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THESIS SUMMARY

Alzheimer’s disease (AD) is the most common cause of dementia. No strong disease-
modifying treatments are currently available. Amyloid-beta peptide (AP}) appears to
play a pivotal role in the pathogenesis of AD. We focused our interest on revealing
the pathogenesis of the disease and developing novel therapeutic modalities. The

thesis consists of three projects:

1. Prevention of AD by intramuscular delivery of an anti-Af} single chain

antibody (scFv) gene

Immunotherapy is effective in removing brain AP, but was associated with
detrimental effects. In the present study, the gene of an anti-Af scFv was delivered
in the hind leg muscles of APPSwe/PS1dE9 mice with adeno-associated virus at
three months of age. Six months later, we found that brain A accumulation, AD-
type pathologies and cognitive impairment were significantly attenuated in scFv-
treated mice relative to enhanced green fluorescence protein (EGFP)-treated mice.
Intramuscular delivery of scFv gene was well tolerated by the animals. These
findings suggest that peripheral application of scFv is effective and safe in
preventing the development of AD, and would be a promising non-inflammatory

immunological modality for prevention and treatment of AD.

2. Prevention of AD with grape seed derived polyphenols

Polyphenols extracted from grape seeds are able to inhibit AP aggregation, reduce
AP production and protect against AP neurotoxicity in vitro. We investigated the

therapeutic effects of a polyphenol-rich grape seed extract (GSE) in vivo.
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APPSwe/PS1dE9 transgenic mice were fed with normal AIN-93G diet (control diet),
AIN-93G diet with 0.07% curcumin, or diet with 2% GSE beginning at 3 months of
age for 9 months. Total phenolic content of GSE was 592.5 mg/g dry weight,
including gallic acid, catechin, epicatechin and proanthocyanidins. Long-term
feeding of GSE diet was well tolerated. The AP levels in the brain and serum of the
mice fed with GSE were reduced by 33% and 44% respectively compared with the
mice fed with the control diet. Amyloid plaques and microgliosis in the brain of mice
fed with GSE were also reduced by 49% and 70% respectively. In conclusion,
polyphenol-rich GSE is promising to be a safe and effective drug to prevent the

development of AD.

3. Roles of p7SNTR in the development of AD

P75NTR has been suggested to mediate AP induced neurotoxicity. However, its role
in the development of AD is undetermined. APPSwe/PS1dE9 transgenic mice were
crossed with p75NTR knockout mice to generate APPSwe/PS1dE9 mice with
p75NTR gene deleted. P7SNTR mainly expressed in the basal forebrain neurons and
degenerative neurites in neocortex and hippocampus. Genetic deletion of p75NTR
gene in APPSwe/PSIdE9 mice reduced soluble AP levels, but increased the
insoluble AP accumulation and A plaque formation in the brain. P75NTR deletion
decreased AP production of cortical neurons in vitro. Recombinant extracellular
domain of p75NTR attenuated the oligomerization and fibrillation of synthetic Ap42
peptide in vitro, and reduced local AP plaques after hippocampus injection in vivo.
Our data suggest that p7SNTR plays an important role in AD development and may

be a valid therapeutic target for the treatment of AD.
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Chapter 1 AP clearance in AD

CHAPTER 1

Literature review

Clearance of Amyloid-beta in Alzheimer’s Disease:

Mechanisms and Therapeutic Strategies



Chapter 1 AP clearance in AD

Introduction

AD (AD) is a debilitating neurodegenerative disease and is the most common cause
of dementia and the leading cause of death amongst the elderly (World Health
Organization, 2003; Ferri et al., 2005). With the world’s population ageing, it is
estimated that by 2050, 106.8 million will be living with AD (Brookmeyera et al.,
2007). Unfortunately, there are no strong disease-modifying treatments available at
this time (Vellas et al., 2008). Understanding of the pathogenesis of AD is crucial to

provide a strong rationale for development of a potential cure or treatment.

AD is characterized by deposit of amyloid plaques, neuron loss, neuritic
degeneration, accumulation of fibrillary tangle in neurons, and a progressive
deterioration of cognition. Amyloid-beta peptide (AP) appears to play a pivotal role
in the pathogenesis of AD according to the amyloid hypothesis, in which
accumulation of AP in the brain is the primary factor driving AD pathogenesis, and
the rest of the disease process, including hyperphosphorylation of tau protein,
formation of neurofibrillary tangles and inflammation, is secondary to AP

accumulation in the brain (Hardy and Selkoe, 2002).

AP is generated from sequential cleavage of the amyloid precursor protein (APP).
APP is a transmembrane glycoprotein, whose gene is mapped to chromosome 21
(Korenberg et al., 1989). Due to the alternative splicing of the nascent transcript,
there are several different isoforms of APP (Preece et al., 2004). The predominant
isoforms are APP695, APP751 and APP770. APP695 is the major neuronal isoforms.
APP is processed in two distinct pathways: the amyloidogenic and non-

amyloidogenic processing (Gandy and Greengard, 1994). AP is generated from the

amyloidogenic processing, which is initiated with the cleavage of APP by pB-
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Figure 1.1 Mechanisms of AP clearance. The steady state level of A depends on a
balance between production, clearance and influx. Transport of A} across BBB is
mainly mediated by receptors (i.e. RAGE and LRP). AP in extra- and intra-cellular
space can be degraded by enzymes (i.e. NEP and IDE). Peripheral anti-Af} antibodies
and AB-bindable substances are able to enter the brain at low levels, where they bind
to AP, prevent AP aggregation, directly resolve AP fibrils, and might also exert an
effect of peripheral sink by binding to peripheral A, thereby disrupting the
equilibrium, resulting in the sequestration of AP away from the brain. These

mechanisms are the potential target for the development of AD treatment.
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secretase in the lumenal domain proximal to the transmembrane segment and
generates the N-terminus of AP, the large soluble ectodomain (APPsf) and a
membrane-tethered C-terminal fragment (B-CTF). The subsequent cleavage by y-
secretase cuts the B-CTF within the transmembrain domain and gengerates the C-
terminal of AB (Gandy and Greengard, 1994). The variation of cleavage by y-
secretase generates variable length (39-42 amino acid long) AB. The longer forms of
AP are prone to rapid aggregation. AP peptides form fibrils and deposit outside
neurons in dense formations known as senile plaques (Tiraboschi et al., 2004). In
non-amyloidogenic pathway, APP is cut by a-secretases within the lumenal domain
between [3- and y-secretase cleavage sites, generating an ectodomain of APP (APPsa)
and C-terminal fragment (a-CTF)(Gandy and Greengard, 1994). Because a-secretase
cuts within the middle of AP, non-amyloidogenic processing pathway does not

generate Ap.

Regarding brain AP accumulation, only a relatively small number (<5%) of AD
patients (familial cases) have increased AP production in the central nervous system
(CNS) due to inherited mutations in the APP (amyloid protein precursor) gene
nearby the AP coding region (i.e., Swedish mutation) or presenilins 1 or 2 genes
(Hardy and Selkoe, 2002), while the majority of patients with so-called sporadic or
late-onset AD (LOAD) do not have an increased AP production or APP over-
expression in the CNS. These findings implicate that the dysfunction in AP clearance
plays important roles in the accumulation of AP in the brain of AD patients.
Emerging evidence suggests that the steady levels of AP are determined by the
balance between its production and clearance (Figure 1.1). Here, we review the
recent progress in the physiological and therapeutic AB clearance, and discuss the

potential strategies towards a potential prevention and treatment for AD.
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Receptor-mediated AP transport across blood-brain barrier (BBB)

Soluble AP can be removed slowly, via interstitial fluid (ISF) bulk flow, into the
bloodstream (Shibata et al., 2000; Silverberg et al., 2003; Crossgrove et al., 2005).
Ageing, an important risk factor of AD, significantly affects the choroid plexus-CSF
circulatory system and the exchange of a variety of components with the blood.
However, this is responsible for the clearance of only 10-15% of the total AP in the
brain and circulating AP can also influx into the brain from plasma. Receptor-
mediated transport of AP is principally responsible for the transport of A across the

BBB (Table 1).

Efflux of AP from CNS to plasma

LRP-mediated Af efflux

Low-density lipoprotein receptor-related protein (LRP), a member of the LDL
receptor family, is a multifunctional scavenger and signaling receptor (Herz and
Marschang, 2003). LRP can interact with a broad range of secreted proteins and
resident cell surface molecules, including AD-related molecules APP, ApoE and
alpha2M, tissue plasminogen activator, plasminogen activator inhibitor-1, factor
VIII, and lactoferrin, mediate endocytosis and activate signaling pathways through

multiple cytosolic adaptor and scaffold proteins (Herz and Marschang, 2003).

LRP mediates the efflux of AP from the brain into blood. The interaction between
AP and LRP mediates AP brain capillary binding, endocytosis and transcytosis
across the BBB into blood (Shibata et al., 2000; Herz, 2003). Dysfunction of LRP
leads to reduced efflux of AP from the brain thus increased AP deposition in the

mouse brain (Kang et al., 2000; Shibata et al., 2000; Van Uden et al., 2002).
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LRP has been shown to be genetically linked to AD in epidemiological studies
(Lambert et al., 1998a) (Kang et al., 2000). In AD reduced expression of brain
endothelial LRP is associated with positive AP staining of vessels (Shibata et al.,

2000).

The expression of LRP can be regulated by A levels. A possible mechanism is that
AP can promote proteasome-dependent degradation of LRP (Deane et al., 2004b).
This may explain the observations of decreased LRP activity or expression in brain

microvessels in AD patients and mouse models (Shibata et al., 2000; Deane et al.,

2004b; Donahue et al., 20006).

Recent studies found that soluble LRP (sLRP), a product from cleavage of LRP N-
terminal extracellular domain (von Arnim et al., 2005) and normally circulates in
human plasma (Quinn et al., 1997), binds 70% to 90 % of plasma A (Sagare et al.,
2007). The binding of AP to sLRP prevents its access to the brain. In AD individuals,
the levels of LRP at the BBB are reduced, as are levels of AP binding to sLRP in
plasma (Sagare et al., 2007). This, in turn, may increase AP} brain levels through a
decreased efflux of brain AP at the BBB and/or reduced sequestration of plasma Af3
associated with re-entry of free AP into the brain. Recombinant LRP cluster IV
(LRP-IV), a major binding domain of LRP, binds AB with high affinity in plasm of
mouse model and AD patients, and effectively reduces AB-related pathology and
dysfunction in a AD mouse model, suggesting that LRP-IV can effectively replace
native sSLRP, which is comprised in AD patients, and clear A, without direct central
action and discernible side effects (Sagare et al., 2007). Thus, therapies which

increase LRP expression at the BBB and/or enhance the peripheral A "sink" activity
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of sLRP, hold potential to control brain A accumulations, neuroinflammation and

cerebral blood flow reductions in AD.

P-glycoprotein mediated Ag efflux

ATP-binding cassette transporter p-glycoprotein (P-gp), known as multi-drug
resistance transporter (MDRI1), is highly expressed on the luminal surface of brain
capillary endothelial cells, wherein P-gp functionally constitutes a major component
of the BBB by limiting CNS penetration of various substances (Cordon-Cardo et al.,
1989). Increased levels of AB40 and AB42 in the temporal lobe of the brain of non-
demented elderly people were inversely correlated with P-gp expression levels in
cerebral vessels (Vogelgesang et al., 2002). Pharmacological blockade of P-gp
rapidly decreases extracellular levels of AB secretion. AP is transported across the
plasma membranes of P-gp enriched vesicles in both ATP- and P-gp-dependent
manners (Lam et al., 2001). In P-gp-null mice AP clearance in the brain is
compromised, while in APP-transgenic mice P-gp administration significantly
increases AP levels within the brain ISF. Furthermore, APP-transgenic, P-gp-null
mice had increased levels of brain AP and enhanced AP deposition (Cirrito et al.,
2005). These findings suggest that P-gp takes part in AP clearance as an A efflux
pump at the BBB. P-gp activity at the BBB could affect risk for developing AD, and

it could be a potential diagnostic and therapeutic candidate.

Influx of AP from plasma to CNS

A substantial amount of A is presented in the blood, and is markedly elevated in

AD patients. The observation that AP can be reversely transported into the brain via
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the BBB suggests the possible participation of blood AP in the development of

amyloid deposition in AD (Kuo et al., 1999; Pluta et al., 2000; Deane et al., 2004a).

RAGE-mediated Ag influx

Receptor for advanced glycation endproducts (RAGE), a member of the
immunoglobulin superfamily, is a multi-ligand, cell surface receptor expressed by
neurons, microglia, astrocytes, cerebral endothelial cells, pericytes, and smooth
muscle cells, with up-regulated expression in diverse pathologies from
atherosclerosis to AD (Schmidt et al., 1999; Alarcon et al., 2005). It binds a
repertoire of broad ligands including products of nonenzymatic glycoxidation
(AGE), AB, the S100/calgranulin family of proinflammatory cytokine-like mediators,

and the high mobility group 1 DNA binding protein, amphoterin.

In contrast to LRP, RAGE is considered to be the major player to mediate AP influx
into the brain from the bloodstream (Mackic et al., 1998). RAGE binds soluble A in
the nanomolar range (Yan et al, 2000), and mediates transport of
pathophysiologically relevant concentrations of plasma Af across the BBB (Deane et
al., 2003). Down-regulation of RAGE is able to inhibit the influx of AP from the

periphery into the CNS (Deane et al., 2003).

In addition to the transcytosis of circulating A into the brain, RAGE plays multiple
adverse roles in the pathogenesis of AD, including perturbation of neuronal
properties and functions (Arancio et al., 2004), amplification of glial inflammatory
responses (Stern et al., 2002; Deane et al., 2003), elevation of oxidative stress and

amyloidosis (Yan et al., 1996), triggering autoimmune responses in the periphery
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(Mruthinti et al., 2004), and AB-induced cell death (Yan et al., 1996; Hadding et al.,

2004; Sturchler et al., 2008).

