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ABSTRACT OF THE THESIS

Amyloid Precursor Protein Deficiency Does Not Attenuate

Amyloid-Associated Pathology in BRI-Aβ42 Mice

by

Claire Carmen Ku

Master of Science in Biology

University of California, San Diego, 2011

Professor Edward Koo, Chair
Professor Nicholas Spitzer, Co-Chair

The amyloid cascade hypothesis states that altered processing of amyloid

precursor protein (APP) leads to increased production of amyloid-beta 42 (Aβ42). A

previous study has shown that mice over-expressing human Aβ42 develop amyloid

deposits with age, but whether this process is attenuated in APP deficient mice is

unknown. We characterized amyloid-associated pathology in young (3-6 month) and
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old-age (12-15 month) BRI-Aβ42 mice that overexpress Aβ42 in the presence or absence

of endogenous APP. 6E10 immunostaining and Thioflavin S staining revealed that old-

age BRI-Aβ42; APP mice developed significant levels of amyloid deposits in the

hippocampus, but APP deficiency did not attenuate the levels of amyloid burden. Using

an Aβ42 sandwich ELISA, we found that BRI-Aβ42; APP mice expressed soluble and

insoluble Aβ42 in the hemibrain. Soluble Aβ42 levels were maintained throughout age,

but old-age BRI-Aβ42; APP mice produced 7 to 15 fold higher levels of insoluble Aβ42

than the young-age group. Previous groups have demonstrated that Aβ and APP can

mediate neurotoxicity in vitro, but whether this interaction also contributes to synaptic

damage in vivo is unknown. We tested whether APP is essential for Aβ-induced synaptic

damage in vivo by assessing the levels of two synaptic proteins in BRI-Aβ42; APP mice:

synaptophysin and PSD-95. Using western blotting, we found that there was no change

in synaptic protein levels in BRI-Aβ42; APP mice, so we did not find an APP-dependent

effect on synaptic damage. Taken together, these results show that absence of APP does

not mediate amyloid-associated pathology in BRI-Aβ42; APP mice.
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INTRODUCTION

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of dementia among the aging

population and the seventh leading cause of all deaths in the United States (Alzheimer's

Association, 2010). More than 25 million worldwide are affected by AD, and by 2050,

the prevalence of AD is projected to increase to 13 million in the United States alone.

Advanced age is the most significant risk factor for AD, but there are other risk factors

including: a family history of dementia, genetic factors, and environmental factors

(Castellani et al., 2010). First described by German psychiatrist Alois Alzheimer in

1906, patients with AD experience symptoms such as progressive memory loss, decline

in cognitive function, and behavioral changes (Selkoe, 2001). AD is characterized by the

deposition of neuritic plaques, formation of neurofibrillary tangles, and loss of synapses

in particular regions of the brain. These neuropathological features distinguish AD from

other forms of common senile dementia (Sambamurti et al., 2002).

One neuropathological lesion observed in AD is the formation of neurofibrillary

tangles (NFTs) primarily in large pyramidal neurons of the cerebral neocortex (Sumpter

et al., 1986). Most of these fibers consist of bundles of paired helical filaments that

occupy the perinuclear cytoplasm (Figure 1) (KIDD, 1963; Selkoe, 2001). NFTs are

composed of fibrils approximately 10 nm in diameter and are wound into helical pairs

with a half period of about 80nm (Perl, 2010; Wisniewski et al., 1976). The primary
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Figure 1: Pathological hallmarks of Alzheimer’s disease

Photomicrograph of the temporal cortex of an Alzheimer’s disease patient with amyloid
plaques and neurofibrillary tangles (100x magnification). A modified Bielschowski stain
was used to detect neuritic plaques composed of Aβ (black arrows), and neurofibrillary
tangles composed of tau (indicated with a red arrow) (From Mount Sinai Journal of
Medicine) (Perl, 2010).
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component of NFTs is abnormally hyperphosphorylated tau protein, which normally

functions to assemble and maintain microtubule structures (Grundke-Iqbal et al., 1986).

The hyperphosphorylation of tau causes the breakdown of the microtubule network,

allowing tau to aggregate into paired helical fragments that are resistant to proteases

(Iqbal et al., 1986; Selkoe et al., 1982). Disruption of the microtubules leads to eventual

neuronal death as axonal transport is compromised and retrograde degeneration (dying

back) occurs in neurons (Iqbal and Grundke-Iqbal, 2002).

Neuritic plaques, or senile plaques, are the second major microscopic lesions of

AD and mainly found in the limbic and cerebral processes. Such plaques contain a

fibrillar amyloid core containing dystrophic-type neurites associated with degeneration of

neuronal cells (Figure 1) (Dickson, 1997). In addition, these plaques are associated with

activated microglia within the amyloid core and reactive astrocytes surrounding the

plaque (Selkoe, 2001). Amyloid deposits in senile plaques may range from small,

indistinct deposits a few microns in diameter to diffuse deposits hundreds of microns in

diameter (Dickson, 1997). The amyloid contained in the core of senile plaques contains a

high content of cross beta-pleated sheets and twisted fibrils composed of aggregated 4

kDa amyloid-β (Aβ) peptides (Dickson, 1997; Glenner and Wong, 1984). The more

common fibrillar Aβ form found in the core of the senile plaque is a 42-residue amyloid

beta peptide known as Aβ42, although co-localization by a second 40-residue Aβ40 can

also be found (Iwatsubo et al., 1994; Selkoe, 2001). Aβ40 and Aβ42 are both derived

from proteolytic cleavage of a larger amyloid precursor protein (APP) (Chow et al.,

2010).



4

Amyloid Precursor Protein (APP)

APP is a type I membrane glyco-protein composed of a large exocytoplasmic

domain, a single pass transmembrane domain, and a short cytoplasmic tail (Sambamurti

et al., 2002). APP belongs to the APP family, which includes the APP like protein 1

(APLP1) and 2 (APLP2) in mammals, APL-1 in C. elegans, and APPL in Drosophila

(Daigle and Li, 1993; Luo et al., 1990; Wasco et al., 1992; Wasco et al., 1993). The

human APP gene is located on the long arm of chromosome 21, is approximately 280 kb

in length, and contains at least 18 exons (Zheng and Koo, 2006). Alternative splicing of

exons of the APP gene results in several isoforms 365 to 770 amino acids in length. The

three major proteins encoding the Aβ peptide are 695, 751, and 770 amino acids in length

(or APP695, APP751, and APP770, respectively) (Oltersdorf et al., 1989). Although

APP751 and APP770 are structurally and functionally homologous to Kunitz-type serine

protease inhibitors (KPI), APP695 lacks the KPI domain and is mainly expressed in

neurons (Sisodia et al., 1993). The difference in expression of these alternatively spliced

isoforms in particular tissues is still poorly understood (Zheng and Koo, 2011).

Little is known about the role of APP, but several possible roles of the protein

have been hypothesized. Full-length APP has been proposed to function as a cell surface

receptor when a ligand such as an Aβ peptide binds to the APP receptor, or as a factor in

intracellular cell adhesion when APP is dimerized (Lorenzo et al., 2000; Soba et al.,

2005). The APP ectodomain may function as a component in neurite outgrowth,

synaptogenesis, axonal pruning, and degeneration (Moya et al., 1994; Nikolaev et al.,

2009; Zheng and Koo, 2011). Moreover, the APP intracellular domain has been
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implicated in regulating cell movement by binding to FE65, in inducing apoptosis

following the release of the C-terminal domain, or functioning as a receptor protein

involved in axonal transport (Bertrand et al., 2001; Gunawardena and Goldstein, 2001;

Sabo et al., 2001). Taken together, APP seems to play a large physiological role in the

nervous system although its specific function is still undetermined.

APP Processing: The Non-amyloidogenic Pathway

Following post-translational modification through the secretory pathway, APP

can undergo a variety of proteolytic cleavages by α-, β-, and γ-secretases (Figure 2, right

panel) (Zheng and Koo, 2011). In the non-amyloidogenic pathway, α-secretase

proteolytically cleaves APP within the Aβ sequence to release a large soluble APP

ectodomain derivative called sAPPα, while generating a membrane-tethered α-carboxyl-

terminal fragment 83 residues in length known as CTF83. Further cleavage of CTF83 by

γ-secretase yields a 3 kDa product known as p3, and an amino-terminal APP intracellular

domain (AICD) (Chow et al., 2010; Zheng and Koo, 2006). Since α-secretase cleaves

APP within the Aβ sequence, specifically between residues 16 (lysine) and 17 (leucine),

the generation of Aβ peptides does not occur (Sisodia, 1992).

The proteases that mediate α-secretase activity are believed to be membrane-

bound members from the disintegrin and metalloproteinase domain proteins (ADAM).

