrel monkey cortical homogenates exhibit little to no high-

affinity PIB binding (Figure 6.2).

In vivo seeding with AD and aged squirrel monkey cortical extract

A immunohistochemistry on fixed-floating PSAPP mouse brain sections from
the first series of seeding experiments revealed that cortical homogenates from all 4
subjects (2 AD and 2 squirrel monkey cases) induced the anomalous deposition, or
seeding, of hippocampal Ap in the injected hemisphere. AD and squirrel monkey
extracts both induced similar patterns of extracellular p-amyloid deposition when injected
into the hilus of the dentate gyrus in murine hippocampus (Figure 6.3). Seeded -
amyloid accumulated along the hippocampal fissure and exhibited extensive spread into
the rostral and caudal boundaries of the hippocampal formation (Figure 6.4). Ap
deposition also was induced along the CAl and CA3 cellular layers and around the
dentate gyrus granule cells, and variability was likely due to slight differences in injection
sites. Seeding along the cellular layers also exhibited substantial rostrocaudal spread. In
the sham-injected hippocampi of the transgenic mice, there was substantial parenchymal
plagque deposition, which is typical for this transgenic strain at 8 months of age (Figure
6.3). Fewer such plagques were seen in the seeded hemisphere, suggesting that the
exogenously introduced Ap seeds had somehow shifted the endogenous Ap aggregation

pathway. Seeded AP was also detected in the corpus callosal white matter pathway
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above the hippocampus, possibly as a result of extract leakage along the needle track. AP
deposits in the white matter tracts exhibited spread across the corpus callosum into the
contralateral hemisphere in some of the animals (Figure 6.3). AP seeding has been
described previously in the entorhinal cortex of the injected hemisphere, but we did not
see entorhinal seeding in any of these animals, possibly due the heavy amount of
endogenous plague deposition in the 8-month old mice.

To determine if seeded Ap aggregates were intraneuronal, intraglial, or
extracellular, we used confocal microscopy and double immunofluorescence with the
6E10 antibody raised to Ap1-16 and a microglial, astrocytic, or neuronal marker. In both
AD and monkey-seeded mice, we did not detect any colocalization of A3 and NeuN,
indicating that A3 was not aggregating within hippocampal neurons (data not shown).
There was also very little colocalization of 6E10-immunoreactive Af deposits and either
of the glial markers, although some Af was detected within astrocytes in white matter

tracts of all seeded animals (Figure 6.5).

Seeding of high-affinity PIB binding sites in transgenic mouse brain

A plaques in the brains of transgenic mice contain a very low stoichiometry of
high-affinity PIB binding sites per molecule of Af [141]. To determine if Af seeded by
PIB-positive Ap multimers from the AD brain contains high-affinity PIB binding sites,
slide-mounted, rostral hippocampal cryosections and dot blots of caudal hippocampal
homogenates were incubated with 1.0nm *H-PIB for autoradiographic analysis.
Quantitative radiodotblots did not reveal detectable high-affinity PIB binding in any

hippocampal homogenates (Figure 6.6C). However, autoradiography on intact
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cryosections did reveal high-affinity PIB binding sites in the hippocampus of PSAPP
mice that were injected with mixed extracts containing Ag multimers from all 5 AD

subjects in this study (Figure 6.6A). Surprisingly, a similar pattern of PIB-positive -
amyloid was also detected in mice that had been injected with mixed cortical extracts

from squirrel monkeys (Figure 6.6B).

Discussion

In this study, we used an in vivo transgenic mouse model of cerebral 3-
amyloidosis to characterize naturally occurring Ap multimers from the brains of AD and
aged squirrel monkey subjects. According to the 3-amyloid cascade hypothesis of AD
pathogenesis, the aggregation of Ap peptides into toxic A multimers initiates the
neurodegenerative cascade in the AD brain. However, A with the same amino acid
sequence as in humans also aggregates in the brains of aged nonhuman primates, in the
absence of severe neurodegeneration or dementia. Ap peptides can fold into structurally
and functionally polymorphic strains [85, 181, 215], and we hypothesized that A in the
aged nonhuman primate brain represents a benign strain of the peptide, which is highly
fibrillogenic but does not fold into toxic multimers.