A feature of RAGE that is particularly worth noting is its unusual sustained
juxtaposition with its ligand in tissues. In contrast to suppression of receptors
observed with LRP in an AP rich environment (Shibata et al., 2000), RAGE
expression is up-regulated and sustained at an elevated level by excess amounts of
AP in cerebral microvascular endothelia of AD brain with a positive feedback
mechanism (Yan et al., 1996; Mackic et al., 1998; Shibata et al., 2000; Miller et al.,
2008). Deposition of AP in the brain of AD or transgenic models of AD triggers the
expression of RAGE in affected cerebral vessels. Given that the efflux of AP from
the brain appears compromised during ageing and in AD (Shibata et al., 2000), this
mechanism may exacerbate cellular dysfunction due to RAGE/AP interaction, as
increasing expression of the receptor allows for more profound RAGE-mediated

influx of AP.

gp330/megalin-mediated Ag influx

Beside RAGE, gp330/megalin has also been reported to transport circulating plasma
AP in a complex with ApoJ back into the brain across the BBB (Zlokovic et al.,
1996). However, gp330/megalin is normally saturated by high levels of plasma Apol

which precludes significant influx of AP into the CNS under physiological
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Evidence for involvement in in

Receptor Function ) Evidence for involvement in human AD
Vitro or animal models
Low level of LRP is associated with positive staining of
Transport of A from (Kang et al., 2000; Shibata et al.,
LRP vessels for AP (Shibata et al., 2000); Linkage studies

P-glycoprotein

RAGE

gp330/megalin

brain into blood

Transport of AP from
brain into blood
Transport of AP from
blood into brain
Transport of A from

blood into brain

2000; Van Uden et al., 2002)

(Lam et al., 2001; Cirrito et al.,
2005)

(Yan et al., 2000; Deane et al.,
2003)

(Zlokovic et al., 1996)

(Lambert et al., 1998a).
Levels in cerebral vessels reduced with increased A level in

AD brain (Vogelgesang et al., 2002).

Not established

Not established
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conditions, so RAGE is the most likely receptor responsible for the transport of AP

back into the brain (Zlokovic, 2004).

Enzyme-mediated AP degradation

AB is degraded by a number of peptidases, principally two zinc
metalloendopeptidases referred to as neprilysin and insulin degrading enzyme (IDE)

(Table 2).

Neprilysin

Neprilysin is a type II membrane protein localized in the cell surface, its substrates
include the insulin B chain, a variety of neuropeptides, the atrial natriuretic peptide
(ANP), endothelins and Af. The -catalytic site of neprilysin is exposed
extracellularly, making it a prime candidate for peptide degradation at extracellular

sites of diffuse AP deposits and neuritic plaques.

Neprilysin is a rate-limiting AB-degrading enzyme in the brain (Kanemitsu et al.,
2003). The catalytic site of neprilysin is exposed extracellularly, making it a prime
candidate for peptide degradation at extracellular sites of AP deposits. Intracerebral
human neprilysin gene transfer leads to a remarkable decrease in amyloid deposits in
an AD mouse brain (Marr et al., 2003), while inhibition of neprilysin protein or
disruption of the neprilysin gene results in a defect in AP degradation (Iwata et al.,
2001; Newell et al., 2003). In AD brain, the level and activity of neprilysin decrease
in the cortex and hippocampus but not in other brain areas or peripheral organs
(Yasojima et al., 2001; Caccamo et al., 2005; Maruyama et al., 2005). Neprilysin
levels were inversely associated with AP peptide levels in the vasculature, brain and

CSF of AD patients (Carpentier et al., 2002; Maruyama et al., 2005; Hellstrom-
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Lindahl et al., 2008). Mutations in either NEP gene or its promoter have also been
suggested to be associated with sporadic AD in different populations (Helisalmi et
al., 2004; Sakai et al., 2004; Shi et al., 2005; Wood et al., 2007). These findings
suggest that the deficient degradation of AP} caused by low levels of neprilysin might
contribute to AD pathogenesis and elevating neprilysin activity in the brain may have

a therapeutic significance.

Insulin degrading enzyme (IDE)

IDE is a zinc metalloendopeptidase that hydrolyzes several regulatory peptides,
including insulin, glucagon, atrial natriuretic factor, transforming growth factor, [3-
endorphin, amylin, AB, and the AICD. In contrast to neprilysin, IDE is
predominantly localized to the cytoplasm, while only a small fraction resides in the

plasma membrane.

IDE is another major enzyme for AP} degradation in the brain. The levels of IDE in
the brain decrease during aging. It has a distinct distribution in the AD brain, with
lower levels and being more oxidized in the cortex and hippocampus than in the
cerebellum (Caccamo et al., 2005). In animal models, deficits in IDE function lead to
the impairment of AP degradation in the brain (Farris et al., 2003; Miller et al., 2003;
Farris et al., 2004), whereas over-expression of IDE reduces AP levels, and retards or
completely prevents amyloid plaque formation in the brain (Leissring et al., 2003).
IDE activity selectively decreases in the hippocampus of patients at high risk to
develop AD (Zhao et al., 2007). Defect in AP proteolysis by IDE also contributes to
AP accumulation in the cortical microvasculature of AD cases with cerebral amyloid

angiopathy (Morelli et al., 2004).
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Epidemiological studies suggest that chromosome 10q encompassing the gene
encoding IDE has genetic linkage for both late-onset AD (LOAD) (Bertram et al.,
2000; Ait-Ghezala et al., 2002) and type 2 diabetes mellitus (DM2) (Wiltshire et al.,
2001). Within the region, the gene for IDE represents a strong positional and
biological candidate for LOAD, DM2, and for the epidemiological relationships
among hyperinsulinemia, DM2, and AD (Biessels et al., 2006). In chromosome 10-
linked AD families the catalytic activity of the insulin-degrading enzyme is reduced
(Kim et al., 2007a). In this regard, sequence variants of IDE have recently been
shown to be associated with LOAD and extent of AP deposition in the AD brain in
some studies (Bian et al., 2004; Blomgqvist et al., 2005; Bjork et al., 2007;

Vepsalainen et al., 2007).

Other enzymes associated with AP degradation

Other metalloendopeptidase candidates, such as endothelin converting enzyme
(ECE) and angiotensin-converting enzyme (ACE), also degrade AB. ECE-1 and a
closely related enzyme, ECE-2, can hydrolyze A in the brain (Eckman et al., 2001;
Eckman et al., 2003). ECE is associated with susceptibility to sporadic LOAD in a
population study (Scacchi et al., 2008). ACE has been recently found to be capable
of degrading AP (Hemming and Selkoe, 2005; Zhang et al., 2005). The relationship
between ACE and AD was revealed in epidemiological studies (Elkins et al., 2004;

Kolsch et al., 2005; Sleegers et al., 2005; Meng et al., 2006; Wang et al., 2006a).
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Evidence for involvement

Enzyme Function in in vitro and animal Evidence for involvement in human AD
models
Levels and activity decreased in aging and AD brains (Yasojima et al., 2001;
(Iwata et al., 2001; Marr et  Carpentier et al., 2002; Caccamo et al., 2005; Maruyama et al., 2005;
Neprilysin Degrades AB  al., 2003; Newell et al., Hellstrom-Lindahl et al., 2008)
2003) Mutations in NEP gene are associated with sporadic AD (Helisalmi et al.,
2004; Shi et al., 2005; Wood et al., 2007)
(Farris et al., 2003;
Insulin degrading Levels reduced in AD cases with cerebral amyloid angiopathy (Morelli et al.,
Degrades ABp  Leissring et al., 2003;

enzyme

Farris et al., 2004)

2004); some linkage studies (Bertram et al., 2000; Ait-Ghezala et al., 2002)
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Natural anti-Af autoantibodies

Natural autoantibodies against AP have been found in AD patients and healthy
individuals (Mruthinti et al., 2004; Brettschneider et al., 2005; Geylis et al., 2005).
The anti-Af autoantibodies are present in both the IgG and IgM repertoire (Szabo et
al., 2008), and recognize multiple linear epitopes in the AP monomer and
conformation-specific epitopes of aggregated AP peptide, including structures from

oligomers to fibrils, with an average avidity higher than that of the monoclonal

antibody 4G8 (Relkin et al., 2007; Szabo et al., 2008).

The pathophysiological significance of these autoantibodies is undetermined. These
autoantibodies exist in very low levels, tend to be reduced in AD patients, and appear
to be harmless. In AD patients the autoantibodies against the neurotoxic oligomeric
AP species decrease in plasma and are correlated with age at onset for AD (Moir et
al., 2005). Anti-Af autoantibodies isolated from immunoglobulin preparations also
strongly blocked A fibril formation, disrupted formation of fibrillar structures and
almost completely prevented AP neurotoxicity (Du et al., 2003). Additionally, some
naturally occurring proteolytic antibodies have also been found to cleave AP (Liu et
al., 2004a; Paul et al., 2005; Taguchi et al., 2008). In the phase I trials treatment of
intravenous immunoglobulins (IVIgG), which contains autoantibodies against Af,
significantly lowered CSF levels of total A and improved the cognitive performance
in AD patients, suggesting that [IVIgG can mobilize AP from brain to blood (Dodel et

al., 2004; Relkin et al., 2008).

These findings make it tempting to speculate that naturally occurring autoantibodies

against AP might be beneficial to AP clearance. Although levels of these
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autoantibodies are normally very low in serum, their long-term persistence might be

sufficient to protect against AD (Schenk et al., 2004).

Therapeutic clearance of AP

Immunotherapy-mediated AP clearance

Active immunotherapy

A milestone study of the therapeutic AP clearance is the immunological approach
which was creatively done by Schenk et al in 1999, in which aggregated Ap42
immunization of the young PDAPP transgenic mouse over-expressing AP in the
brain, essentially prevents the development of AP deposits, neuritic dystrophy and
astrogliosis related to AP accumulation in the brain, while immunization of old
animals, presumed as a treatment, also led to a marked reduction in the extent and
progression of these AD-type pathologies (Schenk et al., 1999). This study opens a

new era of anti-Af} immunotherapy towards A clearance and AD treatment.

After that, lots of studies have verified that A vaccination is effective in reducing
AP load in the brain, thus leads to a concomitant improvement in neuritic dystrophy
and cognitive deficits in animal models (Janus et al., 2000; Morgan et al., 2000;
Dodart et al., 2002; Bard et al., 2003; Wilcock et al., 2004a; Billings et al., 2005;
Maier et al., 2006). The success in the animal studies pushed the A immunization
forward into the clinical trials without any delay. The phase I and phase II clinical
trials also suggest that the active immunization with AP peptide is therapeutically
effective, as demonstrated by eliciting amyloid plaque clearance, attenuating plaque-
associated pathology, decreasing CSF tau level and slowing patients’ cognitive
decline (Nicoll et al., 2003; Ferrer et al., 2004; Gilman et al., 2005; Masliah et al.,
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2005). Recently the six-year prospective follow-up study reports that active AP
immunization in the first phase I clinical trial is not able to alleviate the progression
of AD such as cognitive decline or survival outcomes, although the generation of
anti-Af} antibodies are elicited and cortical AP is subsequently removed in an
antibody titer dependent manner after immunization with A3 (Holmes et al., 2008).
However, the small cohort of patients and intervention time in the middle to late
course of the disease in the studies make it premature to draw a conclusion regarding
the inefficacy of the active AP immunization (Holtzman 2008; St George-Hyslop and
Morris 2008). Further clinical trials are called for with power to detect even small

changes in progression rates, and differentiate the curative and preventive efficacy.

Passive immunotherapy

Instead of active immunotherapy by immunization with AB42, direct administration
of anti-Af antibodies peripherally or intracranially, called passive immunization, is
also effective in reducing AP burden and attenuates cognitive deterioration of the

animals (Bard et al., 2000; DeMattos et al., 2001; Chauhan and Siegel, 2004;

Wilcock et al., 2004c; Lee et al., 2006).

Because of the success in the animal studies and the expectation that administration
of purified antibodies would be safer and more adjustable than active immunization
protocols, the clinical trial of passive immunotherapy is currently undertaken, in
which AD patients are treated with humanized monoclonal antibodies against Af,
named Bapineuzumab. It is expected that administered antibodies should clear A
with the potential added benefit of a better safety and tolerability profile. Recently
the phase II clinical trials aiming to examine the safety of the passive approach are

reported with an overall negative result balanced against a positive effects on a
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subgroup of patients who do not carry the AD risk allele ApoE4, and favouring the
improvement of cognition in total treated patients (Salloway et al., 2009). Phase III
clinical trials are currently being undertaken to examine the efficacy in a larger

cohort of AD patients of ApoE4 carrier or non-carrier (Kaufer and Gandy, 2009).

Mechanisms of Ag clearance by immunotherapy

The antibodies with specificity to AP are the effectors of the AP clearance in both
active and passive immunotherapy. Three basic hypotheses have been proposed
regarding the mechanism of AP clearance by immunotherapy. The first mechanism is
the antibody mediated opsonization of AP. The anti-Af} antibodies in the serum can
cross the BBB, and bind to AP in the brain, forming the immune complex then
initiating the phagocytosis of the complex by microglia activated through Fc ligation
. The second mechanism is the peripheral “sink” hypothesis. Anti-Af} antibodies
existing in the blood can bind and sequester plasma AP in the periphery and then
prevent AP from influxing back into the brain, thus disrupting the free AP
equilibrium between the BBB and favoring a net transport of AP out of the brain
(Bard et al., 2000; Brazil et al., 2000; Wilcock et al., 2001; Wilcock et al., 2004a;
Wilcock et al., 2004c). The third hypothesis is the disruption of the AP aggregation
by anti-Af antibodies. Antibodies raised against the N terminus of AP can inhibit A}
aggregation and even bind to pre-existing AP fibrils, resulting in disaggregation and
protection from their neurotoxic effects (Solomon, Koppel et al. 1996; Solomon,
Koppel et al. 1997). This effect can prevent the formation of AP deposition in the
brain and thus favors the efflux of A from the brain to blood. It is noteworthy that
these mechanisms are not mutually exclusive and can be simultaneously active to

remove amyloid plaques (DeMattos et al., 2001; DeMattos et al., 2002; Lemere et al.,
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2003). Additionally, given the presence of natural anti-Af3 autoantibodies in human
plasma, these hypotheses also raise the possibility that the immune system may

operate naturally to facilitate clearance of AP in normal subjects (Bacskai et al.,

2002; Das et al., 2003).