ADAM 9, 10, 17, and 19 are the most likely candidates for α-secretase activity, as
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Figure 2: Diagram of APP processing by α-, β-, and γ-secretase

The Aβ domain is indicated in red. EC – extracellular domain; TM – transmembrane
domain; IC – intracellular domain. APP can be processed via the non-amyloidogenic
pathway (right panel) by α-secretase within the Aβ sequence to produce sAPPα and
CTF83. Further cleavage of CTF83 by γ-secretase yields a 3 kDa product known as p3,
and an amino-terminal APP intracellular domain (AICD). On the other hand, APP can be
processed via the amyloidogenic pathway (left panel) by β-secretase preceding the Aβ
sequence to produce sAPPβ and CTF99. Further cleavage of CTF99 by γ-secretase
yields an intact Aβ sequence, and an amino-terminal APP intracellular domain (AICD)
(From Molecular Degeneration) (Zheng and Koo, 2006).
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downregulation or overexpression of each protein leads to decreased or increased sAPPα

production, respectively (Asai et al., 2003; De Strooper, 2010; Tanabe et al., 2007).

Overexpression of ADAM10 in the brain lowers amyloid plaque burden and appears to

improve cognitive performance in AD mouse models, thus pointing to a potential

therapeutic strategy to treat AD (Postina et al., 2004). Although it remains unclear how

ADAM10 expression can be regulated, one possibility is to upregulate ADAM10

transcription with retinoic acid derivatives (Fahrenholz et al., 2010).

Cleavage of APP by α-secretase generates sAPPα through a process called

shedding (Chow et al., 2010). Although the exact physiologic function of sAPPα is not

well understood, its actions are believed to be beneficial to neurons. sAPPα has been

shown to protect cultured neurons against oxygen-glucose deprivation and excitotoxicity,

while stabilizing membrane potentials (Furukawa et al., 1996; Mattson et al., 1993).

Another study has reported that the presence of sAPPα enhances neurite outgrowth in

young differentiating neurons, induces synaptogenesis, and promotes cell adhesion

(Gakhar-Koppole et al., 2008). sAPPα has also been shown to play a role in brain

development and encourage growth in embryonic and adult neural stem cells (Chow et

al., 2010). Taken together, sAPPα is viewed to have a neuroprotective role although the

mechanism for these actions is still unknown.

APP processing: The Amyloidogenic Pathway

The amyloidogenic pathway involves β-secretase cleavage of APP between

residues 671 and 672, which yields the NH2-terminal of the Aβ peptide (Selkoe, 2001).
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This cleavage produces a large secreted derivative known as sAPPβ as well as a

membrane-associated β-carboxyl terminal fragment known as CTF99 (Chow et al., 2010;

Seubert et al., 1993). Cleavage of CTF99 by γ-secretase results in the formation of intact,

full-length Aβ 39-43 and an AICD (Estus et al., 1992). It is believed that this pathway is

responsible for the formation of Aβ, which is at the center of AD pathogenesis.

The major enzyme responsible for β-secretase activity is a membrane-bound

aspartyl protease known as β-site APP cleaving enzyme 1 (BACE1), which is also

responsible for generating the N-terminus of Aβ (Vassar et al., 1999; Zheng and Koo,

2011). BACE1 can be found in many tissue types, but it is found primarily in the brain

and in neuronal cells. Downregulation of BACE1 in AD mouse models leads to a

corresponding decrease in Aβ production, and in a recent study, a brain-penetrant BACE1

inhibitor successfully decreased Aβ levels in the cerebrospinal fluid in monkeys

(Sankaranarayanan et al., 2009). It is also documented that increased BACE1 protein and

activity are found in the brain of AD patients, although it is unclear whether these

changes sufficiently affect Aβ production (Fukumoto et al., 2002). In AD mouse models,

knockout of the Bace1 gene significantly reduces Aβ production, amyloid plaque burden,

and AD-related symptoms (Luo et al., 2001; Ohno et al., 2004). Due to its potential

ability to lower Aβ production, downregulation of the BACE1 enzyme is an attractive

drug target for AD.

Following cleavage of APP by β-secretase, the amino-terminal fragment sAPPβ is

secreted. sAPPβ is believed to have a defined role in the pruning of axons during

development of central and peripheral neurons (Nikolaev et al., 2009). However, sAPPβ
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seems to lack the neuroprotective role and synapse-promoting activities that sAPPα

confers (Furukawa et al., 1996).

The γ-secretase complex exists as a multisubunit complex composed of presenilin

(PS) 1 or 2, nicastrin (Nct), presenilin enhancer 2 (Pen2), and anterior pharynx defective

1 (Aph-1) (Wolfe, 2008). This tetrameric complex is highly hydrophobic in nature,

contains 19 transmembrane domains, and is part of a family of intramembrane-cleaving

proteases (De Strooper, 2010). An active γ-secretase complex forms when Nct and Aph-

1 first assembles, then PS binds, and Pen2 binds last to complete the complex (Li et al.,

2009). γ-secretase is responsible for cleaving APP in its intracellular membrane region at

the γ-secretase cleavage site to generate p3 and AICD59 in the nonamyloidogenic

pathway, and Aβ 1-40/42 and AICD 57 in the amyloidogenic pathway (Chow et al.,

2010). Cleavage at the γ-sites results in the release of Aβ peptides that end with Val-40

and at Ala-42 residues, known as Aβ40 and Aβ42 (De Strooper, 2010). Aβ42 is the

slightly longer, more hydrophobic, and more fibrillar form of Aβ which allows it to

aggregate into neuritic plaques (Selkoe, 2001). Much focus has been placed on γ-

secretase inhibitors (GSI) as a drug target for AD due to their ability to disrupt the

catalytic site of γ-secretase so the levels of Aβ40 and Aβ42 decrease (De Strooper, 2010).

Another class of inhibitors, known as γ-secretase modulators (GSM), include anti-

inflammatory drugs (NSAIDs) which alters the cleavage specificity of γ-secretase so

shorter, less toxic Aβ38 peptides are produced (Eriksen et al., 2003; Weggen et al., 2003).
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Genetics of Alzheimer’s Disease

AD is typically classified according to its age of onset. Early-onset AD affects

individuals before 65 years of age while late-onset AD affects individuals over 65 years

of age. It is believed that early-onset AD is familial and inherited as an autosomal

dominant trait whereas the late-onset AD is more sporadic in origin (Rocchi et al., 2003).

Early-onset familial AD (FAD) is caused by mutations in three genes: amyloid precursor

protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2), and typically affects 10-

15% of AD patients (Alzheimer's Association, 2010; Schellenberg, 1995). On the other

hand, individuals with the ε4 allele of the apolipoprotein E (APOE) gene are more at risk

for developing sporadic, late-onset AD, which constitutes about 85-90% of all AD cases

(Alzheimer's Association, 2010; Strittmatter et al., 1993). Although different in origin,

both the familial (autosomal dominant) and sporadic forms of AD show similar or almost

indistinguishable clinical manifestations of AD (Selkoe, 2001).

About 9% of FAD cases involve APP gene mutations, which includes the

“London mutation” (valine to isoleucine substitution at codon 717), the “Swedish

mutation” (double base pair substitution of lysine and methionine with aspartic acid and

leucine at codon 670 and 671), and the “Flemish mutation” (alanine to glycine

substitution at codon 692) (Rocchi et al., 2003). These FAD mutations are located either

immediately preceding the β-secretase cleavage site, following the α-secretase site, or

close to the C-terminal to the γ-secretase cleavage site, suggesting that missense

mutations of APP leads to altered proteolytic processing at these cleavage sites (Selkoe,

2001). Cell culture studies of the Swedish mutation of APP in transfected fibroblast cell
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lines produced high levels of Aβ peptides, and studies of the 717 mutation found a two-

fold higher level of the more fibrillar form of Aβ responsible for initiating plaque

deposition (Citron et al., 1992; Suzuki et al., 1994). Mutations of the APP gene are

thought to affect APP processing, Aβ peptide formation, and AD pathogenesis although

the exact mechanism by which this occurs has yet to be elucidated.

In the early 1990s, the second AD gene locus was identified as PSEN1 (presenilin

1), which is located on the long arm of chromosome 14 (Rocchi et al., 2003; Van

Broeckhoven et al., 1992). Shortly thereafter, a gene homologous to PSEN1 was found

on chromosome 1, called PSEN2 (presenilin 2) (Levy-Lahad et al., 1995). Both PSEN1

and PSEN2 code for two homologous, multi-spanning transmembrane proteins, consist of

13 exons, and are highly conserved between species. Under physiological conditions,

both presenilin proteins form a multisubunit complex that is involved in γ-secretase

cleavage to generate Aβ fragments. Mutations in PSEN1 or PSEN2 genes account for

nearly 70% of FAD cases (Castellani et al., 2010).