We have assessed the ability of cerebral Ap from aged monkeys to seed (-
amyloidosis in the PSAPP transgenic mouse brain in order to validate this paradigm for
the in vivo study of permissive templating (i.e., the propagation of protein strain
polymorphisms). Ap-rich cortical extracts from both AD and APP transgenic mouse

brain have been shown to seed B-amyloid deposition in several different mouse models of
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cerebral B-amyloidosis. However, this seeding effect cannot be replicated with synthetic
AP peptides, suggesting that only certain strains of Af can template protein folding in
vivo [129, 181]. For the first time, we showed that Ap-rich cortical extract from a
nonhuman primate, the squirrel monkey, can seed AP deposition in vivo, and that
monkey-seeded B-amyloid accumulates and spreads at levels comparable to those seen in
AD cortical extract-seeded -amyloidosis. When injected into the hilus of the dentate
gyrus, clarified homogenates from both monkey and AD temporal cortex produced
pronounced deposition of A, particularly along the hippocampal fissure and just beneath
the superficial pia mater. After only one injection of cortical extract, seeded A is seen
throughout most of the rostrocaudal extent of the hippocampal fissure, similar to what has
been shown in previous studies. Both monkey and AD cortical extracts also induce Ap
deposition around the dentate gyrus granule cells, along the CA1 and CA3 cellular layers,
and among the white matter tracts of the corpus callosum. Seeded AP along the
hippocampal cellular layers and within white matter tracts also exhibits extensive spread
in both the rostral and caudal directions. Using double immunofluorescence and confocal
microscopy, we demonstrated that the majority of seeded Af deposits are extracellular,
despite a sometimes stellate appearance along the pyramidal cell layers. Further study is
warranted to determine if the spread of seeded pB-amyloid in this model is a result of
physical diffusion, cell-to-cell trafficking/axonal transport, or both mechanisms in
concert.

We have previously shown that Ap from the brains of Alzheimer patients and
nonhuman primates differs in the high-affinity binding to Pittsburgh Compound B, a PET

radioligand that binds with high specificity to A deposits in the living AD brain. In this
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study, we replicated these findings using a novel “radiodotblot” technique with cortical
homogenates from a cohort of 5 aged squirrel monkeys and 5 comparison AD cases. The
radiodotblot technique allows for the quantification of PIB binding in cortical
homogenates without a liquid scintillation counter, while maintaining a satisfactory
signal-to-noise ratio. Additionally, the homogenate is dried onto a glass side before
incubation with ®H-PIB, so there is no need for membrane filtration, and no chance that
any smaller, more soluble AB oligomers are washed away. The differential binding of
PIB in our radiodotblot experiment adds to the evidence that A folds into structurally
distinct strains in AD and aged squirrel monkey brain.

Previous seeding studies with APP transgenic mouse cortical extracts injected into
single and double transgenic AB-producing mice have shown that the morphology of
seeded B-amyloid is determined by the strain of the exogenously introduced Ap “seeds”
and also by the transgenic makeup of the injected mouse. We therefore hypothesized that
Ap seeds from AD and aged squirrel monkey brain would induce donor-specific patterns
of molecular folding in seeded amyloid in PSAPP mice. Specifically, we hypothesized
that AD cortical extracts would seed plaques that bind PIB with high affinity in the
transgenic mice, whereas squirrel monkey cortical extracts would not. To test this
hypothesis, we quantified high-affinity PIB binding in seeded hippocampal homogenates
using radioligand binding microplate assays. PIB binding in homogenized hippocampi
was also measured with radiodotblot experiments. Finally, we simultaneously assayed
PIB binding by autoradiography on intact cryosections from the same animals.