Adverse effect of immunotherapy

The AP targeting immunotherapy, including both active and passive immunotherapy,
forms a promising picture of AP clearance towards the effective prevention and
treatment of AD. However, despite the results favoring AP clearance and cognition

improvement, some serious side effects are associated with the immunotherapy.

In the clinical trials of active immunotherapy, a significant number of patients
(accounted for 6%) developed autoimmune meningoencephalitis, caused by the
infiltration of autoreactive T lymphocytes into the brain in response to active
immunization (Moir et al., 2005). Further study suggests that the T lymphocytes
activation is provoked by the peptide domains mapped to the AB15-42, called T cell
epitopes, which is segregated from the dominant B cell epitopes identified in AB1-15

(Nicoll et al., 2003; Ferrer et al., 2004).

The passive approach can avoid the activation of autoimmune T lymphocyte seen in
active immunization with AP42, however, another potential risk is cerebral
microhemorrhage, which is firstly observed in the animal models (Pfeifer,
Boncristiano et al. 2002). Subsequent studies show that the microhemorrhages occur
in animals and patients receiving both active and passive immunotherapies
(Monsonego et al., 2003) (Wilcock, Jantzen et al. 2007), suggesting that the
microhemorrhage is a common side effect caused in anti-Af3 immunotherapy. The

underlying mechanism is unclear yet. It is proposed that the occurrence of the
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microhemorrhage requires the presence of CAA and antibody recognition of
deposited forms of AP (Ferrer et al., 2004). A substantial change in the passive
immunotherapy is the shift of AB from the parenchymal regions to the blood vessels,
which is associated with the microhemorrhages (Racke et al., 2005). In an animal
model of passive immunotherapy associated microhemorrhage, no overt structural
changes in the vessel wall are observed, suggesting that the microhemorrhage is not a
result of obvious vessel structure damage by passive immunotherapy (Wilcock et al.,
2004b). Despite the uncertainty of the mechanism, a recent study suggests that both
parenchymal and vascular AP deposit can be removed while the microhemorrhage

can be avoided by modulating antibody dose in the passive immunization (Burbach

et al., 2007).

Another significant adverse effect related to passive immunotherapy is the vasogenic
edema which shows up on MRI and resolves later, most of them causes few clinical
symptoms in the phase II clinical trials of passive immunotherapy (Schroeter et al.,
2008). It is unclear at present time how troublesome the edema could be, and
whether it is acceptable eventually in balance with treating a deadly disease. The
underlying mechanism of the edema remains unclear, a possible explanation might
be the increase of protein concentrations and osmotic pressure in the interstitial space
in capillary beds resulted from release of AP peptide from plaques by the anti-Af

antibodies (Salloway et al., 2009).

Despite the significant adverse effects, immunotherapy against AP still holds the
promise to become the first strong disease modifying modality against AD. Currently
many approaches are under exploration to avoid the adverse effects of the

immunotherapy.

19



Chapter 1 AP clearance in AD

Improvement of vaccine

It has been identified that the autoimmune T lymphocyte activated by T cell epitope
was mapped to the AB15-42, while the dominant B cell epitopes was mapped to the
AB1-15 (Gelinas et al., 2004). To avoid the activation of T lymphocyte which
occurred in the clinical trials, new vaccines composed of B cell epitopes only are
under development. Recent studies suggest that immunization with B cell epitopes
(AB1-15) is effective in generating anti-Af} antibodies without provoking T-cell
response against full-length A, reducing brain AP deposition and attenuating
cognitive deficits in AD animal models (Monsonego et al., 2003). Importantly,
antibodies generated against N-terminus of Af, the B cell epitope, are able to inhibit
AP aggregation, neutralize AP neurotoxicity, disaggregate pre-existing AP fibrils,
and are most effective in reducing brain amyloid burden (Agadjanyan et al., 2005;
Maier et al., 2006). The predominant antibodies generated after immunization with
AB42 (AN1792) in the clinical phase Ila study are primarily B cell epitope (N-
terminal 1-8) specific, which are independent of meningoencephalitis seen in a
subset of immunized patients (McLaurin et al., 2002; Bard et al., 2003; Bussiere et
al., 2004; Horikoshi et al., 2004). These preclinical and clinical data provide the basis
for the future studies to improve the AP vaccines by including B cell epitopes and
excluding T cell epitopes, to elicit the beneficial immune response and avoid a

potentially deleterious cellular immune response.

DNA vaccination provides an attractive approach for better control of the immune
response towards a humoral response to AP. Compared with conventional
peptide/protein-based immunization, DNA vaccination has several significant

advantages: easy production, the capability of modifying genes coding for desired
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antigens, the stability of episomal DNA, and more importantly, the ability to induce
the desired type of immune response using the appropriate immunostimulatory and
immunomodulatory sequences. Active vaccination with DNA vaccine encoding full
length AP peptide can effectively induce anti-Af antibody and reduce brain A
burden, with long term effects and safety (Lee et al., 2005). Furthermore, the
strategies are taken to induce the beneficial Th2-type immune response by using the
B cell epitope sequence only, or by including Th2 response-favouring
immunostimulatory or immunomodulatory sequences in a DNA vaccine. DNA
vaccines encoding B cell epitope sequence of A (i.e. 11 tandem repeats of AB1-6 or
AB1-21) alone are able to induce an anti-inflammatory Th2-type immune response,
and does not cause obvious inflammation-related pathology in the brain of mice
immunized (Hara et al., 2004; Okura et al., 2006; DaSilva et al., 2009). The sequence
of immunostimulatory or immunomodulatory, such as interleukin-4, granulocyte-
macrophage colony stimulating factor (GM-CSF), macrophage-derived chemokine
(MDC/CCL22) and cholera toxin B subunit, are used as a molecular adjuvents in
combination with A DNA vaccine to promote a strong anti-inflammatory Th2-type
immune response and generate AP reduction and cognitive improvement without
obvious adverse effects (Hara et al., 2004; Kim et al., 2005). In addition, gene-gun
delivery of AB DNA vaccines has been suggested to be highly effective in breaking
self-tolerance and inducing Th2-type immune responses (Ghochikyan et al., 2003;
Zhang et al., 2003a; He et al., 2005; Movsesyan et al., 2008). Thus, DNA vaccine is

promising to be a safe and effective AP vaccine.

Mucosal immunization via oral or nasal routes is a desirable strategy due to its
convenience and high tolerability (Qu et al., 2004). By combining above novel A3

immunogens targeting the B cell epitope with appropriate immune response—directed
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adjuvants and routes of administration, it is promising to develop a safer and

effective AP vaccine (Lemere et al., 2006).

Modification of anti-Af antibody

The autoimmune CNS inflammation and microhemorrhage are observed in anti-Af}
immunotherapy, and are presumably induced by T-cell-mediated and/or Fc-mediated
immune responses (Qu et al., 2004). Although Fc receptor mediated phagocytosis of
antibody-Ap immune complexes by microglia plays an important role in reducing
brain AP (Pfeifer et al., 2002; Wilcock et al., 2004b; Racke et al., 2005), Fc portion
of the anti-Af antibody is not necessary for AP clearance as A} immunization is also
able to effectively reduce AP deposition in Fc receptor knockout mice (Bard et al.,
2000). In this regard, removal of Fc portion may minimize the risk of triggering
inflammatory side reactions. It is reported that administration of F(ab), fragment of a
monoclonal anti-Af} antibody significantly reduces AP deposition, and phagocytic
infiltration in the brain (Bacskai et al., 2002). Alternatively, deglycosylation of the
anti-Af} antibodies, which results in defective binding to Fc receptor, retains the A-
reducing property of the parental antibodies, while attenuates inflammation and

microhemorrhage observed with unmodified antibodies (Tamura et al., 2005).

Anti-Ag single chain antibody (scFv)

Besides the modified antibodies, scFv provides an alternative potentially
noninflammatory approach to facilitate A clearance. Up to now some A specific
scFvs have been developed with various functions, including interfering with AP
aggregation (Wilcock et al., 2006; Takata et al., 2007), preventing toxic effects of

AP (Frenkel et al., 2000; Liu et al., 2004b; Zameer et al., 2006; Habicht et al., 2007;
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Robert et al., 2008; Lafaye et al., 2009), being specific to oligomers conformation
(Frenkel et al., 2000; Robert et al., 2008; Lafaye et al., 2009), inhibiting -secretase
cleavage (Meli et al., 2009), a-secretase-like activity (Paganetti et al., 2005) and AB-
hydrolyzing activity (Rangan et al., 2003). ScFv offers an advantage for developing a
gene therapy-based approach of AP clearance. Intracranial delivery of a scFv gene is
able to reduce and prevent the formation of histological AP plaques in the AD mouse
model (Taguchi et al., 2008). We have demonstrated that intramuscular delivery of
scFv gene is as effective as intracranial delivery in reducing cerebral A (Fukuchi et
al., 2006; Levites et al., 2006). Notably, intracranial use of scFv, but not
intramuscular delivery, significantly increased the soluble form of A, which
is likely due to the direct dissolution of aggregated AP in the brain (Wang et al.,
2009b). This phenomenon raises a concern that the transformation of AP from
aggregated form to soluble form may increase the toxic oligomers which then cause
further damage to the neurons. Since single chain antibodies inherit the AB-reducing
properties of their parental antibodies, it could be of interest to develop an alternative
non-inflammatory approach by mimicking the current immunotherapy without

evoking the detrimental T cell response and Fc-mediated inflammation.

Targeting Ag oligomers

AP oligomers, a soluble species of AP, has been suggested to be the primary
neurotoxin and may be a major therapeutic target of AD (Wang et al., 2009b). It is
noteworthy that anti-Af immunotherapy reduces the insoluble AP, but does not
reduce, or even increases the soluble form of AP in the brain of transgenic AD mice
(Dahlgren et al., 2002; Walsh et al., 2002; Lesne et al., 2006; Lacor et al., 2007,

Shankar et al., 2008) and AD patients (Janus et al., 2000; DeMattos et al., 2001;
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Petrushina et al., 2007; Wang et al., 2009b). The increased AP level might be
resulted from mobilization of insoluble AP by antibodies (Solomon, Koppel et al.
1996; Solomon, Koppel et al. 1997). These data suggest that immunotherapy could
fail to remove the more toxic soluble AP, or even produces conditions favoring the
formation of AP oligomers during the process of AP plaque removal (Masliah et al.,
2005; Nicoll et al., 2006; Patton et al., 2006; Holmes et al., 2008). This might be a
potential reason that the plaque removal is not enough to significantly improve the
cognition and to halt the progression of AD in the clinical trials (Petrushina et al.,
2007; Holmes et al., 2008). In this regard, AB oligomers should be a primary
therapeutic target. The key step targeting AP oligomers is to develop the
confirmation-sensitive antibodies. Up to now a series of oligomer conformation
specific antibodies and antibody fragments such as scFv, Fab and antibody domain
have been developed, they are able to inhibit A fibrillation, prevent AP
neurotoxicity in vitro (Gilman et al., 2005; Holmes et al., 2008). The functional
efficacy of these antibodies and fragments in term of AP reduction and cognition
improvement need to be tested. In a recent study, administration of an oligomer
specific monoclonal antibody for six months improves the cognitive function, but is
not able to clear AP pathology (Habicht et al., 2007; Robert et al., 2008; Zameer et
al., 2008; Lafaye et al., 2009; Meli et al., 2009; Wang et al., 2009a). The ideal
immunotherapy should be able to reduce both the soluble and insoluble AP
simultaneously. Recently a virosomes-based active vaccination is established to

reduce both soluble and insoluble A species (Lee et al., 2006).
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AP binding substance-mediated AP clearance

According to the peripheral sink hypothesis, AB binding substances sequester plasma
AP, leading to clearance of AP by promoting a net efflux of a rapidly mobilized
soluble pool of AP (Fig. 1). Peripheral treatment with gelsolin or GM1, an agent that
has high affinity for AP, reduced the level of AP in the brain, most likely because of

a peripheral action (Zurbriggen et al., 2005).

Penetration of AP binding substances into the brain provides a chance for them to
inhibit the aggregation of soluble AP and/or resolubilization of AP fibrils, then shift
brain equilibrium between soluble and aggregated AP species towards soluble ones
and finally facilitate AP clearance. The phenolic, yellow pigment, curcumin, found
naturally in turmeric, a spice used extensively in Indian food, directly binds small A3
species to block the formation of oligomer and fibril as well as to disaggregate
AP aggregates in vitro and in vivo. When administered peripherally, curcumin can
cross the BBB, bind plaques, and reduce amyloid levels and plaque burden in aged
transgenic AD mice (Matsuoka et al., 2003). Another AP binding substance,
enoxaparin (a low molecular weight heparin), when administered peripherally,
significantly lowered the number of, and the area occupied by, cortical A deposits
and the total AB40 cortical concentration, possibly by either impeding the structural
changes in AP necessary for fibril formation in the brain, or by sequestering the
plasma AP peripherally (Yang et al., 2005). Grape seed derived polyphenols have
been also suggested to be able to inhibit the aggregation of A in vitro, and chronic
consumption is associated with AP reduction and cognitive improvement
(Bergamaschini et al., 2004). Besides these natural polyphenols, an antihypertensive

drug, valsartan, is capable of prevent AP peptide from forming high-molecular
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weight (HMW) oligomers. Valsartan administration reduces the AD-type
neuropathology and extracellular HMW oligomeric AP content in the brain, and
attenuate the development of AB-mediated cognitive deterioration (Wang et al.,
2008; Wang et al., 2009¢). These studies suggest that a search for high affinity A
binding compounds from AP receptors, functional foods or herbs could be a very
attractive and promising strategy to shift the AP transport equilibrium towards
plasma. Another important pool of drug candidates for AP clearance is the
endogenous soluble receptors which directly interact with A} and are able to remove
AP from the brain, such as sSLRP (Wang et al., 2007) and extracellular domain of

p75NTR as studied in the present study chapter 4.