Currently, there are approximately 180 known mutations in the PSEN1 gene,

(Bateman et al., 2011). Missense mutations in the PSEN1 gene are the most pathogenic

mutations, and cause the earliest and most aggressive forms of AD. Patients with PSEN1

mutations typically have an onset of symptoms between the ages of 30 to 50 and decline

in condition around the age of 60 (Selkoe, 2001). To date, no mutations have been found

to cause a frameshift mutation or protein truncation. However, two splicing defects have

been identified: a spice-site mutation in intron 8 on PS1 resulting in an in-frame deletion

of exon 9 with an amino acid substitution at codon 290, and the other a splice-site

mutation in intron 4 of PS1 resulting in three different transcriptions (Perez-Tur et al.,
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1995; Rocchi et al., 2003). The mechanism by which mutant PSEN1 causes early-onset

AD is unknown, but studies have shown that mutant PS1 transgenic mice showed a

significant overproduction of Aβ42 peptides in the brain – the main component of senile

plaques (Citron et al., 1997). These experiments suggest that mutant PS1 proteins can

alter the γ-secretase cleavage of APP so that the longer, more fibrillar Aβ42 species is

produced (Borchelt et al., 1996).

As opposed to PSEN1, mutations of PSEN2 account for only a small percentage

of FAD cases, and have a later age of onset and a slower rate of disease progression

(Bateman et al., 2011). To date, 14 missense mutations in PSEN2 have been described,

including two in exon 4, four in exon 5, two in exon 6, four in exon 7, and two in exon 12

(http://www.molgen.ua.ac.be/ADMutations/). Two mutations were documented in AD

cases involving two large pedigrees of Italian and Volga-German origin (Levy-Lahad et

al., 1995). Studies using transgenic mice overexpressing human mutant PS2 resulted in

an age-dependent increase of Aβ42 levels in the brain (Oyama et al., 1998). Like PS1

mutants, PS2 mutants seem to have similar effects on APP processing and Aβ42

secretion.

Most AD cases are sporadic in origin, with age of onset after 65 years. In

sporadic, late-onset AD cases, the apoliprotein E (APOE) gene was recognized as a major

risk factor. APOE is localized to chromosome 19q, in a region with genetic linkage to

some late-onset FAD patients (Strittmatter et al., 1993). APOE encodes an

apolipoprotein E (ApoE) protein, which is a plasma glycoprotein synthesized mainly by

the liver and by neurons and astrocytes in the brain (Siest et al., 1995). ApoE functions

in the redistribution of cholesterol during neuronal growth and after injury, regeneration
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of nerves, immunoregulation, and activation of lipolytic enzymes. (Mahley, 1988;

Mahley and Rall, 2000; Vance et al., 2000). Inheritance of one ε4 allele of APOE

(ApoE4) increases the likelihood of developing AD in the 60s and 70s two to five-fold,

and inheritance of two ε4 alleles in increases the likelihood of developing AD more than

fivefold (Selkoe, 2001). Furthermore, inheritance of ApoE4 is strongly associated with

significantly higher Aβ plaque burden than in individuals lacking the ε4 allele (Gearing et

al., 1996; Schmechel et al., 1993). It is hypothesized that ApoE4, found in senile plaques

and NFTs, interacts with other proteins that are involved in the pathogenesis of AD

including tau and Aβ, although the mechanism by which this occurs is poorly understood

(Strittmatter et al., 1993). The ε4 allele is only a risk factor, and is not necessary and

sufficient for AD. Therefore, other environmental or genetic factors may act

synergistically with the ε4 allele to cause late-onset AD (Rocchi et al., 2003).

The Amyloid Cascade Hypothesis

The amyloid cascade hypothesis was first proposed in the 1990s, and has become

the best defined and most studied framework to explain AD pathogenesis. According to

this hypothesis, increased production of Aβ peptides, whether by missense mutations in

APP, PSEN1, or PSEN2, leads to accumulation and aggregation of hydrophobic Aβ

species (Hardy and Selkoe, 2002). The subsequent formation of amyloid plaques triggers

a cascade of deleterious events: microglial and astrocytic activation, progressive synaptic

injury, altered neuronal ionic homeostasis, oxidative injury, and the formation of

neurofibrillary tangles due to altered kinase or phosphatase activities (Pimplikar, 2009).
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These events result in neuritic injury, synaptic dysfunction, and widespread cell death in

the brain, all of which can cause neurodegeneration, cognitive impairment, and AD

(Golde et al., 2006).

In the past, it was believed that the deposition of insoluble plaques were the main

pathogenic species, however recent studies suggest that this may not be the case. First,

the amount of amyloid plaques in the brain does not correlate with the degree of dementia

in humans, and many patients with AD with impaired memory do not show any plaques

in the brain (Terry et al., 1991). Second, the presence of robust plaque load have been

discovered in cognitively normal people, indicating that amyloid plaques may not be the

main culprit to cognitive decline seen in many AD patients (Pimplikar, 2009; Villemagne

et al., 2008). Third, many AD mouse models that overexpress FAD mutant APP show

memory deficits prior to the detection of plaque pathology, thus showing that there may

be other components aside from amyloid plaques that can cause memory impairment

(Pimplikar, 2009). The amyloid cascade hypothesis remains controversial, and the role

of Aβ plaques in AD pathogenesis is more limited than previously thought. A modified

view of this hypothesis might take into account the possibility that several other Aβ

assemblies, aside from just Aβ deposits, might contribute to AD pathogenesis (Golde et

al., 2006).

One of these assemblies, soluble Aβ oligomers, has been receiving increasing

greater attention as being the toxic, disease-causing agent rather than the fibrillar Aβ

forms (Pimplikar, 2009). Soluble Aβ oligomers are defined as Aβ assemblies that are not

pelleted from physiological fluids following high-speed centrifugation, but remain

soluble in solution (Sakono and Zako, 2010). Aβ oligomers have been isolated from
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culture medium and brain extracts of AD patients, and although it is unclear how Aβ

oligomers form in vivo, synthetic Aβ oligomers have been formed using in vitro

approaches (Shankar et al., 2008; Teplow et al., 2006; Walsh et al., 2005). Soluble Aβ

oligomers have been shown to affect synaptic function, including the inhibition of long-

term potentiation and the reduction of dendritic spine density (Shankar et al., 2007;

Walsh et al., 2002). An alternative view of the amyloid cascade hypothesis involves a

shift of view from the insoluble amyloid plaques to soluble Aβ oligomers as the causative

agent of AD.

Amyloid β-Mediated Neurotoxicity

Several researchers have demonstrated that Aβ42 is the key pathogenic species in

AD (Richter et al., 2010). Aβ42 is fibrillar in form and aggregates more readily than

Aβ40, is consistently more abundant than Aβ40 in plasma of AD patients, and causes a

significant loss of synapses in cultured hippocampal cells (Jarrett et al., 1993; Kuo et al.,

1999; Lorenzo and Yankner, 1994). Normally, Aβ42 peptides are proteolytically

degraded by neprilysin within a short period of time (Shirotani et al., 2001). However,

upregulation of Aβ42 secretion, whether from decreased clearance mechanisms or from

FAD gene mutations, leads to an increased retainment of Aβ42 peptides (Selkoe, 2001).

It is hypothesized that this accumulation of Aβ42 can cause neuronal death.

Many pathways by which Aβ mediates neuronal toxicity have been investigated

but no clear consensus has emerged. These neurotoxic mechanisms include: the

formation of amyloid channels, destabilization of neuronal calcium homeostasis,
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oxidative damage by reactive oxygen species, and the activation of apoptotic cell death

pathways (Bhatia et al., 2000; Hensley et al., 1994; LaFerla, 2002; Yang et al., 2009).

These intracellular events can explain how Aβ can damage synapses and kill neurons in

vivo and thus contribute to the pathology seen in AD.

Fragments of Aβ, such as Aβ42, have been shown to form slightly cation-

selective, voltage-independent ion channels in bilayer membranes which can be blocked

by the addition of zinc (Hirakura et al., 1999). Using an in vitro system, Arispe et al.

observed the formation of cation-selective “amyloid channels” as a direct result of the

incorporation of Aβ40 into artificial lipid bilayer membranes (Arispe et al., 1993). These

channels allow large concentrations of calcium ions to continuously flow through, which

can be blocked in a dose-dependent manner by the binding of zinc to Aβ40 (Arispe et al.,

1996). These results support the “amyloid channel hypothesis” which suggests that the

direct incorporation of Aβ peptides into membranes causes the formation of amyloid

channels. The subsequent, unregulated influx of calcium ions through these channels can

cause calcium dyshomeostasis, which may be the primary event in Aβ neurotoxicity

(Kawahara et al., 2009).