Using both radiodotblot analysis and liquid scintillation-based binding assays of

hippocampal homogenates, we were unable to detect high-affinity *H-PIB binding in
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either AD-seeded or monkey-seeded amyloid. Autoradiography is an integrating method
of radioligand binding detection while liquid scintillation-based techniques rely on a
count rate method of radioligand quantification. Our radiodotblot experiments settle any
ambiguity between microplate binding assays (count rate) and film autoradiography, by
utilizing integrating autoradiography on the same tissue homogenate samples as the
binding assays to show that high-affinity PIB binding cannot be detected in any of these
homogenized tissue samples.

However, autoradiography on cryosections from the same seeded mice did reveal
the presence of PIB-positive seeded amyloid. We clearly detected high-affinity PIB
binding within seeded AP deposits in the hippocampus, whereas no PIB binding could be
detected in the contralateral, age matched control extract-injected hemisphere. The
contradictory results we obtained using *H-PIB radiodotblot and autoradiography
analyses highlight the different sensitivities of the two assays, although both use
integrating methods of specifically-bound radioligand detection. PIB binding is likely
concentrated within single plaque deposits in seeded hippocampi, and the signal:noise
ratio is too low within homogenized tissue. Tissue homogenization may also alter ligand
binding sites within protein aggregates.

Our cryosection autoradiography data suggest that in vivo seeding consists of high
fidelity protein templating, and supports the use of this model to study the misfolding and
bioactivity of other proteins that form toxic multimers in the human brain. With longer
incubation periods, the model may also be used to study the cellular effects of Ap and
other toxic protein aggregates. The induction of PIB-positive amyloid by both AD and

squirrel monkey extract further suggests that seeded A in the transgenic mouse brain
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may very well fold into novel A strains that maintain structural characteristics of
endogenous AP from both the agent (AD or squirrel monkey) and the host (transgenic
mouse).

This is this first demonstration that Ap-rich cortical extracts from aged nonhuman
primates are able to induce the deposition of Af in vivo. Based on the general similarities
in cerebral B-amyloidosis between aged nonhuman primates and humans with AD [242,
243], it is perhaps not surprising that cortical extracts from both groups induce profuse (-
amyloidosis that spreads throughout the physical boundaries of the mouse hippocampus.
More unexpected is the finding that Ap-rich extracts from AD and squirrel monkey
brains can induce the formation of high-affinity PIB binding sites in seeded AP deposits.
Additional studies to fully characterize and quantify PIB binding components in seeded
PSAPP mouse brains are currently underway. The creation of a mouse model of AB
deposition with AD-like, high-affinity PIB binding sites could be a valuable tool for the
identification of early events in the Ap misfolding pathway that initiates the pathogenesis

of Alzheimer’s disease.
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Chapter 7.

Discussion

| present in this dissertation a comprehensive analysis of cerebral Ap peptide
populations in aged nonhuman primates and in humans who had died in the final stages
of Alzheimer's disease. The multimerization and accumulation of Ap initiates the
neurodegenerative cascade in the AD brain, but A with the human-type amino acid
sequence also aggregates profusely in nonhuman primates without gross neuronal loss or
dementia. As a potential explanation for the existence of toxic and benign forms of a
single peptide, | hypothesized that cerebral Ap aggregates are structurally polymorphic
between humans and nonhuman primates. Specifically, | hypothesized that, even with
the identical amino acid sequence, A in different species can assume different 2-, 3-