Conclusions

The steady state level of AR depends on a balance between production, clearance and
influx. Recently, pathologic, genetic, and transgenic evidence has suggested that
physiological receptor-mediated BBB transport and enzyme-mediated degradation of
AP are impaired in AD. Immunotherapy is effective in reducing the AP load,
attenuating AD-like pathology and improving cognitive deficits. Although clinical
trials were halted due to the adverse effects, immunotherapy still holds promise to be
a disease-modifying treatment for AD. Several AP binding substances have been
shown to be able to remove AP from the brain. Promoting receptor-mediated AP
efflux from the brain, suppressing the AP influx across the BBB, up-regulating the
enzyme-mediated degradation, modifying the immunotherapy to overcome its
adverse effects, and searching for new high affinity AP binding agents are some of

the many promising approaches for future treatments for AD.
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CHAPTER 2

Intramuscular Delivery of a Single Chain Antibody Gene
Prevents Brain A3 Deposition and Cognitive Impairment in

a Mouse Model of Alzheimer’s Disease
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Summary

Anti-B-amyloid (AB) immunotherapy is effective in removing brain AP, but was
associated with detrimental effects. We have demonstrated that AAV-mediated
intramuscular delivery of an anti-Af single chain antibody (scFv) gene was as
effective as intracranial delivery in clearing brain AP of old APPSwe/PS1dE9
transgenic mice. In the present study, we tested the efficacy and safety of
intramuscular delivery of scFv gene in preventing brain A3 deposition. ScFv gene
was intramuscularly delivered at three months of age when the brain AP deposition
was not formed. Six months later, we found that the transgenes were expressed in a
stable form in the delivered sites, with small amount of ectopic expression in the
liver and olfactory bulb. Brain AP plaque formation, A accumulation, AD-type
pathologies and cognitive impairment were significantly attenuated in scFv-treated
APPSwe/PS1dE9 transgenic mice relative to enhanced green fluorescence protein
(EGFP)-treated mice. Intramuscular delivery of scFv gene was well tolerated by the
animals, did not cause inflammation and microhemorrhage in the gene expression
site and brain, and did not induce neutralizing antibodies in the animals. These
findings suggest that peripheral application of scFv is effective and safe in
preventing the development of AD (AD), and would be a promising non-

inflammatory immunological modality for prevention and treatment of AD.

Key words: AD; amyloid-beta; single chain antibody; adeno-associated virus;

intramuscular delivery; immunotherapy
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Introduction

AD (AD) is characterized pathologically by the deposition of amyloid-f peptides

(AB), neurofibrillary tangles, distinctive neuronal loss, and neurite dystrophy.

AP has been suggested to play an etiological role in the pathogenesis of AD (Sagare
et al., 2007). Clearance of A represents an important therapeutic strategy for AD
(Hardy and Selkoe, 2002). Anti-A3 immunotherapy has been well documented to be
effective in removing AP from the brain in both experimental and clinical settings
(Wang et al., 2006¢). However, anti-A3 immunotherapy is currently associated with
detrimental events including brain inflammation and microhemorrhage which are
presumably induced by T-cell and/or Fc-mediated immune responses (Schenk et al.,
1999; Janus et al., 2000; Hock et al., 2003; Gilman et al., 2005). We have
demonstrated previously that intramuscular delivery of a gene encoding for an anti-
AP single chain antibody (scFv) was as effective as intracranial delivery of the gene
in removing AB from the brain of 9 months old APPSwe/PSIdE9 mice without
eliciting brain inflammation and microhemorrhage, representing a noninflammatory
peripheral treatment modality (Pfeifer et al., 2002; Wilcock et al., 2004b; Racke et

al., 2005).

Recently, a six-year prospective follow-up study of the first phase I clinical trial of
active AP immunization reported that the generation of anti-Af antibodies was
elicited and cortical AP plaques were subsequently removed in an antibody titer
dependent manner after immunization with A (Wang et al., 2009b). Despite this,
the immunization was unable to halt/alleviate the progression of AD such as
cognitive decline or survival outcomes. This negative outcome suggests that early

prevention of A accumulation may be more practical than the treatment of AD
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progression (Holmes et al., 2008). Thus, in the present study we aimed to investigate
the preventive efficacy of the intramuscular anti-Af scFv gene delivery in the

APPSwe/PS1dE9 mouse model.

Materials and methods

Animals

The APPSwe/PS1dE9 transgenic mice bearing a chimeric mouse/human (Mo/Hu)
APP695 with mutations linked to familial AD (KM 593/594 NL) and human PS1
carrying the exon-9-deleted variant associated with familial AD (PS1dE9) were
obtained from Jackson Laboratory (Holtzman, 2008; St George-Hyslop and Morris,
2008) and bred in the Flinders University Animal House. Genotyping of mice was
performed by PCR following the supplier’s instructions. Mice were maintained on ad
libitum food and water with a 12-hour light/dark cycle. All animal husbandry
procedures performed were approved by the Flinders University Animal Welfare

Committee in accordance with NHMRC guidelines.

rAAYV vector construction and production

The scFv used in the present study was obtained from a semi-synthetic human single
chain Fv antibody library. The binding epitope of the scFv is located between amino
acids 1 and 16 of AP (Jankowsky et al., 2001). rAAV2/1-scFv was constructed and
produced following methods we reported previously (Cai et al., 2003). Briefly, scFv
cDNA was obtained from the scFv-expressing plasmid and inserted into the AAV
vector plasmid pSNAV1 under the control of the CMV promoter followed by the
SV40 polyadenylation signal. rAAV2/1-scFv and rAAV2/1-EGFP were produced

and purified using a preciously reported method (Wang et al., 2009b). The vector
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preparations were of high purity as judged by silver stained sodium dodecyl sulfate
(SDS) acrylamide gel electrophoresis, and free of rHSV1/repcap contamination (Yan
et al., 2005). The viral titer was determined by dot blot DNA analysis with purified
plasmid DNA as standard. The rAAV2/1-scFv preparation was adjusted to the

concentration of 3x10'? particles /ml in PBS and stored at -80°C until use.

Muscle injection

AP plaque formation begins around three to four months of age in the brain of
APPSwe/PS1dE9 transgenic mice (Wang et al., 2009b). In the present study the
scFv gene was delivered at three months of age. On the day of surgery, the mice
were anesthetized with halothane and AAV-scFv was injected into the muscles of
left and right hind leg (1.5x10" particles/5 ul for each side, n=10). The same amount
of AAV-EGFP was injected in the same approach as the control (n=10). After
surgery, animals were housed one animal per cage with free access to food and water

for six months.

Behavioral test

Six months later after gene delivery when the mice were nine months old, the
animals were subjected to a memory behavioral test. This task represents a classic
version of the Morris Water Maze task and was performed following the protocols
reported previously with minor modifications (Wang et al., 2006d). In brief, the test
was conducted in a pool (200 cm diameter) which was filled with water (24+2°C),
made opaque with white non-toxic dye and surrounded by a set of spatial cues (Yau
et al., 2007). The tank was imaginarily subdivided into four quadrants, and four start
positions were located at the intersections of the quadrants (Markowska et al., 1993).

Each daily session consisted of four platform trials in which a round escape platform
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(8 cm diameter) was submerged 1 cm under water surface in a quadrant. The mouse
navigated in the pool to locate the platform and was then able to escape. If the mouse
failed to locate the platform within 120 seconds, it was directed to the platform. Once
the mouse escaped onto the platform, it remained on the platform for 10 s. After four
days of training, all mice were given a single probe trial, in order to assess the final
strength of memory traces, where the platform was withdrawn, at two hours after the
last platform trial. The duration for probe trial was 40 seconds. Performance in all
tasks was recorded and analyzed by a computer-based video tracking system and

image analyzing software (ANY-maze, Stoelting).

In platform trials, distance (path from the start location to the platform, cm), latency
(the time to reach the platform from the start location, s), and swim speed (average
speed during a trial, cm/s) were measured. In probe trials quadrant time (percentages
of time spent in the platform quadrant) and platform crossings (the number of times
that the mice crossed the exact location of the platform) were measured. For latency
and swim distance in platform trials, lower numbers indicated a better performance.
For quadrant time and platform crossings in probe trials, higher numbers indicated a
better performance (i.e. more time spent in the correct quadrant and more crossings

over the platform location) (Frick and Fernandez, 2003).

Tissue sampling

Six months after gene delivery, animals were overdosed with Lethabarb (0.1 ml, ip)
and perfused intracardially with 100 ml of 0.1% NaNO; in phosphate buffer. For
histological analysis, left hemibrain, olfactory bulb, cerebellum, spinal cord, muscle,
liver, spleen, kidney and intestine were fixed in 4% paraformaldehyde (pH7.4) for 24
hr and subsequently incubated for 24 hr in 30% sucrose for cryoprotection. Coronal

sections of the brain and cross-sections of muscles at 35 um thickness were collected
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with a cryosectioning microtome and stored at 4°C in PBS until use. For biochemical
analysis, right hemibrain and other tissues mentioned above were sampled, snap
frozen in liquid nitrogen and stored at -80°C until processing. Blood was sampled
before perfusion and plasma was separated for the detection of AP levels,

inflammatory cytokines and antibodies against scFv.

Expression of transgenes

The expression of the EGFP gene was examined directly under fluorescence
microscope (Olympus BX50). The mRNA expression of scFv gene was detected
with RT-PCR. Briefly, total RNA from different tissues was isolated with a TRI
REAGENT kit (Sigma, USA). 5 ng of total RNA was used to synthesize cDNA with
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, USA). The
cDNAs encoding scFv or G3PDH were amplified using HotStarTaq DNA
Polymerase (Qiagen, USA). The primers used were: scFv 5’AAG GCT TGA GTG
GAT GGG ATG GAT 3’(forward), 5’CCT GAG GGC CGG TTG TTT TTA C
3’(reverse); G3PDH 5’ACC ACA GTC CAT GCC ATC AC3’ (forward), 5’TCC
ACC ACC CTG TTG CTG TA3’ (reverse). The cycling parameters were an initial
DNA denaturation and polymerase activation at 96 °C for 15 min, followed with 38
cycles of 94°C for 30 sec, 65°C for 45 sec and 72°C for 45 sec, and ended with a
DNA extension at 72°C for 10 min. The products were resolved on a 1.5% agarose

gel and visualized with ethidium bromide under UV light.

Histology and image quantification

The staining for AP plaques, microgliosis, astrogliosis and microhemorrhage in the
brain was processed as described previously (Frick and Fernandez, 2003). Briefly, a

series of five equally spaced tissue sections (~1 mm apart) spanning the entire brain
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were randomly selected and stained using free-floating immunohistochemistry for
total AP (Biotin-conjugated mouse anti-Af} antibody 6E10, Serotec, USA; 1:1000
dilution), activated microglia (rat monoclonal anti-CD45, Chemicon, USA; 1:2000
dilution) and astrocyte (rabbit polyclonal anti-glial fibrillary acidic protein, Dako,
Denmark; 1:1000 dilution), respectively. Sections were incubated overnight with
primary antibodies at 4°C, further developed with biotinylated secondary antibodies
and the ABC kit (Vector Lab, Burlingame, CA) using diaminobenzidine and glucose

oxidase as substrates.

Fibrillar AP plaques were stained with Congo red. In brief, a series of five equally
spaced tissue sections spanning the entire brain were mounted on slides. Sections
were treated with working sodium chloride solution (sodium chloride-saturated 80%
alcohol containing 0.01% sodium hydroxide) for 20 min at room temperature, then
stained with Congo red saturated working sodium chloride solution for 1 hr, and

finally dehydrated in absolute alcohol.

Images were collected under light microscope (Olympus BX50) using constant bulb
temperature and exposure, with all images acquired in the same session. The area of
neocortex and hippocampus was selected for automatic quantification of AP
plaque, microglia and astrocyte immunostaining, yielding the area fraction of the
total positive staining against the area of tissue analysed. The average of the

individual measurements was used to calculate group means and standard errors.

For microhemorrhage staining, a series of five equally spaced tissue sections
spanning the entire brain was mounted and stained for hemosiderin using 2%
potassium ferrocyanide in 2% hydrochloric acid for 15 min, followed by a

counterstain in a 1% neutral red solution for 10 min at room temperature.
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Microhemorrhage events in the form of the number of Prussian blue-positive profiles
were counted in the brains of each mouse on all sections, and the average number of

hemosiderin deposits was calculated per each brain hemisphere.

To investigate the scFv-related pathological changes, sections of brain, olfactory

bulb, liver, and muscle were stained with HE, and examined under light microscope.

All image analyses were processed in a blinded manner.

Quantification of AP peptide levels in the brain and plasma by ELISA

AP was extracted from each brain in a two-step procedure described previously
(Wang et al., 2009b). Briefly, frozen brain was homogenized and sonicated in TBS
containing protease inhibitors (Boehringer Mannheim, Germany), then centrifuged at
100,000 xg for 1 hr at 4°C. Following centrifugation, the resultant supernatant was
collected, representing the TBS-soluble fraction (AB-TBS). The resultant pellet was
then solubilized in 5 M guanidine HCI (GuHCI), centrifuged at 100,000 xg at 4°C
for 1 hr, and the resultant supernatant was collected, representing the GuHCI fraction
(AB-GuHCI). Levels of total AB40 and of AB42 in brain extract and plasma were
quantitatively measured by sandwich ELISA (Covance, USA) as per the product

instruction.

Quantification of inflammatory cytokines in the brain and plasma by ELISA

TNFa, IL-13 and IFN-y in the TBS fraction of brain homogenates and plasma were

measured by sandwich ELISA as per manufacturer’s instructions (eBioscience,

USA).
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ELISA assay for antibodies against scFv in mice after intramuscular delivery of

rAAV-scFv.