The calcium hypothesis was first proposed by Khachaturian, and states that

sustained disturbances in calcium homeostasis can lead to changes in neuronal function

and AD pathology (Khachaturian, 1989). Calcium plays a large role in neuronal function

and elaborate mechanisms are used to maintain calcium homeostasis within the cell.

Intracellular stores of calcium reside in the lumen of the endoplasmic reticulum (ER), and

its release is mediated by calcium channels and tyrosine-kinase-coupled receptors

(Berridge et al., 2000; LaFerla, 2002; Yang et al., 2002). The regulation of calcium entry
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into neurons is controlled by ligand-gated channels, voltage-dependent calcium channels,

and store-operated calcium channels (LaFerla, 2002). Aβ-containing fragments

destabilize neuronal calcium homeostasis by increasing the concentration of cytosolic

calcium, presumably by the formation of a cation-selective amyloid channel (Kagan et

al., 2002; Mattson et al., 1992). Altered calcium dynamics can cause free radical

generation, cytoskeletal disruptions, enzyme activity alterations, and apoptosis activation

(LaFerla, 2002; Mattson et al., 1991; Mattson, 1994; Mattson, 1995). The continuous

flow of extracellular calcium into the cell can be extremely dangerous to neurons due to

their inability to maintain ionic gradients and membrane potentials. Such dysfunctions

can directly influence synaptic impairment and neurodegeneration.

Another event that can play a key role in Aβ-mediated neurotoxicity is oxidative

stress which is caused by an imbalance of oxidant molecules and antioxidant enzymes.

Oxidative stress can cause progressive damage to the brain due to the high content of

peroxidizable unsaturated fatty acids, high levels of oxygen consumption, and low

content of anti-oxidant enzymes compared to other organs (Nunomura et al., 2006).

Oxidants include reactive nitrogen species (RNS) and reactive oxygen species (ROS)

such as superoxide radical anion (O2·ˉ), hydrogen peroxide (H2O2), and hydroxyl radical

(·OH) (Sultana and Butterfield, 2010). As compared to age-matched controls, AD brains

have increased levels of oxidative stress markers which may be caused by an increase in

ROS, RNS, and free radical propagation, or by a decrease in endogenous antioxidant

capacity (Halliwell, 2006). Increased levels of oxidants can cause physiological damage

and loss of function in proteins, lipids, carbohydrates, DNA and RNA (Sultana and

Butterfield, 2010). A proposed mechanism of Aβ42-mediated neurotoxicity involves the
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generation of H2O2 by radicalization of Aβ42 in the presence of copper (II) (Irie et al.,

2007). Both Tyr-10 and Met-35 residues of Aβ are important in the generation of

radicals due to their contribution to the biochemical structure of Aβ42 (Murakami et al.,

2005).The production of oxidants like H2O2 can contribute to reduced dendritic length,

impaired axonal transport mechanisms, and loss of structural neuronal integrity in

patients with AD (Spires et al., 2005; Sultana and Butterfield, 2010). However, nutrients

and agents known to inhibit free radical formation (such as Vitamin C and E, anti-

inflammatory drugs, and red wine) have been known to reduce the incidence of AD as a

result of their antioxidant properties (Nunomura et al., 2006). In order to slow the

Alzheimer’s disease process, antioxidant strategies can be used to enhance the

endogenous antioxidant defense system and to reduce oxidative damage to essential

tissues.

Aβ and APP-Mediated Neurotoxicity

Another potential model of Aβ-mediated neurodegeneration involves an APP-

dependent interaction such that the binding of Aβ to APP membrane receptors activates

an apoptotic cell death pathway (Lorenzo et al., 2000; Lu et al., 2003). Some evidence

suggests that APP can modulate Aβ-mediated neurotoxicity: in vitro studies using

cultured neurons from APP knock-out mice showed reduced vulnerability to Aβ toxicity

(Lorenzo et al., 2000). This mechanism of neurotoxicity involves the interaction of Aβ

with the cognate Aβ domain of APP (APP 597-624 numbering) at the cell surface,

leading to APP homo-oligomerization and recruitment of caspase-8 to this complex (Lu
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et al., 2003; Shaked et al., 2006). Once caspase-8 has been recruited, the apoptotic cell

death program is initiated and APP, a substrate for caspase cleavage, is cleaved within the

cytoplasmic domain after the aspartate residue at amino acid position 664 (Lu et al.,

2003). This caspase cleavage event produces a potentially cytotoxic C-terminal APP

peptide 31 amino acids in length, known as C31 (Galvan et al., 2002; Lu et al., 2000).

Within the C31 peptide is an intact GYENPTY amino acid motif that is critical for Aβ-

induced cell death, however it is not required for APP dimerization or cleavage (Shaked

et al., 2006). The mechanism of Aβ-mediated APP multimerization and activation of cell

death is similar to other known physiological pathways such as the Fas ligand (FasL)-

induced cell death pathway (Shaked et al., 2006). Hence, the interaction of Aβ42 and

APP may be an underlying mechanism that modulates neuronal injury and cell death.

Much of what we know about Aβ and APP-mediated neurotoxicity have been tested

using in vitro systems, but in vivo studies testing this mechanism have yet to be

completed.

Aβ-Induced Synaptic Damage

As stated previously, increasing evidence suggests that it is the soluble,

oligomeric Aβ peptides that induce synaptic dysfunction in AD rather than the highly

aggregated and fibrillar forms of Aβ. In theory, the nucleation of Aβ initiates oligomer

assembly, which leads to protofibril formation, protofibril aggregation, and finally

amyloid fibril deposition (Golde et al., 2006). The production of various distinct Aβ

oligomers may arise from different pathways (Glabe, 2008). Naturally secreted Aβ
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oligomers have been shown to inhibit the maintenance of hippocampal long-term

potentiation and decrease dendritic spine density (Shankar et al., 2007; Walsh et al.,

2002). Cell-derived Aβ oligomers interfere with the memory of a learned behavior in rats

and induce neuronal death in primary hippocampal neurons (Cleary et al., 2005; Yang et

al., 2009). The synaptic disruption caused by neurotoxic Aβ oligomers can provide a

molecular basis behind the loss of memory function in AD.

One particular class of soluble oligomeric Aβ species is known as “amyloid-β

derived diffusible ligands” (ADDLs) (De Strooper, 2010). ADDLs are soluble, non-

fibrillar, and ligand-like Aβ oligomers shown to form in vitro by the aggregation of 12

monomeric Aβ42 peptides (Bitan et al., 2003; Catalano et al., 2006; Teplow et al., 2006).

ADDLs have been isolated from cultured cells as stable dimers, trimers, and multimers,

and from transgenic mice brains as a 56-kDa oligomer (Lesne et al., 2006; Podlisny et al.,

1998). Additionally, ADDL oligomeric assemblies have been detected in post-mortem

brains of AD patients (Gong et al., 2003). Some believe that these Aβ complexes are the

causative agents of AD (Catalano et al., 2006).

According to the ADDL model, overproduction and decreased clearance of Aβ42

leads to oligomerization and ADDL formation. High affinity binding of ADDLs to

neuronal receptors causes ADDL induced synaptic dysfunction, synaptic plasticity

disruption, and memory impairment (Catalano et al., 2006). Studies using co-localization

experiments have shown that 93% of all ADDL binding co-localizes with PSD-95, a

post-synaptic density protein, and immunoelectron microscopy has show that ADDLs

localize to neuronal cell processes and synaptic vesicles in human APP transgenic mice

and AD patients (Kokubo et al., 2005a; Kokubo et al., 2005b; Takahashi et al., 2004).
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Furthermore, ADDL binding to N-methyl-D-aspartate (NMDA)-type glutamate receptor

(NMDAR) has been shown to cause calcium dyshomeostasis, which leads to increased

reactive oxygen species formation and progressive synaptic loss (De Felice et al., 2007;

Shankar et al., 2007).These compelling studies suggest that direct ADDL binding to

synaptic receptors may cause the functional deficits and cognitive impairment observed

in AD patients.

A potential therapeutic strategy for AD focuses on reducing or preventing Aβ

oligomer and ADDL formation to hopefully mitigate the progression of the disease.

These approaches include the use of Aβ anti-aggregation molecules to inhibit oligomer

formation, ADDL receptor antagonists to prevent receptor-mediated toxicity, and

immunotherapy using anti-Aβ antibodies to neutralize soluble oligomer forms (Catalano

et al., 2006). Such treatments could hopefully improve cognitive function and reduce

neuronal toxicity in AD patients by eliminating ADDLs in the central nervous system.