and/or 4-dimensional molecular configurations that may govern the pathogenicity of the
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molecules. To test this hypothesis, | designed a comparative study of Af peptides in
postmortem cortical tissue from nondemented humans, humans with AD, and three
species of aged nonhuman primates: chimpanzees (our closest living relatives), rhesus
macaques (an Old World monkey species), and squirrel monkeys (New World monkeys).
In collaboration with laboratories at Emory University, the University of Kentucky, New
York University, Mount Sinai School of Medicine, and the University of California at
Los Angeles, | demonstrated that Ap peptides are strikingly similar, both in terms of
quantity and peptide fragment populations, in AD and aged nonhuman primate brain.
However, | provide the first evidence that the higher-order structure of the peptide is
distinct in the two groups. These results confirm and elaborate upon previous reports that
cerebral APP processing and the age-related upregulation of the amyloidogenic
processing pathway have been conserved throughout primate evolution. By including
New World and Old World monkey species in this comparative study, the data further
suggest that the cortical environment and/or the molecular chaperones that permit the
toxic misfolding of Ap peptides in the AD brain did not emerge until after the
chimpanzee and human lineages diverged.

My experimental design was a phenotype-driven comparative study intended to
bolster our understanding of what makes us human, as well as to shed light on the cellular
and molecular mechanisms of a devastating, human-specific disease. The human and
chimpanzee lineages diverged approximately 6 million years ago, and the two species
share over 95% genome homology [1]. Despite these genetic similarities, the human
neocortex is relatively larger, and we live substantially longer than chimpanzees or any

other extant primate [114]. The benefits of increased brain size and extended lifespan are
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considerable, and include higher level analytical thought and reasoning, complex social
interactions and family networks, and intricate systems of written and spoken language
that allow for long-lasting and near-universal forms of communication. However, the
benefits of encephalization and longevity come at a cost for Homo sapiens, particularly in
the form of age-related disease. Several evolutionary theories of aging provide potential
explanations for these human-unique diseases of age, notably Williams’ “antagonistic
pleiotropy” theory and Medawar’s theory of mutation accumulation [177, 303]. Both
theories assert that a decreased selection for traits that are not expressed until after human
reproductive cessation allows for the preservation of late-acting deleterious genes within
the human genome [138]. For this dissertation project, the unique human susceptibility
to Alzheimer’s pathology is used as a paradigm to identify a detrimental molecular
mechanism that may have evolved within the hominid lineage and contributes to the
human senescent phenome. Further comparative study is necessary to determine if the
mechanisms underlying the formation of human-specific multimeric Af exist as a result
of antagonistic pleiotropy, and may therefore be involved in brain size or longevity, or if
they might be the result of some deleterious, late-acting mutation that provides no

reproductive benefit but escaped selection during hominid evolution.

Adventures in Tissue Collection

One of the more difficult obstacles to executing a comparative study of primate

brain aging was the acquisition of a sufficient quantity and quality of tissue from each of

the nonhuman primate species examined. There are limited numbers of nonhuman
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primates in captivity, and few of them survive until the final quartile of the species
lifespan, during which time cerebral Af is widely deposited. Cortical tissue from aged
chimpanzees is particularly rare and valuable, as a moratorium on chimpanzee breeding
in federally funded research facilities has been in effect since 1995, and tissues for
postmortem analyses will no longer be available by the year 2037 [44]. Because most
tissue samples are routinely fixed, an additional obstacle was the collection of unfixed
cortical tissue, which was necessary for the biochemical analysis of A proteins and my
ApB-seeding studies.

I obtained fixed and unfixed cortical specimens from AD and nondemented
human subjects in collaboration with Dr. Marla Gearing of the Emory University
Alzheimer’s Disease Research Center. At the Yerkes National Primate Research Center,
I collected fixed and unfixed tissue from a sizable cohort of aged nonhuman primates,
including chimpanzees, rhesus macaques, and squirrel monkeys, thanks in large part to
the support of Todd Preuss and his neuroanatomy laboratory. To enhance the number of
monkeys, however, | then sent out tissue requests to nonhuman primate researchers
around the country. After several fortuitous shipments and one North Carolina road trip,
| finally acquired sufficient B-amyloid-laden tissue from the 3 nonhuman primate species

to begin the proposed study.