To investigate whether animals developed antibodies against scFv six months after
intramuscular gene delivery, we measured the levels of anti-scFv antibodies in
plasma. The antibodies to scFv developed in animals may neutralize the therapeutic
effect of the gene therapy. Recombinant scFv at 2 pg/ml was coated on ELISA plates
and the wells were incubated overnight with the mouse plasma sampled from the
mice with gene delivery at different dilutions, followed by the HRP-conjugated
secondary antibody to mouse IgG. The antibody titers were detected with TMB

method.

Statistical analysis

Unless otherwise stated, the data in the text and figures are expressed as mean +
SEM. Statistical comparisons between groups were assayed using t test and one-way
ANOVA for testing the significance of values. P values less than 0.05 were
considered significant. All these analyses were performed using SPSS for Windows

version 13.0 (SPSS Inc.)

Results

Expression of scFv gene after intracranial and intramuscular delivery

The aim of the present study was to examine whether peripheral delivery of scFv
gene can prevent the AP deposition in the brain. The APPSwe/PS1dE9 transgenic

mice, a mouse model for AD overproducing APB42 and AB40, begin to develop AP
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Figure 2.1

Figure 2.1 Expression of EGFP gene six months after intramuscular injection of
AAV-EGFP. When APPSwe/PS1dE9 transgenic mice were three months old, AAV-
scFv was injected into the muscles of their left and right hind legs at dose of 1.5x10"°
particles/5 pl for each side. Six months later, animals were sacrificed and skin was
taken off. Obvious expression of EGFP gene was illustrated in green colour in the

muscles of both hind legs under ultraviolet illumination.
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Figure 2.2 Profiles of the transgene (EGFP and scFv) expression six months
after intramuscular delivery. A-F. Expression of EGFP gene in muscles and
peripheral organs. G. Expression of scFv gene in muscles and peripheral organs
detected by RT-PCR. QF: quadriceps femoris, BB: biceps brachii, Liv: liver, Spl:
spleen, Int: intestine, Kid: kidney, Ctrl: RT-PCR products from muscle RNA of non-
injected mouse as negative control, Ctr2: PCR products from scFv plasmid as
positive control. EGFP and scFv genes were expressed mainly in the injected muscle
(quadriceps femoris), and discernable expression was observed in liver cells. H-M.
Expression of EGFP gene in CNS. N. Expression of scFv gene in CNS detected by
RT-PCR. OB: olfactory bulb, FL: frontal lobe, HP: hippocampus, CB: cerebellum,
SC: spinal cord, Ctrl: RT-PCR products from muscle RNA of non-injected mouse as
negative control, Ctr2: PCR products from scFv plasmid as positive control.
Discernable expression of EGFP and scFv gene was detected in Olfactory bulb, but
not in frontal lobe, hippocampus, choroid plexus, cerebellum and spinal cord. Bar=1

mm.
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deposits at three months of age, and develop significant AP plaques by the age of
nine months. ScFv gene was injected into the left and right hind leg muscles of
APPSwe/PS1dE9 transgenic mice at three months of age. EGFP gene was delivered
using the same approach as the control. Animals were examined six months after
gene delivery. The equivalent dosage of administrated AAV vectors was 3.5x10'
vector genomes in a 60 Kg human, as derived using FDA criteria for converting drug
equivalent dosages across species, based on body surface area [human equivalent
dose in mg/kg = animal dose in mg/kg x (animal weight in kg’/human weight in
kg)"?*] (George et al., 2004). This dosage is in the safe dose range of intramuscular

injection of AAV as tested in a clinical trial (Food and Drug Administration, 2003).

We first examined the expression of EGFP directly under ultraviolet light. As shown
in Figure 2.1, strong expression of EGFP was observed in the muscles of both hind
legs. All animals injected with the AAV-EGPF vector showed green colour in their

hind-limbs.

We next considered the expression in different tissues. The expression of EGFP
protein was examined by observation directly under fluorescence microscope and the
mRNA expression of scFv was examined using RT-PCR (we could not generate
scFv specific antibodies due to the low immunogenicity of the scFv, for details,
please refer to the following data). As shown in Figure 2.2, six months after
intramuscular delivery, the EGFP protein was expressed at a high level in quadriceps
femoris at the site of gene delivery (Figure 2.2A). Amongst the peripheral tissues we
studied, we also observed a low level of EGFP expression in the liver only (Figure
2.2C). The EGFP expressing cells in the liver appeared to be binucleate cells of
hepatocyte morphology (Figure 2.2C inset). We did not see any discernible EGFP

expression in other peripheral tissues including biceps brachii (Figure 2.2B), spleen
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Figure 2.3

Figure 2.3 Expression of EGFP in olfactory bulb. EGFP expression (green) was
detected in the glomerular layer. It was colocalized with NeuN (red, marker of

neuron), but not GFAP (blue, marker of astrocyte), suggesting the EGFP was

expressed in neurons of glomerular layer. Bar=50 pm.
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Figure 2.4 AB plaque burden in neocortex and hippocampus six months after
intramuscular scFv gene delivery. A. Immunohistochemical (IHC) positive AP
deposits in neocortex and hippocampus of mice injected with AAV-EGFP. B. IHC
positive AP deposits in neocortex and hippocampus of mice injected with AAV-scFv.
C. Congo red positive AP deposits in neocortex and hippocampus of mice injected
with AAV-EGFP. D. Congo red positive AP deposits in neocortex and hippocampus
of mice injected with AAV-scFv. E. Comparison of AP plaque area fraction between
mice injected with AAV-EGFP and AAV-scFv. F. Comparison of AB plaque density
between mice injected with AAV-EGFP and AAV-scFv. G. Comparison of AP
plaque size between mice injected with AAV-EGFP and AAV-scFv. The results are
means + SEM. * compared with control, p<0.05, ** compared with control, p<0.01.

Bar=1 mm.
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(Figure 2.2D), intestine (Figure 2.2E) and kidney (Figure 2.2F). Consistently, the
expression of scFv mRNA showed a similar expression pattern to EGFP (Figure

2.2G).

We then examined the expression of transgenes in the central nervous system (CNS),
and observed the low level of EGFP expression in the glomerular layer of the
olfactory bulb (Figure 2.2H). The EGFP expressing cells were NeuN positive but
GFAP negative, indicating a neuronal cell type (Figure 2.3). No discernible
expression of EGFP was observed in other parts of CNS including frontal lobe,
hippocampus, choroid plexus, cerebellum and spinal cord (Figure 2.21, J, K, L and
M, respectively). Consistently, the scFv mRNA expression was also detected in

olfactory bulb, but not in other CNS tissues (Figure 2.2N).

These data suggest that the transgenes are expressed in a stable form in the injected
tissues six months after gene delivery, with small amount of ectopic transgene

expression in olfactory bulb and liver.

Intramuscular delivery of scFv gene prevents AP deposition in the brain

Six months after gene delivery, we examined the amyloid plaque burden in the brain.
AP plaques exist in two forms, fibrillar and diffuse. Firstly we evaluated the AP
deposition in the brains by staining the AP plaques with anti-Af antibody 6E10 to
label both diffuse and fibrillar plaques (IHC plaques) and Congo red to detect the
fibrillar AP plaques (Congo red plaques) (Brantly et al., 2006). Analysis of AP
plaques generated three parameters: area fraction (representing the percentage of area
occupied by the plaques against the total area analysed), plaque density (representing
the average number of plaques per area unit), and plaque size (representing the

average size of plaques). Representative images are shown in Figure 2.4. Compared
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Figure 2.5
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Figure 2.5 AB peptide levels six months after intramuscular delivery of scFv
gene. A. Comparison of total AR, AB40, AB42, TBS-soluble and GuHClI-soluble A3
in the brains between mice injected with AAV-EGFP and AAV-scFV. B.
Comparison of total AP, AB40 and APB42 in serum between mice injected with AAV-

EGFP and AAV-scFv. The results are means + SEM. * compared with control,

p<0.05, ** compared with control, p<0.01.
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with EGFP-treated mice, scFv-treated mice had significantly lower area fraction and
plaque density of both IHC and Congo red plaques overall, neocortex and
hippocampus. ScFv-treated mice also had smaller size of IHC and Congo red plaques
than EGFP-treated mice. However, statistical significance was only achieved for the

overall measurement of Congo red plaques.

We next examined the accumulation of AP, which exists in soluble and insoluble
forms, in the brain. Soluble (TBS fraction) and insoluble (GuHCI fraction) AB40
and AP42 were extracted sequentially from the brain and quantified by sandwich
ELISA with antibodies specific to AB40 and AB42. For the comparison of AP levels
between scFv- and EGFP-treated mice, the total AP level from individual animals
was calculated by the sum of TBS- and GuHCI-AB40 and APB42. Compared with
EGFP-treated mice, scFv-treated mice had significantly lower levels of total A
(15004281 vs 24214237 ng/mg, F=1.112, p=0.023), AB40 (95.1£19.9 vs 161.2+12.3
ng/mg, F=1.185, p=0.013), AP42 (1405£263 vs 22594229 ng/mg, F=0.863,
p=0.025), soluble AP (11.4+2.2 vs 21.6+£3.9 ng/mg, F=3.479, p=0.033), and
insoluble AP (1489+280 vs 2399+236, F=1.096, p=0.023) (Figure 2.5A). We further
examined the A levels in the serum. Consistently, scFv-treated mice had lower
concentrations of total AP (6.55+0.44 vs 10.46+1.44 ng/ml, F=11.403, p=0.014),
AB40 (0.305+0.04 vs 0.439+0.03 ng/ml, F=0.198, p=0.016) and AB42 (6.25+0.43 vs

10.02+1.43 ng/ml, F=12.203, p=0.016) in plasma than EGFP-treated mice (Figure

2.5B).
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Figure 2.6 Microgliosis in the brain six months after intramuscular delivery of
scFv gene. A. No obvious microgliosis was observed in the frontal lobe of wild type
littermates. B. Microgliosis in the frontal lobe of APPSwe/PS1dE9 transgenic mice
injected with AAV-EGFP. C. Microgliosis in frontal lobe of APPSwe/PS1dE9
transgenic mice injected with AAV-scFv. D. No obvious microgliosis was observed
in the hippocampus of wild type littermates. E. Microgliosis in the hippocampus of
APPSwe/PS1dE9 transgenic mice injected with AAV-EGFP. F. Microgliosis in the
hippocampus of APPSwe/PS1dE9 transgenic mice injected with AAV-scFv. G-I
Comparison of microgliosis area fraction in the entire brain (G), cortex (H) and
hippocampus (I) among wild type (WT), mice injected with AAV-EGFP and AAV-
scFv. The results are means + SEM. ** denote p<0.01 versus wild type littermate, *
and ™ denote p<0.05 or p<0.01 versus APPSwe/PS1dE9 transgenic mice injected

with AAV-EGFP. Scale bar=1 mm.
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Figure 2.7 Astrogliosis in the brain six months after intramuscular delivery of
scFv gene. A-C. Astrogliosis in frontal lobe of wild type littermates (A),
APPSwe/PS1dE9 transgenic mice injected with AAV-EGFP (B) and AAV-scFv (C).
D-F. Astrogliosis in the hippocampus of wild type littermates (D), APPSwe/PS1dE9
transgenic mice injected with AAV-EGFP (E) and AAV-scFv (F). G-1. Comparison
of GFAP area fraction in the entire brain (G), cortex (H) and hippocampus (I) among
wild type littermate (WT), mice injected with AAV-EGFP and AAV-scFv. The
results are means + SEM. ** denote p<0.01 versus wild type littermate, * and "
denote p<0.05 or p<0.01 versus APPSwe/PS1dE9 transgenic mice injected with

AAV-EGFP. Scale bar=1 mm.
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These histological and biochemical data indicate that intramuscular delivery of scFv

gene effectively prevents AP accumulation and deposition in the brain.

Intramuscular delivery of scFv gene attenuates AD-type pathologies

We further investigated whether delivery of scFv gene can attenuate microgliosis and
astrogliosis in the brain. Activated microglia in the regions of neocortex and
hippocampus were stained with monoclonal anti-CD45 antibody. As shown in Figure
2.6, there was no obvious activation of microglia in the brain of wild type littermates
(Figure 2.6A and D), while significant microgliosis developed in the brain of
APPSwe/PS1dE9 transgenic mice (Figure 2.6B and E). Compared with EGFP-
treated mice (Figure 2.6B and E), scFv-treated mice (Figure 2.6C and F) had
significantly lower area fraction of overall brain regions (Figure 2.6G, 1.27+0.09%
vs. 1.77£0.10%, One way ANOVA F=42.676, p<0.001), in neocortex (Figure 2.6H,
1.40+0.12% vs 1.76+£0.11%, ANOVA F=27.970, p<0.001) and in the hippocampus
(Figure 2.61, 0.96+0.10 vs 1.784+0.19%, ANOVA F=17.667, p<0.001) with respect to

microgliosis.

We used the GFAP antibody to illustrate astrocytes (Figure 2.7). Unlike microgliosis,
we saw obvious astrocytes in both wild type and APPSwe/PS1dE9 transgenic mice.
In general, APPSwe/PS1dE9 transgenic mice had higher extent of astrogliosis in
neocortex but not hippocampus than wild type mice. The scFv-treated mice had
lower extent of overall astrogliosis and astrogliosis in the neocortex and

hippocampus, however, the difference did not reach statistical significance.
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Figure 2.8 AAV-scFv injection prevented cognitive impairment of
APPSwe/PS1dE9 transgenic mice. Six months after intramuscular delivery of scFv
gene, all the animals were subjected to Morris Water Maze test for a consecutive four
days. A. Latency taken to escape from the water in the platform trials. B. Distance
taken to escape from the water in the platform trials. C. Motor function of scFv- and
EGFP-treated mice as reflected by their swimming speed during the consecutive days
of training. D. The number of crosses over the exact location of the hidden platform
in the probe trial. E. Percentage of time spent in the target quadrant area relative to
the total time spent in the the pool in the probe trial. The results are means + SEM. *

compared with control (AAV-EGFP), p<0.05.
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Intramuscular delivery of scFv gene prevents amyloid-associated cognitive

impairments

As scFv gene delivery reduced the AP accumulation and deposition, and attenuated
the microgliosis and astrogliosis in the brain (Wang et al, 2009a), we hypothesized
that scFv treatment should functionally prevent the amyloid-associated cognitive
deterioration. The cognitive function of the animals was tested using classic Morris
Water Maze. Consistently, the scFv-treated mice performed significantly better than
EGFP-treated mice, as reflected by significant reductions in escape latency time and
distance taken to escape onto the platform with progressive learning trials (Figure
2.8A and B). ScFv-induced attenuation of cognitive impairment was confirmed in the
probe trial showing that scFv-treated mice entered the platform area more times
(3.88+0.35 vs 2.89+0.52, p=0.023) and spent more time in the target quadrant area
(44.11+4.07% vs 27.70+4.49%, p=0.018) relative to EGFP-treated control mice
(Figure 2.8D and E). This effect was not attributable to the presence of motor
deficits, because the two groups of mice exhibited similar swimming speeds (Figure

2.8C).