Specific Aims

First, we will characterize Aβ-associated pathology in young (3-6 month) and old-

age (12-15 month) BRI-Aβ42; APP mice.  A previous group has shown that BRI-Aβ42

mice over-expressing human Aβ42 develop diffuse and compact amyloid deposits after

six months of age (McGowan et al., 2005), although whether this process is attenuated in

mice deficient in APP is unknown.  Thioflavin S staining will be used to detect compact,

fibrillar forms of Aβ, while Aβ immunostaining will be used to detect all forms of Aβ.
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Finally, an Aβ ELISA will also be used to measure the levels soluble and insoluble forms

of Aβ42 produced by BRI-Aβ42; APP mice.

Second, we will test whether APP is essential for Aβ-induced synaptic damage in

vivo.  Aβ42 is believed to be the key pathogenic species in AD, however recent evidence

suggests soluble oligomeric Aβ peptides, rather than the highly aggregated and fibrillar

forms of Aβ, are more pathologically relevant. Numerous studies have shown that

secreted human Aβ can cause alterations of synaptic function, including: dendritic spine

length reduction, long-term potentiation (LTP) inhibition, and cognitive disruption.

However, the mechanism of Aβ-induced synaptic damage remains unknown.

Furthermore, studies with cortical neurons cultured from APP deficient mice have shown

resistance to Aβ toxicity (Lorenzo et al., 2000), which points to an APP-dependent

component of Aβ-induced cell death. These in vitro studies assessed neuronal death as an

endpoint and whether this proposed pathway is relevant to in vivo synaptic damage has

not been tested.  We will test whether APP is essential for Aβ-induced synaptic damage

in vivo in BRI-Aβ42; APP mice by assessing the levels of two synaptic proteins via

western blotting: synaptophysin, a pre-synaptic protein, and PSD-95, a post-synaptic

protein.  We will also examine if there is an age-dependent role in synaptic dysfunction

by comparing the synaptic protein levels of BRI-Aβ42; APP mice at 3-6 months versus

12-15 months of age. Taken together, these results will allow us to test and evaluate the

APP-dependent pathway of amyloid-associated pathology and Aβ-induced synaptic

damage in vivo, which can yield new insights on the pathogenesis of AD.
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MATERIALS AND METHODS

Animals

BRI-Abeta42; APP mice were generated by crossing BRI-Abeta42 with APP

knockout (APP-/-) mice. The BRI-Abeta42 transgenic mouse line was obtained from Dr.

Todd Golde (Mayo Clinic College of Medicine, Jacksonville, FL) and maintained on a

B6C3F1 background. BRI-Aβ42 transgenic mice express fusion proteins between the

BRI protein, involved in familial British dementia and familial Danish dementia, and the

Aβ1-42 peptide, altogether driven by the mouse prion promoter (MoPrP) (Figure 4)

(Lewis et al., 2001; McGowan et al., 2005; Vidal et al., 1999; Vidal et al., 2000).

Proteolytic cleavage of the BRI-Abeta42 protein at the furin cleavage site results in the

effective secretion of Aβ42 into the lumen or extracellular space. BRI-Aβ42 mice

accumulate detergent-insoluble Aβ42, compact amyloid deposits, and diffuse Aβ deposits

with age (McGowan et al., 2005). APP deficient mice were kindly provided by Dr. Hui

Zheng (Zheng et al., 1995) and have been backcrossed to C57BL/6 for more than 10

generations. These were kept as heterozygous (APP+/-) or homozygous (APP-/-)

background. APP deficient mice are known to express abnormal neuronal or muscular

function, reactive astrocytosis, and decreased body weight (Zheng et al., 1995).
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Figure 3: Diagram of the BRI-Aβ42 fusion construct

BRI-Aβ42 transgenic mice express fusion proteins between the BRI protein and the Aβ42
peptide such that proteolytic cleavage of the BRI-Aβ42 protein at the furin cleavage site
results in the effective secretion of Aβ42 into the lumen or extracellular space (From
Neuron) (McGowan et al., 2005).
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To obtain the target genotypes, BRI-Aβ42+/- breeders were crossed to APP

knockouts to generate BRI-Aβ42+/-; APP+/- mice. These mice were then crossed to

APP+/- breeders to generate the six desired genotypes: BRI-Aβ42; APP+/+, BRI-Aβ42;

APP+/-, BRI-Aβ42; APP-/-, APP+/+, APP+/-, and APP-/-. For each genotype, animals

were aged and placed into two age groups: 3-6 months and 12 months. All of these

studies were approved by the Institutional Animal Care and Use Committee at UCSD

under National Institutes of Health Guidelines.

Genotyping

Genomic DNA Extraction

DNA extracted from mouse tails were digested overnight in a lysis buffer

containing 100 mM Tris HCl, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, and 60 μg of

proteinase K. Following centrifugation at 13,000 RPM for 15 minutes, the DNA in the

supernatant was isolated from the pellet of cellular debris, precipitated with isopropanol,

collected with a pipette tip, and re-suspended in de-ionized water.

Polymerase Chain Reaction (PCR)

To prepare for the BRI-Abeta42 PCR reaction, 1 μl of re-suspended DNA was

mixed with 19 μl of 10X PCR buffer, 25 mM MgCl2, 10 mM dNTP, Taq DNA

polymerase, 20 μM Aβ42 forward primer (5’-AAG GCT GGA ACC TAT TTG CC-3’),

20 μM Aβ42 reverse primer (5’-TAG TGG ATC CCT ACG CTA TG-3’), 20 μM internal

positive control forward primer (5’-CAA ATG TTG CTT GTC TGG TG-3’), 20 μM
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internal positive control reverse primer (5’-GTC AGT CGA GTG CAC AGT TT-3’), and

water. The BRI-Abeta42 PCR reaction consisted of a 94°C step for 3 minutes, followed

by 35 cycles of 94°C for 10 seconds, 59°C for 15 seconds, and 72°C for 30 seconds, and

a final 72°C step for 2 minutes.

To prepare for the APP PCR reaction, 1 μl of re-suspended DNA was mixed with

19 μl of 10X Taq DNA polymerase buffer, 25 mM MgCl2, 10 mM dNTP, Taq

polymerase, 10 μM APP wild-type forward primer (5’-CTG CTG CAG GTG GCT CTG

CA-3’), 10 μM APP wild-type reverse primer (5’CAG CTC TAT ACA AGC AAA

CAA-3’), 10 μM neo reverse primer (5’CCC ATT GCT CAG CGG TGC TGT CCA T-

3’), and water. The APP PCR reaction consisted of a 94°C step for 4 minutes, followed

by 30 cycles of 94°C for 30 seconds, 60°C for 30 seconds, and 68°C for 60 seconds, and

a final 72°C step for 2 minutes.

Perfusion and Tissue Collection

Mice that reached their target age groups (3-6 months or 12 months) were

anesthetized with isoflurane and transcardially perfused with 120 ml of ice-cold 1X

phosphate buffered saline (PBS). Following the extraction of the brain, the olfactory

cortex and cerebellum were removed and the brain was bisected sagittally. One

hemisphere was frozen at -80°C, and the other hemisphere was fixed in freshly prepared

4% paraformaldehyde for 48 hours in 4°C before being transferred into 30% sucrose in

PBS for cryoprotection. Once ready for histology, the brain was taken out of sucrose,

mounted on a metal platform, sectioned with a vibratome (Leica VT 1000S) at 50 μm,



27

and collected serially on a 24-well plate with PBS. These sections were kept at 4°C in

PBS until ready for further analysis.

Histology

Thioflavin S Staining

Thioflavin S staining was performed on four sections per mouse; sections were

collected from the rostral to caudal areas of the hippocampus for each brain. Sections

were mounted onto SuperFrost glass slides (Fisher Scientific) and air-dried overnight.

The next day, sections were rinsed twice in PBS for 5 minutes, immersed in 0.25%

KMnO4 for 10 minutes, rinsed three times in PBS for 5 minutes, bleached in 2% K2O5S2

and 1% oxalic acid for 5 minutes, and rinsed in water for 10 minutes. Sections were

incubated in 0.015% Thioflavin S (Sigma) in 50% ethanol for 10 minutes, washed in 50%

ethanol twice for 5 minutes, washed in water twice for 5 minutes, air-dried, and

coverslipped with ProLong Gold Anti-fade Reagent (Invitrogen).

Aβ Immunostaining

Aβ immunostaining was performed on four sections per mouse; sections were

collected approximately adjacent to the sections used for Thioflavin S staining. Free-

floating sections were placed into separate well on a 24-well plate and washed twice in

Tris-Buffered Saline (TBS) for 5 minutes, treated with 88% formic acid for 5 minutes,

then washed twice in TBS for 2 minutes. Endogenous peroxidase activity was quenched

for all sections using 10% hydrogen peroxide and 8% methanol in TBS for one hour, and
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then washed once in TBS for 5 minutes. Next, tissues were permeabilized for 15 minutes

in TBS with 0.1% Triton-X 100 (TBS-T) then incubated for 30 minutes in TBS-T with

2% bovine serum albumin (BSA). Finally, sections were incubated overnight at room

temperature with biotinylated 6E10 (0.2 μg/ml, Convance), a monoclonal mouse antibody

that recognizes amino acid residues 1-16 of human Aβ.