Alzheimer’s Pathology in a Chimpanzee?

Cerebral AP deposition in aged apes and monkeys has been reported by our group

and several others in the United States and Asia [63, 81, 82, 137, 287]. Because of the
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variability in age of onset for AP deposition, | screened fixed temporal cortical sections
from all potential nonhuman primate subjects for 3-amyloid load by Ap
immunohistochemistry. Fixed tissue from each case was processed with four antibodies
to AB: monoclonal antibodies 4G8 and 6E10 to AB17-24 and AB1-16, respectively, and
polyclonal antibodies R361 and R398, specific to the C-termini of AB40 and Ap42,
respectively, as well as AT8, a monoclonal antibody to hyperphosphorylated tau found
within AD neurofibrillary tangles [241]. During one of these routine
immunohistochemistry experiments, | was surprised to see intense AT8-
immunoreactivity in a section of neocortex from an aged chimpanzee. The 41-year-old
female had recently died from a massive hemorrhagic stroke, a pathological event that
has only been reported in one other captive ape [72]. At the light microscopic level, |
identified four distinct types of AT8-immunoreactive lesions: neuropil threads,
“spaghetti-like” tau plaques, punctate tau plagques, and intraneuronal tau bundles with a
fibrillar appearance. Immunostained tissue was further examined ultrastructurally,
revealing intraneuronal paired helical filaments that were indistinguishable from those
found in human neurofibrillary tangles. The discovery of AD-like neurofibrillary tangles
in an aged chimpanzee was a direct challenge to one of the core assumptions underlying
this comparative study, that nonhuman primates do not get Alzheimer’s disease.

In Chapter 1, | presented the results of analyses of postmortem tissue from this
chimpanzee, along with a cohort of comparison AD cases, in order to determine if this
animal might be the first documented case of AD in a nonhuman species. | also did some
detective work, talking to animal technicians who worked with the animal, and to

behavioral laboratories that had evaluated her in studies of hand preference and
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communication. | learned that she did not demonstrate any abnormal behaviors up until
the day she suffered from the ischemic stroke. Although we did not include it in the
report, she did display what Dr. William Hopkins described as “pathological left-
handedness” on behavioral tasks in which normal chimpanzees did not favor a particular
hand. He explained that, unlike humans, chimpanzees are normally not strongly left or
right handed. The stroke occurred in the left hemisphere, which controls the right hand,
but we can only speculate on any further relationship between the stroke (or susceptibility
to stroke) and the hand preference. Fortuitously, she had been scanned by MRI 10 years
prior to her death, as part of the handedness study in Dr. Hopkins’s laboratory. No pre-
existing cortical abnormalities were detected, although her fatal stroke was so large that it
might have obscured evidence of an older, smaller stroke. Just before her death, she was
quickly scanned at the Yerkes Imaging Center, which gave us dramatic, live images of
the infarct.

Upon histological examination, the brain of this chimpanzee contained tau
pathology throughout much of the neocortex, and also Ap deposition in the form of
moderate CAA and rare senile plagues. However, the Ap and tau pathology did not
satisfy diagnostic criteria for AD [271]. The AP plaques were generally sparse and focal
in nature, and the tau plaques were not colocalized with A deposits, as is usually the
case in AD. Furthermore, the hippocampal formation, the region that is afflicted with
tauopathy early and heavily in AD, was largely unaffected. The tau pathology in this
case also did not fit the criteria for any other known human tauopathy, and tau gene
sequencing did not reveal any mutations. We therefore concluded that, although this

chimpanzee brain did exhibit the cellular mechanisms responsible for AD pathogenesis,
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all current evidence of aging in nonhuman primate brain indicates that AD is a human-

specific disease.

Ap in Aged Nonhuman Primate Brain

Increasing evidence suggests that Ap, like other disease-causing amyloidogenic
proteins, folds into self-propagating structural polymorphs (strains) with distinct
neurotoxic properties [85, 181, 215]. The existence of Ap strains would reconcile the (-
amyloid cascade hypothesis with the benign accumulation of Ap plaques I have detected
in the brains of aged nonhuman primates.