Intramuscular delivery of scFv gene is well tolerated and does not cause

inflammation and microhemorrhage in the injection sites and brain

It is important to understand the safety of the scFv gene treatment. During the period
of the present study, no animal death occurred and no behavioural abnormality was
observed. Furthermore, the gene delivery did not significantly influence animal body

weight (data not shown).

Autoimmune CNS inflammation and bleeding of small vessels are the major adverse
effects of active and passive immunotherapies. We investigated whether scFv
treatment caused inflammation and microhemorrhage. Microhemorrhage was

41



Figure 2.9

-
@
I

files w

-
1

——

per hemisphere
e
L]

Microhemarrhage pro

WT AAV-EGFP AAV-scFv

Figure 2.9 Microhemorrhage profiles in the brain six months after
intramuscular delivery of scFv gene. A. An example of microhemorrhage profile
observed in hippocampus. B. Comparison of microhemorrhage profiles per each
brain hemisphere among wild type littermates (WT), APPSwe/PS1dE9 transgenic

mice injected with AAV-EGFP and AAV-scFv. Scale bar=50 pm.
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Figure 2.10 ScFv gene delivery does not cause pathological changes in the scFv
expressing tissues and brain. A-B. HE staining of the quadriceps femoris of
APPSwe/PS1dE9 mice injected with AAV-scFv (A) and of wild type littermates
without AAYV injection (B). C-D. HE staining of the livers of APPSwe/PS1dE9 mice
injected with AAV-scFv (C) and of wild type littermates without AAV injection (D).
E-F. HE staining of the glomerular layer of the olfactory bulb of APPSwe/PS1dE9
mice injected with AAV-scFv (E) and of wild type littermates without AAV
injection (F). G-H. HE staining of the cortex of APPSwe/PS1dE9 mice injected with
AAV-scFv (G) and of wild type littermates without AAV injection (H). There were
no discernable pathological changes in quadriceps femoris, liver, olfactory bulb and

neocortex of APPSwe/PS1dE9 mice injected with AAV-scFv.
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Figure 2.11 Levels of TNFa, IL-1p and IFN-yin serum and brain of
APPSwe/PS1dE9 mice injected with AAV-scFv and AAV-EGFP. The cytokine
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illustrated with potassium ferrocyanide. We did not observe any significant
difference in microhemorrhage profiles among the wild type, EGFP- and scFv-
treated mice (One way ANOVA F=1.879, p=0.174) (Figure 2.9). We next stained the
sections of tissues expressing scFv gene, including quadriceps femoris, liver,
olfactory bulb, and the brain with HE, and did not see any discernible inflammatory
responses or obvious pathological abnormalities in these tissues when compared with

tissues from wild type controls (Figure 2.10).

We further measured the levels of the key inflammatory cytokines TNFa, IL-1 and
IFNy in serum and brain homogenates, and consistently there were no significant

differences in the serum and brain levels of these cytokines between the scFv- and

EGFP-treated mice (Figure 2.11).

These data indicate that long-term expression of scFv gene in the muscle is well
tolerated by the APPSwe/PS1dE9 mice, and scFv treatment did not cause
microhemorrhages and inflammatory responses in AAV-injected tissues, transgene
expressing tissues and the brain, indicating the safety of long-term use of scFv

treatment.

ScFv has low immunogenicity and does not induce antibodies

A major concern of long-term use of antibodies as a treatment is the generation of
neutralizing antibodies, which will compromise the therapeutic effect. We
investigated whether long-term expression of scFv gene in the body would generate
neutralizing antibodies. Six months after intramuscular delivery of scFv gene, despite
the stable expression of scFv gene, there were no detectable neutralizing antibodies
against scFv in all mice injected with the AAV-scFv (data not shown). We also did

not detect the scFv specific antibodies in the sheep and mice immunized with either
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recombinant scFv protein or chemically synthesized scFv peptide fragments, with
intention to generate anti-scFv antibodies (data not shown). The results suggest that
the scFv has low antigenicity and did not evoke a significant immune response from

the host in the present study.

Discussion

In the present study, we have demonstrated that intramuscular delivery of the gene
encoding for a single chain antibody against AP isolated from a human single chain
antibody library (Frid et al., 2007) is capable of preventing the Ap accumulation and
deposition in the brain, attenuating AD type pathologies, and improving the cognitive
functions of the APPSwe/PS1dE9 transgenic mice. Importantly, long-term treatment
with scFv was well tolerated by the animals, did not cause abnormal behaviors,
microhemorrhages, and cerebral and systematic inflammatory responses, and had

low antigenicity without inducing the secondary neutralizing antibodies.

Regardless of AB-reducing effects of both active A} immunization and passive
immunization with antibodies against AP in animal experiments and clinical trials
(Cai et al., 2003), (Schenk et al., 1999; Dodart et al., 2002; Bard et al., 2003;
Wilcock et al., 2004a; Billings et al., 2005; Brendza et al., 2005; Maier et al., 20006),
several major adverse effects arose, including autoimmune meningoencephalitis by
evoking autoreactive T lymphocytes (Nicoll et al., 2003; Ferrer et al., 2004; Gilman
et al., 2005; Masliah et al., 2005), and multiple cortical haemorrhages possibly due to
Fc-mediated inflammation in amyloid-laden vessels (Nicoll et al., 2003; Ferrer et al.,
2004). Other concerns include those of anti-Af} antibodies binding to epitopes on

CNS neurons that can also induce autoimmune reactions (Pfeifer et al., 2002; Ferrer
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et al., 2004; Wilcock et al., 2004b; Racke et al., 2005), and Fc-mediated microglia
activation and phagocytosis of insoluble aggregates which may also result in
inflammatory responses (Rohn et al., 2000). These adverse effects preclude the

clinical use of immunotherapy.

However, the immunotherapy against A still has the potential of becoming the first
strong disease-modifying modality against AD. Currently several approaches are
under exploration to avoid the adverse effects of the immunotherapy, including
vaccine refinement (Rogers and Shen, 2000), novel immunization approach (Lemere,
2009) and modified antibodies (Lemere et al., 2006). ScFv is in a format where the
VH and VL domains are joined, and usually retains the specific, monovalent,
antigen-binding affinity of the parent IgG (Rebe and Solomon, 2005; Tamura et al.,
2005). Due to the lack of Fc fragment, scFv may not cause Fc-related cerebral
microhemorrhage and inflammation. We have demonstrated that intramuscular
delivery of the scFv gene is effective in reducing the brain A burden in 9 months
old APPSwe/PS1dE9 transgenic mice without eliciting cerebral microhemorrhages,
activating microglia and lymphocyte infiltration in the brain (Holliger and Hudson,
2005). In the present study, we further demonstrated the efficacy of intramuscular
delivery of scFv gene in preventing the accumulation and deposition of AP in the
brain and functionally attenuating AP-related cognitive decline without eliciting
microgliosis, microhemorrhage, cerebral and systematic inflammatory responses.
Our studies suggest that the systemic use of scFv is potentially an effective and safe

therapeutic strategy.

Intracranial delivery of a scFv gene is able to reduce and prevent the formation of
histological AP plaques in the AD mouse model (Wang et al., 2009b). We have

demonstrated that intramuscular delivery of scFv gene is as effective as intracranial
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delivery in reducing cerebral AP (Fukuchi et al., 2006; Levites et al., 2006). Notably,
intracranial use of scFv, but not intramuscular delivery, significantly increased the
soluble form of A, which is likely due to the direct dissolution of aggregated A in
the brain (Wang et al., 2009b). This phenomenon raises a major concern that the
transformation of AP from aggregated form to soluble form may increase the toxic
oligomers which then cause further damage to the neurons, if the scFv is not able to
neutralize the AP neurotoxicity. In the present study, soluble A in TBS in the brain
is decreased after intramuscular delivery of scFv gene. Taken together, our studies
suggest that intramuscular delivery of scFv gene provides a less invasive and maybe

a safer therapy than intracranial delivery.

Based on our studies, scFv represents a potentially noninflammatory approach to
facilitate AP clearance. Up to now some single chain antibodies specific against A3
have been developed with different functions, including interfering with AP
aggregation (Wang et al., 2009b), preventing toxic effects of AP (Frenkel et al.,
2000; Liu et al., 2004b; Zameer et al., 2006; Habicht et al., 2007; Robert et al., 2008;
Lafaye et al., 2009), being specific to oligomers conformation (Frenkel et al., 2000;
Robert et al., 2008; Lafaye et al., 2009), inhibiting -secretase cleavage (Meli et al.,
2009), a-secretase-like activity (Paganetti et al., 2005) and AB-hydrolyzing activity
(Rangan et al.,, 2003). It is of significant interest to develop alternative
immunological approaches with these types of scFv to target Ap production and AP

clearance.

AAYV has been suggested to be a safe vector of gene delivery (Taguchi et al., 2008).
In the present study, the dosage of rAAV2/1 vector injected (equivalent human dose

3.5x10'% vector genomes) is low, within the safe dosage range (2.1x10' - 6.9x10"
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vector genomes) as tested in a phase I clinical trial of intramuscular injection of the
similar TAAV2 vector (Flotte, 2004). We did not see discernable pathological
changes in the muscles where rAAV2 vectors were injected. Injection of rAAV2 into
the blood is known to widely transform different cells (Brantly et al., 2006). In our
previous study, ectopic expression of transgenes were obvious in olfactory bulb,
choroid plexus, liver and intestine besides the muscle at three months after
intramuscular delivery of the genes. The widespread existence of AAV in different
tissues after intramuscular injection may not pose a significant set-back, since AAV
is the safe vector available for the gene therapy (Mori et al., 2006). In the present
study, the ectopic expression of transgenes was further limited to olfactory bulb and
liver six months after gene delivery, suggesting that the ectopic expression in
intestine and choroid plexus is transient. This limited expression reduces the
concerns of any potential side effects arising from ectopic transgene expression. Our
findings are consistent with recent clinical trials where intramuscular AAV injection
did not cause serious vector-related adverse events, and detectable vector DNA in the

blood which may lead to ectopic expression (Flotte, 2004).

It is important to note that the scFv in the present study has very low antigenicity. No
antibodies against the scFv were generated after gene delivery and even after
vaccination with routine immunization protocols. This would be a potential
advantage in the future human use where neutralizing antibodies against the
biopharmaceuticals will compromise the therapeutic effect (Brantly et al., 2006;

Jiang et al., 2006).

Conclusions

In summary, our studies suggested that intramuscular delivery of a scFv gene is

effective in preventing brain A accumulation and cognitive impairment, without

46



Chapter 2 scFv and AD
eliciting cerebral microhemorrhage, inflammatory responses, and neutralizing
antibodies in a prevention modality. Recombinant AAV2/1-mediated scFv gene
delivery is well tolerated by animals. This study further extends our understanding of
the therapeutic effect and safety of the intramuscular delivery of the scFv gene.
Together with the safety of human AAV application, our studies suggest that AAV-
mediated intramuscular delivery of scFv is a promising tool for both prevention and
treatment of AD. Our studies also present a “proof of principle” for a novel
peripheral immunological modality that may also be of relevance for other
misfolding diseases such as Parkinson disease, Huntington disease and prion diseases

(Chirino et al., 2004).
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CHAPTER 3

Grape Seed Derived Polyphenols Attenuate Amyloid-beta

Neuropathology in the Brain of Alzheimer’s Disease Mice
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Summary

Polyphenols extracted from grape seeds are able to inhibit amyloid-beta
(AP) aggregation, reduce AP production and protect against AP neurotoxicity In
vitro. We aimed to investigate the therapeutic effects of a polyphenol-rich grape seed
extract (GSE) in AD mice. APPSwe/PS1dE9 transgenic mice were fed with normal
AIN-93G diet (control diet), AIN-93G diet with 0.07% curcumin, or diet with 2%
GSE beginning at 3 months of age for 9 months. Total phenolic content of GSE was
592.5 mg/g dry weight, including gallic acid (49mg/g), catechin (41mg/g),
epicatechin (66mg/g) and proanthocyanidins (436.6mg catechin equivalents/g).
Long-term feeding of GSE diet was well tolerated without fatality, behavioural
abnormality, changes in food consumption, body weight or liver function. The
AP levels in the brain and serum of the mice fed with GSE were reduced by 33% and
44% respectively compared with the Alzheimer’s mice fed with the control diet.
Amyloid plaques and microgliosis in the brain of Alzheimer’s mice fed with GSE
were also reduced by 49% and 70% respectively. Curcumin also significantly
reduced brain AP burden and microglia activation. With the dosage used in the
present study, GSE appeared more effective in suppression of brain A burden and
microglia activation than curcumin. In conclusion, polyphenol-rich GSE is well-

tolerated and prevents development of AD in a transgenic mouse model.

Keywords: AD; Polyphenols; Grape seed extract; Amyloid-beta; Microglia
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Introduction

AD (AD) is the most common form of senile dementia occurring in later life and is a
major cause of disability and death in the elderly (Cardinale and Biocca, 2008). With
the world population ageing, it is estimated that the number of people affected with
AD will double every 20 years from today’s estimate of 26.6 million to 106.8 million
by 2050 (World Health Organization, 2003). However, no strong disease-modifying
treatment or preventative measures are currently available (Brookmeyera et al.,

2007).