The next day, the sections were rinsed twice in TBS-T for 10 minutes and washed

in TBS-T with 2% BSA for 15 minutes. Avidin-Biotinylated enzyme Complex (ABC)

(Vectastain Elite kit from Vector Laboratories) was prepared 30 minutes in advance, and

then added to sections for one hour. Following three washes in TBS for 5 minutes, Aβ-

immunoreactive deposits were detected using diaminobenzidine and hydrogen peroxide

as chromagenic substrates (Vector Laboratories). After washing in milliQ water, the six

sections from each animal were mounted onto individual glass slides and dried overnight.

Next, the slides were dehydrated by 3-minute washes in 50% ethanol, 75% ethanol, 95%

ethanol, 100% ethanol, and xylene before being coverslipped with DePex media

(Electron Microscopy Sciences).

Image Analysis

All sections were analyzed by light and fluorescence microscopy using an

Olympus DSU spinning disk confocal microscope. Images of each hippocampal section

stained with Thioflavin S were obtained at 4x magnification with Slidebook software

(Intelligent Imaging Innovations, Inc.) and manually tiled together using ImagePro

(Media Cybernetics, Inc). Images of each hippocampal section stained with biotinylated

6E10 were obtained with ImagePro at 4x using live tiling. Following capture, each image
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was converted to grayscale for quantification. The area of interest was manually outlined

for each hippocampal region, and the threshold for each image was set with reference to a

histogram displaying the intensity difference. Both the Aβ plaque burden from

Thioflavin S staining and Aβ immunostaining was quantified as a percent of total

hippocampal area stained, meanwhile excluding background blood vessel staining or

other artifacts. Four stained sections were analyzed per mouse, and then averaged

together to calculate group means and standard errors per genotype and age group.

Differences between BRI-Aβ42; APP genotypes were analyzed using one-way analysis

of variance (ANOVA) followed by Turkey post-hoc test, and differences between 3-6

and 12-15 month age groups were analyzed using an unpaired t-test with Welsh

correction.

Mouse Brain Extraction

CHAPSO Extraction

1ml of ice-cold 1% CHAPSO with 25x protease inhibitor (Roche Complete

Protease Inhibitor Tablets) was added to each brain in a thick polycarbonate centrifuge

tube (Beckman 359622) then homogenized using a dounce homogenizer three times over

ice for 40 strokes each. Homogenates were incubated for 30 minutes at 4°C with gentle

agitation before centrifugation at 46,000 RPM in a TLA-100.3 rotor (Beckman), at 4°C

for one hour. The supernatant for each brain sample was collected, aliquoted into clean

microfuge tubes, and stored at -80°C for further biochemical analysis. The CHAPSO-

insoluble pellet for each brain sample was immediately used for formic acid extraction.
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Formic Acid Extraction

1 ml of freshly-made, ice-cold 70% formic acid was added to each CHAPSO-

insoluble pellet before three 40-stroke homogenizations were completed over ice. The

samples were centrifuged at 46,000 RPM at 4°C for one hour, and the clear supernatant

between the lipid layer and pellet was collected. Nine volumes of 2M Tris Base (pH

11.2) was added to each supernatant sample and neutralized to a pH of 8. Following

centrifugation at 3,000 RPM at 4°C for 5 minutes, the resulting supernatant was

collected, aliquoted, and stored at -80°C for future biochemical analysis.

Aβ42 ELISA

Aβ42 levels were determined using a sandwich enzyme-linked immunosorbent

assay (ELISA) from duplicated samples for both CHAPSO and formic acid brain

extractions. One day one, each well on an ELISA plate (Immulon 4HBX) was coated

with 100 μl of MM26-2.1.3 (antibody specific to Aβ42; kindly provided by Dr. Todd

Golde) at 50 μg/ml in PBS and the plate was kept overnight at 4°C. On day two, the

Aβ42 antibodies were removed, and 200 μl of 1% Blockase (Serotec Ltd.) was added to

each well prior to another overnight incubation at 4°C. On day three, the ELISA plate

were washed three times with 200 μl of PBS, and 100 μl of CHAPSO extraction sample

(diluted 1:2.5, 1:1.75, or 1:2), formic acid extraction sample (diluted 1:40), or peptide

standards were added to each well and the plate was kept overnight at 4°C. On day four,

the plate was washed three times with 200 μl of PBS, and 100 μl of horseradish

peroxidase-conjugated 6E10 secondary antibody at 1 μg/ml (Covance) was added to each
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well and incubated at room temperature for four hours. Next, the secondary antibody was

discarded, the wells were washed three times with 200μl of PBS-Tween 20 (0.5%), and

100 μl of pre-warmed TMB developing solution was added to each well. After the

standards had developed, 100 μl of 2M H2SO4 in PBS was added to stop the

development. Finally, the ELISA plate was read at λ450nm, and Aβ42 values

corresponding to the CHAPSO and formic acid brain extraction samples were normalized

to the peptide standards and analyzed as concentration per weight of brain tissue.

Differences between BRI-Aβ42; APP genotypes were analyzed using one-way analysis

of variance (ANOVA) followed by Turkey post-hoc test, and differences between 3-6

and 12-15 month age groups were analyzed using an unpaired t-test with Welsh

correction.

Western Blot Analysis

To detect the levels of synaptophysin and PSD-95, 40μg of CHAPSO extracts

were fractionated on an 8% polyacrylamide Bis-Tris gel using MOPS SDS running buffer

and transferred onto a 0.45 μm nitrocellulose membrane at 400 mA for 1.5 hours.

Membranes were blocked for one hour with 5% non-fat milk in TBS-0.05% Tween 20

(TBS-T), washed three times with TBS-T for 15 minutes, and probed with an anti-

synaptophysin (SY38) mouse monoclonal antibody at a 2.6 pg/ml (Dako) and an anti-

PSD-95 (DLG4) rabbit monoclonal antibody at a 1:750 dilution (Epitomics) overnight.

The following day, membranes were rinsed three times in TBS-T for 15 minutes.

Synaptophysin primary antibody was detected with horseradish peroxidase conjugated
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goat anti-mouse IgG at 1:10,000, and PSD-95 primary antibody was detected with

horseradish peroxidase conjugated goat anti-rabbit IgG at 1:5,000 for one hour.

Following three 15-minute washes with TBS-T, bound synaptophysin and PSD-95 was

visualized with chemiluminescence and developed on autoradiography film (Genesse

Scientific). The films were scanned using an Epson scanner, and optical densities of the

bands were analyzed using Image J software. During this process, each band was

normalized to tubulin, then normalized to APP+/+ wild-type mouse and expressed as a

ratio. Differences between BRI-Aβ42; APP and APP genotypes in young and old age

animals were analyzed by one-way ANOVA.
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RESULTS

BRI-Aβ42; APP mice develop compact Thioflavin S-positive amyloid deposits

Our first goal was to test if BRI-Aβ42 mice, with and without endogenous APP,

develop compact amyloid cores by using Thioflavin S staining. Binding of Thioflavin S

dye to the β-sheets of highly aggregated, fibrillar Aβ causes the dye to undergo a 120nm

red shift of its excitation spectrum, resulting in a fluorescent signal at 482nm (Sun et al.,

2002). BRI-Aβ42; APP mice 3-6 months of age did not show any significant level of

aggregated Aβ compared to wild-type controls (p > 0.05) (Figure 4 and 5), but 12-15

month BRI-Aβ42; APP+/+,  BRI-Aβ42; APP+/-, and BRI-Aβ42; APP-/- did (Figures 6

and 7). Dense amyloid cores were mostly observed along the molecular layer and CA3

region along the hippocampus. Although fibrillar Aβ42 was observed in 12-15 month

old BRI-Aβ42; APP mice, there was no significant difference found when compared

between BRI-Aβ42; APP genotypes (p > 0.05). No compact amyloid deposits were

observed in wild-type or APP mice up to 15 months of age. Once we confirmed that

absence of APP did not affect the ability to develop compact amyloid deposits, we next

asked if BRI-Aβ42; APP mice developed all forms of Aβ in the hippocampus by

immunostaining with an anti-Aβ antibody.
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Figure 4: Thioflavin S staining in 3-6 month BRI-Aβ42; APP mice

Representative photomicrographs of Thioflavin S stained hippocampi in 3-6 month BRI-
Aβ42; APP+/+, BRI-Aβ42; APP+/-, and BRI-Aβ42; APP-/- mice.  Four sections of the
hippocampus were stained and quantified.  No significant fibrillar amyloid deposits were
found.  Boxed region includes a magnified image of a compact plaque.  Magnification:
40x.  Scale bar: 350μm.
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Figure 5: Aβ immunostaining and Thioflavin S staining in 3-6 month mice