Exciting new work from Robert Tycko’s lab at the National Institutes of Health
has shown that structural polymorphisms in preparations of synthetic Ap fibrils can be
experimentally induced by altering the incubation conditions, a phenomenon also seen
with synthetic tau and a.-synuclein, the proteins that aggregate to cause frontotemporal
dementia and Parkinson’s disease, respectively [55, 76, 216]. Dr. Tycko and his
collaborators have shown that, at the ultrastructural level, molecular polymorphisms exist
in the amyloid structure of Ap fibrils derived from the AD brain [214], and that mutant
and full-length AB40 also aggregate into polymorphic amyloid fibrils [277]. More
recently, they showed that intact AP fibrils isolated from the AD brain can efficiently
template the folding of synthetic AB40 peptides, and have used this “seeding in a dish”
model to produce substantial quantities of AD-like Ap oligomers that promise to be

valuable experimental tools in the search for AD therapeutics. The elegant work from
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these labs indicates that both primary peptide sequence and environmental conditions can
influence the molecular structure of fibrillar Ap.

In addition to AB40 and Ap42, APP proteolytic cleavage products include Ap
isoforms with various N- and C-terminal truncations, such as Ag3-x, Apx-38, and Apx-
43 [226, 239], and different Ap isoforms have distinct cytotoxic effects [57]. Relative
quantities of Ap isoforms also influence the peptide’s bioactivity; high levels of AB40
may actually be protective against Ap42-induced toxicity [135, 176].

In the experiments outlined in Chapter 3, however, | found no striking qualitative
differences between the A peptide isoforms produced and/or deposited in the brains of
AD patients compared to aged nonhuman primates, nor could | detect any quantitative
differences in total cortical levels of AB40 or AB42. Only through Western blot analysis
of whole cortical homogenates was | able to find a clue to possible structural differences
between AP multimers in the two groups. SDS-stable Ag dimers from AD and squirrel
monkey subjects exhibited different patterns of immunoreactivity to antibodies 6E10 and
4G8, which were raised against non-overlapping regions of the Af sequence. Intwo AD
cases with very high levels of 4G8-immunoreactive dimers, for example, 6E10 barely
labeled the 8KDa dimer band. Slight alterations in quaternary structure of Ap dimers and
trimers could directly influence epitope availability, and thus antibody immunoreactivity
in these experiments. It is important to note that all cortical homogenates were boiled in
SDS detergent prior to gel electrophoresis, so my interpretation of these data is
hypothetical and in need of further testing. | concluded Chapter 3 with the observation
that there is not an AD-unique set of AP peptides that can be identified through

quantitative and qualitative antibody-based techniques. However, the intriguing
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immunoblot data provided a jumping off point for a new set of experiments in the search
for defining characteristics of toxic and benign Ap peptide strains: analysis of the higher-
order structure of Ap multimers.

Before | continue, there is a technical observation worth noting from the
experiments and data analyses in Chapter 3. Numerous reports, all of which were based
on immunohistochemical analysis, indicate that AB40 is the predominant isoform
deposited in aged nonhuman primate brain [63, 81, 222]. However, my quantitative
ELISA data revealed insoluble AB40:Ap42 ratios below one for all nonhuman primate
groups examined. This is the first biochemical analysis of the AB40 and AB42 isoforms
in unfixed tissue from three nonhuman primate species, and it suggests that the
immunohistochemical assessment of the relative contributions of AB40 and Ap42 to total
plaque deposition may overstate the contribution of AB40 to nonhuman primate plaques.
One potential explanation for the overestimation of AB40:Ap42 ratios by
immunohistochemistry is that vascular 3-amyloid, which is particularly prominent in
nonhuman primates, is more densely packed than cortical plaques, and can only be
reliably quantified through homogenization of unfixed cortical tissue, followed by

denaturation with formic acid.