AD is characterized neuropathologically by deposits of amyloid-beta peptides (Ap),
neurofibrillary tangles, reactive microgliosis and astrogliosis, cerebral amyloid
angiopathy and neuronal loss that result in the progressive deterioration of cognition
and memory (see review in (Citron, 2004)). According to the amyloid hypothesis, the
accumulation of AP in the brain is the primary factor driving AD pathogenesis
(Thomas and Fenech, 2007). It has been suggested that neuroinflammation may
significantly contribute to disease progression and chronicity of AD (Hardy and
Selkoe, 2002). Therefore, clearance of AP from the brain and anti-inflammation

represent potential important strategies that may be used to prevent and treat the

disease (Heneka and O'Banion, 2007).

Epidemiological studies have shown that consumption of diets rich in anti-
inflammatory agents, such as those found in fruits and vegetables, or anti-
inflammation drugs, may lower the risk of developing age-related neurodegenerative
diseases such as Parkinson's disease and AD (Citron, 2004; Wang et al., 2006c).
Polyphenols from grape seeds extract (GSE) have been suggested to be able to

inhibit AP aggregation, reduce AP production, protect against AP neurotoxicity, and
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attenuate oxidative stress in vitro (Lau et al., 2005; Barberger-Gateau et al., 2007,
McGeer and McGeer, 2007). GSE has been widely used as food additive in order to
benefit health and chronic illness (for review see(Bastianetto et al., 2000; Jang and
Surh, 2003; Ono et al., 2003; Savaskan et al., 2003; Li et al., 2004; Marambaud et al.,
2005; Ono et al., 2005; Mancuso et al., 2007; Riviere et al., 2007)). However,
whether polyphenols from grape seeds can prevent or slow down the pathogenesis or
reduce brain pathology and improve cognitive functions in AD patients or animal
models is not clear. It is known that polyphenols such as curcumin found in tumeric
which is an active component of curry (Shi et al., 2003) or epigallocatechin-3-gallate
(EGCG) from green tea (Yang et al., 2005) can prevent the AP deposit in the brain
and reduce neuropathology in AD mice. In the present study, we investigated the
effects of polyphenol-rich GSE on cognitive protection, AP deposition and AD-type

pathology in a transgenic AD mouse model which over expresses A} in the brain.

Material and Methods

Transgenic mouse model

Approval for this study was obtained from CSIRO Human Nutrition and Flinders
University Animal Ethics committees. APPSwe/PSI1dE9 transgenic mice were
provided by Jackson Laboratory, USA. These mice were constructed on a C57BL/6
background, and bear a chimeric mouse/human (Mo/Hu) APP695 with mutations
linked to familial AD (KM 593/594 NL) and human PS1 carrying the exon-9-deleted
variant associated with familial AD (PS1dE9) in one locus under control of a brain-

and neuron-specific murine Thy-1 promoter element (Rezai-Zadeh et al., 2005).
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Genotyping of mice was performed by PCR following the supplier’s instructions.

Mice were maintained on ad libitum food and water with a 12-hour light/dark cycle.

The 3 months old APPSwe/PSI1dE9 transgenic mice were randomly assigned to a
polyphenol group (N=12, fed with polyphenol diet), curcumin group (N=12, fed with
curcumin diet) and normal diet group (N=12, fed with normal diet). The age and sex
matched wild type littermates were used as a normal control (N=20, fed with normal
diet). All animal husbandry procedures performed were approved by the Flinders
University and CSIRO Human Nutrition Animal Welfare Committees in accordance

with NHMRC Australian guidelines in Australia.

HPLC analysis of polyphenols in GSE

GSE (Vinlife N05010) was purchased from Tarac Technologies P.L. and was
characterised by high performance liquid chromatography (HPLC) analysis without
any further extraction process. GSE was dissolved in 80% methanol acidified with
0.1% HCI to obtain final concentration of 2.0 mg/mL. 10 pL was injected into the
HPLC column for the analysis of polyphenolic compounds. HPLC analysis was
carried out according to methods described previously (Jankowsky et al., 2001).
Analytical HPLC was run at 25°C and monitored at 280nm (hydroxybenzoic acids

and flavanols), 320nm (hydroxycinnamic acids, stilbenes) and 370 nm (flavonols).

Diets

Before experiments, all animals were fed with commercial standard diet pellets
(Gordon's Specialty Stock Feeds Pty Ltd , NSW, Australia). All experimental diets
were prepared by Specialty Feeds, Glen Forrest, Western Australia. The Control
diet was the standard AIN-93G rodent diet (Kammerer et al., 2004) comprising of

39.7% corn starch, 20% casein (vitamin free), 13.2% dextrin, 10% sucrose, 7%
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soybean oil, 5% powdered cellulose, 3.5% AIN-93G mineral mix, 1% AIN-93G
vitamin mix, 0.3% L-cysteine, 0.25% Choline bitartrate, 0.001% t-
Butylhydroquinone and 5% maize starch. Curcumin diet consisted of the AIN-93G
diet with the exception that it contained 4.93% maize starch and 0.07% Curcumin
(Sigma, Cat No: C1386, USA). GSE diet consisted of the AIN-93G diet with the
exception that it contained 3% maize starch and 2% GSE. The dosage of curcumin
and GSE was based on previous reports indicating highest possible doses with lack
of toxicity and in the case of curcumin preventive effects against AD in a mouse
model (Reeves, 1997). Sufficient diet was prepared at the beginning of the study for
the duration of the study and housed at the Flinders Medical Centre animal holding
facility at 4 °C. The animals were fed with above diets for 9 months starting from
when they were 3 months old at which time no AP deposition was formed in the
brain of the animal. Food consumption and animal body weight were monitored

every three months throughout the study.

Tissue sampling

Animals were sacrificed by overdosing with chloral hydrate (1.5 g/kg). Blood was
sampled from the right atrium of the heart, followed by intracardial perfusion with
100 ml of 0.1% NaNO, in phosphate buffer. Brains were sampled and weighed on a
digital electronic balance with a readability of Img (BX-420H, Shimadzu Scientific
Instruments, USA). Left brain hemisphere for histological analysis was fixed in 4%
paraformaldehyde (pH 7.4) for 24 h and incubated for 24 h in 30% sucrose for
subsequent cryoprotection. Coronal sections of the brain at 35 pum thickness were
collected with a cryosectioning microtome and stored at 4 °C in PBS containing 0.1%
sodium azide until use. Right brain hemisphere was snap frozen in liquid nitrogen

and stored at -80 °C for future biochemical analysis.
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AD-type pathology and quantitative image analysis

The staining for brain total AP, microgliosis, astrogliosis and microhemorrhage was
processed as described previously (Yamakoshi et al., 2002; Deshane et al., 2004;
Yang et al., 2005). Briefly, three series of six equally spaced tissue sections (~200
um apart) spanning the hippocampus were randomly selected and stained using free-
floating immunohistochemistry for total AP (Biotin-conjugated mouse anti-Af
antibody 6E10, Serotec, USA; 1:1000 dilution), activated microglia (rat monoclonal
anti-CD45, Chemicon, USA; 1:2000 dilution) and astrocyte (rabbit polyclonal anti-
glial fibrillary acidic protein, Dako, Denmark; 1:1000 dilution), respectively.
Sections were incubated overnight with primary antibodies at 4°C, further developed
with biotinylated secondary antibodies and the ABC kit (Vector Lab, Burlingame,
CA) using diaminobenzidine and glucose oxidase as substrates. Quantification of
total AB deposit, microgliosis and astrogliosis were performed on images acquired

with a digital camera and analysed with NIH Image J (http://rsbweb.nih.gov/ij/).

Images were collected at 4x magnification using constant bulb temperature and
exposure, with all images acquired in the same session. The area of cortex and
hippocampus was selected for automatic quantification of Af, microglia and
astrocyte immunostaining, yielding the area fraction of the total positive staining
against the area of tissue analysed. The average of the individual measurements was

used to calculate group means and standard errors.

A series of six equally spaced tissue sections (~ 1 mm apart) spanning the entire
brain was mounted and stained for hemosiderin using 2% potassium ferrocyanide in
2% hydrochloric acid for 15 min, followed by a counterstain in a 1% Neutral Red

solution for 10 min at room temperature. Microhemorrhage events in the form of the
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number of Prussian blue-positive profiles were counted in the brains of each mouse
on all sections, and the average number of hemosiderin deposits was calculated per

each brain hemisphere. All image analyses were processed in a blinded manner.

Quantification of AP peptide levels in the mouse brain and plasma by ELISA

ELISA analysis of the brain A} was processed as described previously (Wang et al.,
2009b). Briefly, frozen brain was homogenized and sonicated in water containing 2%
Sodium dodecyl sulphate (SDS) and protease inhibitors (Boehringer Mannheim,
Germany). Homogenates were centrifuged at 100,000xg for 1 h at 4 °C, and the
resultant supernatant was collected, representing the SDS-soluble fraction (AB-SDS).
The resultant pellet was then extracted in 70% formic acid, centrifuged, and the
resultant supernatant was collected, representing the SDS-insoluble fraction (AB-
FA). Before ELISA assay, SDS extracts were diluted 1:50 and formic acid extracts
were neutralized by 1:20 dilution into 1 M Tris phosphate buffer, pH 11, and then
diluted 1:20 in sample buffer. Concentration of AB40 and of AB42 in brain extract
and plasma were quantitatively measured by ELISA (catalogue nos. 8940 and 8942;
Signet Laboratories, Dedham, MA) according to manufacturer’s instructions. Using
the wet weight of brain tissue in the original homogenate, the final values of A} were

expressed as picomoles per gram wet weight of cortex.

Western blot for APP and BACE expression

The expression of APP and BACEl was analyzed using Western blot. Brain
homogenates were subjected to SDS-PAGE (8-12% acrylamide). The blots were
probed with the following antibodies: 6E10 (directed to AP and recognize full length

APP), anti-BACE1 monoclonal antibody (MAB931, R&D Systems), and anti-§ actin
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monoclonal antibody (Sigma-Aldrich). The band density of the APP and BACEI1

was normalized with B-actin.

Quantification of TNFa, IL-13 and IFN-y in the mouse plasma by ELISA

TNFa, IL-1p and IFN-y in the plasma of mice were measured using ELISA kits (Cat
No. 88-7342, 88-7913, 88-7914, eBioscience, USA) as per manufacturer’s

instructions.

Assessment of toxicity of polyphenol from grape seeds

Total bilirubin, alanine aminotransferase (ALT), and aspartate aminotransferase
(AST) in serum were analyzed using commercial enzyme assays according to the

manufacturer’s instructions (Roche Diagnostics, GmbH, d-68298 Mannheim).

Statistical analysis

The data in the text and figures are expressed as mean+S.E.M, unless otherwise
stated. Inter-group comparisons were assayed using one-way ANOVA and post hoc
tests to determine the significance values. Spearman correlation coefficient was used
to analyze the correlation of brain weight with AP level, microglia activation and
astrocytosis in the brain, and the correlation between brain A level and serum Af}
level. p values less than 0.05 were considered to be statistically significant. All the

analyses were performed using SPSS for Windows version 13.0 (SPSS Inc.)
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Figure 3.1
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Figure 3.1 HPLC profile of phenolic compounds in GSE. Analytical HPLC was
run at 25°C and monitored at 280nm (hydroxybenzoic acids and flavanols), 320 nm
(hydroxycinnamic acids, stilbenes) and 370 nm (flavonols). Compounds were
detected at 280 nm including phenolic acids (gallic acid) and flavanols (catechins).
The level of proanthocyanidins was calculated as a difference between the total peak
area at 280 nm and the area of individual peaks that represent the monomers. The
mobile phase consisted of 2% acetic acid in water (solvent A) and 1.0 % acetic acid
in water and acetonitrile (50:50 v/v, solvent B). The flow rate was | mL min'. The
following gradient program was used: from 10 to 24% solvent B (20 min), from 24
to 30% B (20 min), from 30 to 55% B (20 min), from 55 to 100% B (15 min), 100%

B isocratic (8 min), from 100 to 10% B (2 min). The total run time was 85 min.
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Results

Chemical analysis of polyphenols in GSE

HPLC analysis detected compounds in GSE only at 280 nm (Figure 3.1). At this
wavelength phenolic acids (gallic acid) and flavanols (catechins) were detected. The
level of proanthocyanidins was calculated as a difference between the total peak area

at 280 nm and the area of individual peaks that represent the monomers.

Through spectral characteristics and comparison with standards we detected three
main compounds which were gallic acid (49 mg/g DW), catechin (41 mg/g DW), and
epicatechin (66 mg/g DW). The concentration of proanthocyanidins was 436.6 mg
Catechin Eq./g DW. The total polyphenolic content was 592.5 mg/g DW. A similar
total phenolic content was obtained when analysed by the Folin-Ciocalteu method

(data not shown).

GSE is well tolerated in APPSwe/PS1dE9 transgenic mice

The overall goal of the present study was to test the hypothesis that polyphenols from
grape seeds may prevent AD-type AP associated pathology and behaviour change.
The feeding of the GSE polyphenols and curcumin diet was from 3 months of age
when AP deposition was not formed yet in the brain, to 12 months of age. In
APPSwe/PS1dE9 transgenic mice, AP} deposition begins at 6 months of age and

become obvious at 9 months of age (Wang et al., 2009b).

The mean daily food consumption of the mice was 0.11-0.14g per gram body weight,
the corresponding daily polyphenol consumption was 1.2-1.7 mg per gram body
weight, and daily curcumin consumption was 77-98 pg per gram body weight. The

equivalent consumption in a 60 Kg human is about 5.9 g per day for GSE
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Figure 3.2 Polyphenols from grape seeds are well tolerated in APPSwe/PS1dE9
transgenic mice. APPSwe/PS1dE9 transgenic mice were fed Control, Curcumin or
GSE diets for 9 months from 3 months of age. In parallel control studies, gender- and
age-matched wild type littermates were fed with Control diet. A. Body weight was
measured at 3, 6, 9 and 12 months of age. B. Food intake was monitored at 3, 6, 9
and 12 months of age, and was calculated as food intake (gram) per gram body
weight per day. C. Serum indices of liver functional status such as AST and ALT.