Aβ deposits in 3-6 month BRI-Aβ42; APP and APP mice were detected with 6E10
antibody, and quantified by % area of positive staining ± SEM.  Fibrillar amyloid
deposits in 3-6 month BRI-Aβ42; APP and APP mice were detected using Thioflavin S
staining, and quantified by % area ± SEM.  No significant staining was observed in any
animals from both experiments.  Sample sizes for each genotype are indicated in the
figure.
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Figure 6: Thioflavin S staining in 12-15 month BRI-Aβ42; APP mice

Representative photomicrographs of Thioflavin S stained hippocampi in 12-15 month
BRI-Aβ42; APP+/+, BRI-Aβ42; APP+/-, and BRI-Aβ42; APP-/- mice.  Four sections of
the hippocampus were stained and quantified.  Fibrillar amyloid deposits were found in
all three genotypes.  Magnification: 40x.  Scale bar: 350μm.
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Figure 7: Aβ immunostaining and Thioflavin S staining in 12-15 month mice

Aβ deposits in 12-15 month BRI-Aβ42; APP and APP mice were detected with 6E10
antibody, and quantified by % area of positive staining ± SEM.  Fibrillar amyloid
deposits in 12-15 BRI-Aβ42; APP and APP mice were detected using Thioflavin S
staining, and quantified by % area ± SEM.  Positive staining was observed in BRI-Aβ42;
APP mice from both experiments, however no significant difference was seen between
BRI-Aβ42; APP genotypes (p > 0.05).  Sample sizes for each genotype are indicated in
the figure.
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BRI-Aβ42; APP mice develop hippocampal amyloid pathology

A previous study of BRI-Aβ42 mice demonstrated that these mice developed

compact and diffuse amyloid deposits with age (McGowan et al., 2005). However, we

wanted to ascertain whether amyloid deposition could occur in BRI-Aβ42 mice in the

absence of APP. Immunostaining with 6E10, a mouse monoclonal antibody specific to

residues 1-16 of human Aβ, reveals the presence of total Aβ isoforms present in the

hippocampus. In the 3-6 month age group, no significant amyloid staining was observed

in any of the three BRI-Aβ42; APP genotypes as compared to wild-type, even though

miniscule amounts of cored plaques could be observed in the oriens layer of the

hippocampus (p > 0.05) (Figure 7 and 9). However, there were modest levels of amyloid

burden in 12-15 month old BRI-Aβ42; APP+/+, BRI-Aβ42; APP+/-, and BRI-Aβ42;

APP-/- mice (Figure 7 and 9). Both diffuse and compact amyloid cores were observed in

12-15 month BRI-Aβ42; APP mice, and these plaques were present along the CA3 and

molecular layer of the hippocampus. When compared across all three BRI-Aβ42; APP

genotypes, there was no significant difference in amyloid plaque levels in 12-15 month

mice (p > 0.05). As expected, hippocampal sections from wild-type and APP mice

revealed no amyloid deposition up to 15 months of age. Since significant levels of

amyloid pathology were observed in BRI-Aβ42; APP mice, our next aim was to directly

quantify the levels of soluble and insoluble Aβ42.
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Figure 8: Aβ plaque staining in 3-6 month BRI-Aβ42; APP mice

Representative photomicrographs of 6E10 anti-Aβ stained hippocampi in 3-6 month BRI-
Aβ42; APP+/+, BRI-Aβ42; APP+/-, and BRI-Aβ42; APP-/- mice.  Four sections of the
hippocampus were stained and quantified.  No significant amyloid staining found.  Boxed
region includes a magnified image of an amyloid plaque.  Magnification: 40x.  Scale bar:
350μm.
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Figure 9: Aβ plaque staining in 12-15 month BRI-Aβ42; APP mice

Representative photomicrographs of 6E10 anti-Aβ stained hippocampi in 12-15
monthBRI-Aβ42; APP+/+, BRI-Aβ42; APP+/-, and BRI-Aβ42; APP-/- mice.  Four
sections of the hippocampus were stained and quantified.  Amyloid staining was present
in all three genotypes.  Magnification: 40x.  Scale bar: 350μm.
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BRI-Aβ42; APP mice accumulate detergent-soluble Aβ

To determine the levels of soluble Aβ42 in 3-6 month and 12-15 month BRI-

Aβ42; APP+/+, BRI-Aβ42; APP+/-, BRI-Aβ42; APP-/- mice, an Aβ42 sandwich ELISA

was used on CHAPSO hemibrain homogenates (Figure 10 and 11). Modest levels of

CHAPSO-soluble Aβ42 levels in 3-6 month old BRI-Aβ42; APP+/+, BRI-Aβ42; APP+/-,

and BRI-Aβ42; APP-/- hemibrains were detected (Figure 10). However, wild-type and

APP mice in the same age group did not show any appreciable level of soluble Aβ42 (p >

0.05). When compared across all three BRI-Aβ42; APP genotypes, there was no

significant difference in soluble Aβ42 levels between BRI-Aβ42; APP mice 3-6 months

of age (p > 0.05).

12-15 month old BRI-Aβ42; APP+/+, BRI-Aβ42; APP+/-, and BRI-Aβ42;

APP-/- displayed similar significant levels of soluble Aβ42 in the hemibrains (Figure 10).

There was no change in soluble Aβ42 levels when compared across all three BRI-Aβ42;

APP genotypes 12-15 months of age (p > 0.05). As expected, 12-15 month old wild-type

and APP mice did not show any soluble Aβ42 levels.

BRI-Aβ42; APP mice accumulate detergent-insoluble Aβ

All three BRI-Aβ42; APP genotypes showed an increase of formic acid

extractable, insoluble Aβ42 levels from 3-6 months to 12-15 months of age (p < 0.05)

(Figure 11).   In the younger age group, BRI-Aβ42; APP+/+, BRI-Aβ42; APP+/-, and

BRI-Aβ42; APP-/- displayed modest levels of insoluble Aβ42 from hemibrains.
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Figure 10: ELISA detection of Aβ42 levels from CHAPSO extractions

CHASPO-soluble Aβ42 levels in BRI-Aβ42; APP and APP mice were analyzed by
sandwich ELISA.  All samples were run in duplicate.  Mean results were calculated in
account of the dilution factor and weight of starting hemibrain material.  Soluble Aβ42
was present in 3-6 month and 12-15 month BRI-Aβ42; APP mice, however there was no
difference between any of the three BRI-Aβ42; APP genotypes (p > 0.05).  No soluble
Aβ42 was detected in APP mice.  Sample sizes for each genotype are indicated in the
figure.
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Figure 11: ELISA detection of Aβ42 levels from formic acid extractions

Insoluble Aβ42 levels in BRI-Aβ42; APP and APP mice were analyzed by sandwich
ELISA.  All samples were run in duplicate.  Mean results were calculated in account of
the dilution factor and weight of starting hemibrain material. Insoluble Aβ42 was present
in 12-15 month BRI-Aβ42; APP mice, however there was no difference between the
three old-age BRI-Aβ42; APP genotypes (p > 0.05).  Insoluble Aβ42 was present in 3-6
month BRI-Aβ42; APP mice, and there was a significant difference between BRI-Aβ42;
APP+/- and BRI-Aβ42; APP-/- (p < 0.05).  No insoluble Aβ42 was detected in APP mice
up to 15 months of age.  Sample sizes for each genotype are indicated in the figure.
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Within this 3-6 month age group, there was a significant difference in insoluble Aβ42

levels between BRI-Aβ42; APP+/- and BRI-Aβ42; APP-/- (p < 0.05). No insoluble Aβ42

was measured when compared to wild-type or APP genotypes.

By 12-15 months of age, insoluble Aβ42 levels were significantly higher in the

hemibrains of BRI-Aβ42; APP+/+, BRI-Aβ42; APP+/-, and BRI-Aβ42; APP-/-, as

compared to the 3-6 month age group (p < 0.05) (Figure 11). In these older mice, no

significant differences between BRI-Aβ42; APP genotypes were found (p > 0.05). As

expected, there were no insoluble Aβ42 levels in wild-type or APP genotypes.

No age- or genotype-dependent changes of synaptic protein levels

Once amyloid-associated pathology was characterized, our next goal was to

determine if APP attenuated synaptic deficits in young and old-age BRI-Aβ42; APP

mice. Previous in vitro studies have shown that APP deficient mice were resistant to Aβ

toxicity, but whether the absence of APP affects Aβ-mediated synaptotoxicity in vivo

remains unknown. To test this, we assessed the levels of two synaptic proteins in

CHAPSO hemibrain homogenates of BRI-Aβ42; APP mice: synaptophysin (a pre-

synaptic protein) and PSD-95 (a post-synaptic protein) via western blotting (Figure 12).