Apis Structurally Distinct in AD and Nonhuman Primate Brain

In 2003, William Klunk and Chester Mathis reported a new radiolabeled

benzothiazole that bound specifically, and with high-affinity, to §-amyloid from AD

cortical homogenates [143]. This agent, now known as Pittsburgh Compound B, bound
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with substantially lower stoichiometry to synthetic AB40 and ApB42, indicating that the
ligand was specific for Ap aggregates produced in the human brain. In addition to its
utility in the early diagnosis of AD, radiolabeled PIB was an exciting new experimental
tool that could be used to differentiate AP strains in vitro, and potentially to identify the
structural attributes of toxic A multimers. When | began my studies, Harry LeVine Il
had already been working with PIB in his laboratory at the University of Kentucky, and
he agreed to screen some of my nonhuman primate cortical homogenates for high-affinity
PIB binding components. The pilot study proved promising, and in Chapter 4, |
presented a quantitative analysis of high-affinity *H-PIB binding in all of the Ap-laden
nonhuman primate tissue I could get my hands on.

Using microplate binding assays with 1.0nM *H-PIB (a concentration that is
selective for the high-affinity binding sites that are the primary target in PET studies), |
found that not a single nonhuman primate case, nor any of the nondemented human
subjects, contained AD-like levels of high-affinity PIB binding sites. High-affinity PIB
binding was a feature that reliably distinguished the human AD and nonhuman A
populations in this comparative study, and the finding was confirmed with
autoradiography, competition binding assays, and cortical homogenate mixing
experiments. For the first time, | had solid evidence that multimeric Af in nonhuman
primate brain may comprise a structural variant of A that is distinct from Ap in the

Alzheimer’s brain.
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Can PIB Distinguish Strains of Ag in the AD Brain?

In the course of evaluating PIB-binding in a series of AD cases, | made the
unexpected discovery that one of the pathologically-confirmed AD cases, like the aged
nonhuman primates, was deficient in high-affinity PIB binding sites. In Chapter 5, |
presented a thorough analysis of Ap pathology in postmortem tissue from this PIB-
refractory case, known as “AD1”. Our laboratory embarked on a collaborative effort to
determine why the Ap in this particular human was different from the other AD cases in
the cohort. With the help of colleagues in Emory’s Department of Neurology, | found
that there was nothing remarkable in her clinical history, no family history of
neurodegenerative disease (except for one relative with Parkinson’s disease), and no AD-
associated mutations in the APP or presenilin genes. Intriguingly, AD1 cortex contained
more total AB40 and AP42, a greater variety of truncated Ap isoforms, and more low-
molecular weight SDS-soluble A oligomers than any of the other 9 AD cases in the
comparison cohort. Despite this abundance of A peptide, the stoichiometry of high
affinity PIB binding sites to Ap molecules in case AD1 was as low as in each of the
nonhuman primate cases | examined in the earlier study. This is the first pathologically
and biochemically substantiated report of deficient PIB binding to Ap-laden AD cortex,
and adds to growing evidences that a lack of high-affinity PIB binding in PET scans does
not rule out a diagnosis of AD [140, 263]. Furthermore, this finding supports our
hypothesis that PIB is exquisitely sensitive to a particular (and as yet undefined)

structural variation in multimeric AP, and that the characterization of these PI1B-binding
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aggregates may yield crucial insights into the mechanisms of A multimer-induced

neurotoxicity in the AD brain.

In vivo Seeding with A Multimers from AD and Monkey Brain

After identifying probable structural polymorphisms in human and monkey §3-
amyloid, I looked for a valid model with which to study their distinct aggregation
pathways. Inspired by the success of the in vitro Ap seeding studies [215], | focused on
an in vivo seeding model of $-amyloidosis. Clarified, Ap-rich cortical homogenates from
5 aged squirrel monkeys were injected into the hippocampi of PSAPP transgenic mice, as
were extracts from 5 AD cases, all of which were characterized in previous studies
(Chapter 3). Despite structural differences between the two groups of A seeds in these
experiments, both A strains were highly fibrillogenic. After 4 months of incubation,
mice injected with both monkey extract and AD extract exhibited profuse extracellular,
seeded B-amyloidosis throughout the hippocampus.

The next question was whether or not seeded A deposits were actually produced
by permissive templating, as seen with the experimental transmission of prion diseases.
The presence or absence of high-affinity PIB binding sites in seeded A might provide an
answer, at least in the animals that were injected with AD cortical extracts. The answer |
got, however, was far from simple. | analyzed PIB binding in seeded tissue in 3 different
ways: homogenate radioligand binding assay, radiodotblot of hippocampal homogenates
(a new technique I created in the course of these experiments), and film autoradiography

on intact cryosections. The first technique relied on the counting of beta radiation by
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liquid scintillation, while integrative autoradiography was used for ligand detection in the
latter assays. | was unable to detect high-affinity *H-PIB binding in any seeded
hippocampal homogenates, using both liquid scintillation and film autoradiography.
However, since tissue homogenization increases the signal:noise ratio, | was concerned
that increased background may have been obscuring any small PIB-binding signal in the
mouse hippocampi. | overcame this technical issue by performing whole cryosection
autoradiography on rostral coronal sections from the same seeded animals, and was
indeed able to see concentrated *H-PIB binding along the hippocampal fissure and
dentate gyrus in AD-injected mouse hippocampus, corresponding to the regions in which
I originally detected seeded amyloid by A immunohistochemistry.

AD cortical extract seeded the in vivo formation of AD-like f-amyloid with high-
affinity PIB binding sites. However, PIB-positive seeded A also was induced by
squirrel monkey cortical extracts. Seeded PIB binding sites from both experimental
groups were detected by *H-PIB autoradiography, but were very light and highly
localized, even after 4 weeks of film exposure. It may be that the squirrel monkey extract
does contain low levels of high-affinity PIB binding sites (as is the case for synthetic Ap
[143]), and that this conformation of AB, even at low levels, is a superior seed®.
Alternatively, the murine (host) cortical environment may interact with the squirrel
monkey (donor) A to generate AP with high-affinity PIB-binding structural motifs in

this model.

6 By autoradiography, I have detected 3H-PIB binding to vascular amyloid in squirrel
monkey cryosections, but to a very small subset of total AB-immunoreactive
amyloid, and at substantially lower levels than seen in AD tissue (unpublished data).
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Significance and Future Directions

In the search for a cellular mechanism that underlies the human-specific
vulnerability to Alzheimer's disease, | have provided evidence for structural
polymorphisms in multimeric Ap that distinguish nonhuman primates from humans with
AD. The differential binding of PIB to AP aggregates in these two closely related groups
is a particularly promising entrée into the use of new chemical probes for the
identification of protein strains. To further characterize the structural basis of differences
in high-affinity PIB binding sites, potential experimental directions include the
determination of $-sheet content by Fourier-transform infrared spectroscopy (FTIR),
identification of molecular fibril polymorphisms by NMR, or the assessment of amyloid
packing by spectral shifts upon binding to luminescent conjugated polymers [35, 204,
214].

Further investigation is warranted to ascertain whether these structural
polymorphisms underlie the benign or toxic nature of the naturally occurring peptide
strains, as is seen in the prion diseases. Long-term in vivo seeding may be ideal for the
determination of neurotoxicity or synaptotoxicity induced by structural variants of
multimeric AB. Finally, the use of in vivo seeding to create a mouse model of Ap
amyloidosis with AD-like PIB binding components could lead to the development of new
imaging agents and therapeutic interventions for Alzheimer's disease, particularly agents

that prevent the formation and spread of toxic Ap multimers.
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