We found that there were no significant differences the levels of PSD-95 or

synaptophysin in young or old BRI-Aβ42; APP and APP mice (p > 0.05) (Figures 13 and

14).
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Figure 12: Immunoblotting of PSD-95 and synaptophysin

PSD-95 and synaptophysin proteins were detected from CHAPSO extracted brain
homogenates via western blotting. PSD-95 migrated at 95 kDa, synaptophysin at 38 kDa,
and β-tubulin at 55 kDa. No significant changes in PSD-95 or synaptophysin levels were
found in 3-6 month or 12-15 month BRI-Aβ42; APP or APP mice. β-tubulin was used as
a loading control.
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Figure 13: Synaptophysin density levels in BRI-Aβ42; APP and APP mice

Synaptophysin levels were analyzed by Western blotting from CHAPSO extractions of
BRI-Aβ42; APP and APP mice. Optical density was normalized to β-tubulin, then
normalized to APP+/+ wild-type mouse and expressed as a ratio. No significant changes
in synaptophysin levels were found in 3-6 month or 12-15 month BRI-Aβ42; APP or
APP mice (p > 0.05).
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Figure 14: PSD-95 density levels in BRI-Aβ42; APP and APP mice

PSD-95 levels were analyzed by Western blotting from CHAPSO extractions of BRI-
Aβ42; APP and APP mice. Optical density was normalized to β-tubulin, then normalized
to APP+/+ wild-type mouse and expressed as a ratio. No significant changes in PSD-95
levels were found in 3-6 month or 12-15 month BRI-Aβ42; APP or APP mice (p > 0.05).
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DISCUSSION

Our main goal was to test whether APP was essential for Aβ-associated pathology

and induced-synaptic damage in vivo in young and old-age BRI-Aβ42 with and without

endogenous APP. Histochemical analysis by Thioflavin S staining and 6E10

immunostaining revealed significant amyloid pathology in the hippocampus of the 12-15

month BRI-Aβ42 mice. We found that young (3-6 month) and old (12-15 month) age

BRI-Aβ42; APP mice express significant levels of soluble and insoluble Aβ42 in

hemibrain homogenates.  Although insoluble Aβ42 levels increased with age, soluble

Aβ42 levels were maintained throughout age. Finally, young and old-age BRI-Aβ42;

APP mice did not show any change in synaptophysin or PSD-95 when compared to wild-

type controls, so we cannot conclude that there was an APP-dependent effect on synaptic

damage.

A previous study had reported that Aβ42 was essential for amyloid deposition in

the brain parenchyma (McGowan et al., 2005), but whether this process is attenuated in

APP-deficient mice has yet to be determined. We tested this hypothesis using young and

old-age BRI-Aβ42 mice in the presence or absence of endogenous APP. Histochemical

analysis of BRI-Aβ42; APP mice revealed that diffuse and compact hippocampal

amyloid pathology was apparent in 12-15 month BRI-Aβ42; APP mice, but the absence

of APP did not significantly change the level of amyloid plaques when compared to BRI-

Aβ42; APP mice with endogenous APP. Furthermore, there was a general trend of

increasing amyloid deposition from 3-6 months to 12-15 months of age.
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We expected to see a significant age-dependent effect of increasing amyloid

deposition in BRI-Aβ42; APP mice from young to old-age, but the lack of significance

may be attributed to the large variation of amyloid burden in 12-15 month BRI-Aβ42;

APP+/+, BRI-Aβ42; APP+/-, and BRI-Aβ42; APP-/-. One reason why we did not see an

age-dependent increase in amyloid deposition is because the sample sizes analyzed may

have been low (n=4, n=7, n=6, respectively), and hence the results we obtained were not

truly representative of the population. Another possibility may be that plaque formation

might not have stabilized by 12-15 months of age, and more time was needed for this to

occur. Lastly, our analysis of amyloid burden was only confined to the hippocampal

region of the brain, and it may be worthwhile to explore amyloid burden levels in other

regions of the brain such as the cortex, where amyloid deposits can also be found. A

further analysis of a larger cohort of BRI-Aβ42; APP animals, a longer-aged group of

BRI-Aβ42; APP animals (18-24 months), or amyloid burden measurements in other areas

of the brain may allow us to observe a significant increase in amyloid burden levels from

young to old-age BRI-Aβ42; APP mice.

Transgenic mice often have complex genetics that may affect the steady-state

level of Aβ accumulation (Philipson et al., 2010), which can explain the differences of

amyloid burden levels we observed across BRI-Aβ42; APP genotypes.  Additionally, the

variability in amyloid deposition in 12-15 month BRI-Aβ42; APP mice is supported by

the fact that there is a great deal of inconsistency in terms of age at which deposits begin

and the nature and composition of Aβ deposits in transgenic mouse models (McGowan et

al., 2005).
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Aβ42 ELISA analysis of BRI-Aβ42; APP mice in the presence and absence of

APP revealed significant amounts of Aβ42 levels in hemibrains of young and old-age

animals, which confirmed that Aβ42 was efficiently being expressed. Since no

appreciable level of Aβ42 was detected in brain homogenates from the wild-type control

(APP+/+), the Aβ42 detected in the BRI-Aβ42; APP mice brains was predominantly the

over-expressed human form. Both young and old-age BRI-Aβ42; APP mice develop

significant levels of soluble Aβ42, and we observed a steady-state expression of soluble

Aβ42 levels. Additionally, there were significant levels of insoluble Aβ42 in young and

old-age BRI-Aβ42; APP mice, and BRI-Aβ42; APP mice 12-15 months of age had 7 to

15 fold higher levels of insoluble Aβ42 levels when compared to 3-6 months of age. We

also found a difference in insoluble Aβ42 levels between BRI-Aβ42; APP+/- and BRI-

Aβ42; APP-/- in the 3-6 month age group, but this difference was no longer apparent by

12-15 months of age.

Based on our results, we confirmed that 12-15 month BRI-Aβ42; APP mice

expressed high levels of Aβ42, and elevated insoluble Aβ42 expression was necessary for

amyloid deposition in the mouse hippocampus. These observations are consistent with a

previous study that characterized BRI-Aβ42 mice in the absence of APP overexpression

(McGowan et al., 2005). Furthermore, our results are consistent with the notion that

Aβ42 appears to be the “seed” for amyloid deposition because it aggregates easily and

can nucleate efficiently (Hasegawa et al., 1999; McGowan et al., 2005). Thus, Aβ42

expression is necessary for amyloid pathology in BRI-Aβ42 mice regardless of the

presence or absence of APP.
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Lastly, we wanted to test if there is an APP-dependent component in Aβ-induced

synaptic damage in BRI-Aβ42 mice. Naturally secreted forms of human Aβ have been

shown to contribute to LTP inhibition, dendritic spine length reduction, and cognitive

disruption (Cleary et al., 2005; Walsh et al., 2002), however the mechanism by which Aβ

damages synapses and alters synaptic function in vivo is unclear. Studies with cortical

neurons cultured from APP deficient mice have shown resistance to Aβ toxicity (Lorenzo

et al., 2000), which points to an APP-dependent component of Aβ-induced cell death.

These in vitro studies assessed neuronal death as an endpoint and whether this proposed

pathway is relevant to in vivo synaptic damage has not been tested. We asked whether

there was an APP-dependent pathway in Aβ-induced synaptotoxicity in BRI-Aβ42; APP

mice by measuring the levels of two synaptic proteins: synaptophysin (a pre-synaptic

marker), and PSD-95 (a post-synaptic marker). We did not see a significant change in

synaptophysin and PSD-95 levels in young and old-age BRI-Aβ42; APP mice when

compared to wild-type controls, however we can conduct future experiments to further

investigate the effect of Aβ and APP-induced synaptic damage.

We can use other alternative strategies such as fluorescence

immunohistochemistry to directly visualize and quantify synaptophysin and PSD-95

levels in BRI-Aβ42; APP mice, or we can conduct electrophysiological experiments on

old-age BRI-Aβ42; APP mice will reveal if LTP (a correlate for synaptic plasticity) is

inhibited in BRI-Aβ42 mice in the presence or absence of APP. Finally, we can cross

BRI-Aβ42 mice to mice overexpressing human wild-type APP to determine if there is an

APP-dependent pathway to synaptotoxicity in young and old-age mice.
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These studies illustrate that the absence of APP does not mediate amyloid-

associated pathology in BRI-Aβ42 mice, however further studies will need to test the

APP-dependency in synaptic toxicity in vivo. Alzheimer’s disease is a multifaceted

phenomenon that affects millions of individuals worldwide. Continued research with

focused attention on studying the cellular, molecular, and biochemical nature of AD can

allow us to discover new ways to prevent, ameliorate, or reverse the disease for our

current and future generations.
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