Points and bar graphs represent group mean (+/- SEM).
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polyphenols and 0.35 g per day for curcumin, as derived using FDA criteria for
converting drug equivalent dosages across species, based on body surface area

[human equivalent dose in mg/kg = animal dose in mg/kg x (animal weight in

kg/human weight in kg)***] (Wang et al., 2006d).

During the period of the study, no animal death occurred and no behaviour
abnormality was observed. We found that the long term daily consumption for 12
months in APPSwe/PS1dE9 transgenic mice, delivered in the food, did not
significantly influence animal body weight (Figure 3.2A) and daily food

consumption (Figure 3.2B).

It is important to note that the chronic consumption of polyphenols and curcumin did
not cause liver function damage, as reflected by the normal serum levels of bilirubin,
aminotransferase (AST) and alanine aminotransferase aspartate (ALT) (Figure 3.2C)
and bilirubin which was detected at a very low level (< 1 umol/L) in serum of all

animals (data not shown).

GSE reduces brain and serum AP levels and prevents AP deposition in

APPSwe/PS1dE9 transgenic mice

After 9 months feeding on different diets, A in SDS fraction (AB-SDS) and in
formic acid fraction (AB-FA) were quantified utilising a sandwich ELISA. AB-SDS
represents the soluble forms of AP, while AB-FA represents the insoluble forms of
AP. The total AP level from individual animals was calculated by the sum of total
SDS-soluble AP (SDS-soluble AB42 and AB40) and total FA soluble AP (FA soluble

AB42 and AB40).
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Figure 3.3 Effects of polyphenol consumption on AB levels in the brain and
serum of APPSwe/PS1dE9 transgenic mice. AP peptide concentration in the brain
and serum was measured using ELISA. A. Comparison of total AR, AB in SDS
fraction (AB-SDS) and AP in formic acid fraction (AB-FA) among groups. B.
Comparison of total AB40, AB40-SDS and AB40-FA. C. Comparison of total AB42,
AB42-SDS and AP42-FA. D. Comparison of total A, AB40 and AB42 in serum. *

and ** denote p<0.05 or p<0.01 versus APPSwe/PS1dE9 transgenic mice fed with

Control diet.
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Figure 3.4 Effects of polyphenol consumption on AB plaque burden in the brain
of APPSwe/PS1dE9 transgenic mice. A series of six equally spaced tissue sections
(~200 pm apart) spanning the hippocampus were stained using free-floating
immunohistochemistry for AP plaque (anti-Af} antibody 6E10, Serotec) and
developed with DAB. The area of cortex and hippocampus was selected for
automatic quantification of AP plaque immunostaining with Imagel, yielding the
area fraction of the total positive staining against the area of tissue analysed. The
average of the individual measurements was used to calculate group means and
standard errors. A-C. AP plaques in hippocampus and cortex of APPSwe/PS1dE9
transgenic mice fed with Control, Curcumin or GSE diets. D. Comparison of A}
plaque area fraction in cortex and hippocampus among groups. * and ** denote
p<0.05 or p<0.01 versus APPSwe/PS1dE9 transgenic mice fed with Control diet, as

determined by Student t test. Scale bar=0.5mm. Original magnification, x4.
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Compared with transgenic mice consuming Control diet, there was a significant
reduction in the total brain AP} burden in mice consuming a GSE diet (p<0.001) or
Curcumin diet (p=0.01) (Figure 3.3A). GSE diet consumption led to a 33% reduction
in brain AP burden, while Curcumin diet consumption resulted in a 22% reduction.
Consistently, inter-group comparisons of SDS-AP and FA-AB, AB40 and AP42 are

essentially the same as those of total AP (Figure 3.3B and C).

GSE or Curcumin diet consumption also reduced the AP concentrations in the serum
(Figure 3.3D). The total AP concentration in serum correlated significantly and
positively with brain total AP burden (Pearson r=0.348, p=0.021), suggesting the
potential value of serum AP concentration monitoring to reflect brain A burden

during the course of Alzheimer’s dietary prevention studies with polyphenols and

curcumin.

AP plaques were observed primarily in the neocortical and hippocampal areas of the
brain. Quantitative histology analysis also generated similar results. Compared with
Control diet consumption (Figure 3.4A), consumption of GSE (p=0.002) or
Curcumin (p=0.015) diets reduced the AP deposition in the neocortex and
hippocampus (Figure 3.4B and C). Similar to the brain AP levels determined by AP}
ELISA, the total AP plaque burden determined by immunohistochemistry was
reduced by 45% in the GSE diet group and 33% in the Curcumin diet group. These
data suggest polyphenols from grape seeds are effective in reducing AP burden and

preventing AP deposition in the brain.

59



Figure 3.5
Control diet Curcumin GSE

RN o S PR L —— |

BaCﬁl’l-_---—— . — —

Control diet Control diet Curcumin GSE
(W1) (Tg) (Tg) (Tg)

BACEMIPSM w10 4 18

‘.

B ACHN nuur e s S~ P —

1.5 1

1.5 1
T 2
2 T I R ® I
© I i I
S 1 . n 1 T
(a] o T T L
o - L
o i E 0.5 4
o 0.5 :
e 2
m
0 T 0 T T 1
Control diet Curcumin GSE Control  Control Curcumin GSE (Tg)

diet (W) diet(Tg)  (Tg)

Figure 3.5 Effects of GSE consumption on the expression of APP and BACEL1 in
the brain of APPSwe/PS1dE9 transgenic mice. Brain homogenates from
APPSwe/PS1dE9 transgenic mice fed with Control, Curcumin or GSE, and wild type
littermates fed with Control diet were subjected to Western blot to detect the level of
APP and BACEI by 6E10, anti-BACE1 monoclonal antibodies, and anti-f actin

monoclonal antibody. The band density of the APP and BACE1 was normalized with

B-actin.
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Figure 3.6 Effects of polyphenol consumption on microgliosis in the brain. A
series of six equally spaced tissue sections (~200 um apart) spanning the
hippocampus were stained using free-floating immunohistochemistry for activated
microglia (rat monoclonal anti-CD45, Millipore) and developed with DAB. The area
of cortex and hippocampus was selected for automatic quantification of activated
microglia immunostaining with Imagel, yielding the area fraction of the total
positive staining against the area of tissue analysed. The average of the individual
measurements was used to calculate group means and standard errors. A. No obvious
microgliosis was observed in the brain of wild type littermates fed with Control diet.
B-D. Microgliosis in hippocampus and cortex of APPSwe/PSI1dE9 transgenic mice
fed with Control, Curcumin or GSE diets. E. Comparison of CD45 area fraction in
cortex and hippocampus among groups. * and ** denote p<0.05 or p<0.01 versus
wild type littermate fed with normal diet, * and * denote p<0.05 or p<0.01 versus
APPSwe/PS1dE9 transgenic mice fed with Control diet, as determined by Student t

test. Scale bar=0.5mm. Original magnification, x4.
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Figure 3.7 Effects of polyphenol consumption on astrogliosis in the brain. A
series of six equally spaced tissue sections (~200 um apart) spanning the
hippocampus were stained using free-floating immunohistochemistry for astrocyte
(rabbit polyclonal anti-glial fibrillary acidic protein, Dako) and developed with DAB.
The area of cortex and hippocampus was selected for automatic quantification of
astrogliosis immunostaining with Imagel, yielding the area fraction of the total
positive staining against the area of tissue analysed. The average of the individual
measurements was used to calculate group means and standard errors. A. astrogliosis
in hippocampus and cortex of wild type littermates fed with Control diet. B-D.
astrogliosis in hippocampus and cortex of APPSwe/PS1dE9 transgenic mice fed with
Control, Curcumin or GSE diets. E. Comparison of GFAP area fraction in cortex and
hippocampus among groups. * and ** denote p<0.05 or p<0.01 versus wild type
littermate fed with Control diet, as determined by Student t test. Scale bar=0.5mm.

Original magnification, x4.
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GSE does not change the expression of APP and BACEI1 in the brain of

APPSwe/PS1dE9 transgenic mice

To further understand the mechanisms underlying the brain AP reduction after GSE
and curcumin consumption, we examined the expression of APP and BACEI in the
brain homogenates. As shown in Figure 3.5, there were no significant differences in
the levels of APP, the precursor of A, and BACEI, the key enzyme to generate Af3
by cleaving APP. These data suggest that the reduction of brain AP after GSE and

Curcumin consumption is not due to the changes in APP expression and -cleavage

of APP by BACEI.

GSE prevents AD-type neuropathology in APPSwe/PS1dE9 transgenic mice

Microgliosis and astrogliosis were observed primarily in the neocortical and
hippocampal areas of the brain. We examined the area fraction of CD45+ microglia

and GFAP+ astrocytes in neocortical and hippocampal regions.

No obvious microgliosis was observed in brains of wild type littermates (Figure
3.6A), while APPSwe/PS1dE9 transgenic mice showed obvious microgliosis (Figure
3.6B). Compared with transgenic mice fed with Control diet, the mice fed GSE had a
significantly lower level of microgliosis (0.51+0.08 vs. 1.72+0.34, p<0.001), and
such a reduction was also observed in the mice fed curcumin (1.11£0.16 vs.

1.72+0.34, p=0.032) (Figure 3.6 C, D and E).

Wild type littermate fed with control diet had obvious astrogliosis (Figure 3.7A),
which, however, was significantly lower than that in APPSwe/PS1dE9 transgenic
mice (Figure 3.7B). There was no significant difference in astrogliosis among the

groups of transgenic mice fed with Control, Curcumin and GSE diets (Figure 3.7B to
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Figure 3.8 Effects of GSE and curcumin consumption on microhemorrhage
profiles in the brain. A series of six equally spaced tissue sections (~ 1 mm apart)
spanning the entire brain was mounted and stained for hemosiderin using 2%
potassium ferrocyanide in 2% hydrochloric acid, followed by a counterstain in a 1%
Neutral Red solution. Microhemorrhage events in the form of the number of Prussian
blue-positive profiles were counted, and the average number and standard error of
hemosiderin deposits was calculated per each brain hemisphere. A. An example of
microhemorrhage profile (solid arrow) observed in hippocampus. B. Comparison of
microhemorrhage profiles per each brain hemisphere among groups. * and ** denote
p<0.05 or p<0.01 versus wild type littermate fed with Control diet, as determined by

Student t test. Scale bar=50um. Original magnification, x40.
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Figure 3.9 Effects of curcumin and GSE consumption on plasma levels of TNFa,
IL-1p and IFN-y. Plasma levels of TNFa, IL-1B and IFN-y were measured using
ELISA kits (eBioscience). ** denotes p<0.01 versus wild type littermate fed with
normal diet, * denotes p<0.05 versus APPSwe/PSIdE9 transgenic mice fed with

Control diet, as determined by Student t test.
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E). Characteristic blue hemosiderin-positive profiles were observed primarily in the
neocortical, leptomeningeal, hippocampal and thalamic areas of the brain (Figure
3.8A). The microhemorrhage was detected at a rate of 44.0+14.6 per hemibrain in
transgenic mice fed with normal diet, which was higher than in wild type littermate
(7.76x1.07 per hemibrain, p=0.006). Non-significant lower rates of microhemorrhage
were observed in mice fed with GSE (29.0+6.2 per hemibrain, p=0.270) or Curcumin
(32.1£8.4 per hemibrain, p=0.383) diets when compared with transgenic mice fed

with Control diet (Figure 3.8B).

Plasma and brain levels of inflammatory cytokines after GSE consumption

Activated microglia and microphages secrete cytokines such as IL-13, TNF-a and
IFN-y. This is a major pathologic event in the progression of inflammatory cascades
within the AD brain. We measured the levels of IL-13, TNF-a and IFN-y in the brain
homogenates and plasma. In general, cytokines were detected but at very low levels
which were at the lower range of the sensitivity of the ELISA kit used (8-15 pg/ml).
Levels of IL-1B and TNF-a tended to be higher in transgenic mice than in wild type
littermates, but the difference between groups did not reach statistical significance
(Figure 3.9). The level of IFN-y was higher in transgenic AD mice fed with Control
diet (28.7+10.3 pg/ml) than in their wild type littermates (14.9+1.2 pg/ml, p=0.008)
on the same diet. Compared with Control diet consumption, GSE (19.6+2.0 pg/ml vs.
28.7+10.3 pg/ml, p=0.336) and Curcumin (15.1£2.0 pg/ml vs. 28.7+10.3 pg/ml,
p=0.021) diet consumption decreased the IFN-y level in the plasma of

APPSwe/PS1dE9 transgenic mice.
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Discussions

Both genetics and environment determine the development of many chronic diseases
including AD. The genetic mutations of APP, presenilin and other genes only
account for a relatively small number (<5%) of the total number of AD patients
(familial cases) whereas the majority of AD patients are likely due to environmental
factors and other genetic factors affecting AP clearance (Food and Drug
Administration, 2003). Major environmental factors are likely to include excess or
deficiency of dietary constituents consumed on a regular basis which have bioactivity
in relevant pathways. Our understanding of how food and drink can potentially
influence the development of AD will help to develop and implement practical and

inexpensive treatments that may aid in combating this devastating disease.

In the present study, we report that polyphenols-rich GSE fed for 9 months as a food
additive dramatically could prevent the AD development in a genetic mouse model.
We found that the chronic consumption of polyphenols extracted from grape seeds

was well tolerated, effectively reduced the AP burden in the brain and blood,

prevented the AP deposition, and attenuated the microgliosis.

AP accumulation and deposition in the brain is one of the histopathological
hallmarks of AD. Our study clearly demonstrated that the polyphenols in GSE when
fed to a transgenic mouse model for 9 months reduced the total brain amyloid burden
by 33% to 45%, depending on the analysis methods used. AB40 and AP42 are the
major forms of amyloid-beta peptides in the brain. AB42 is much more prone to
aggregation and more toxic to neurons than AB40 (Hardy and Selkoe, 2002). In the
present study, it appears that GSE reduced AB40 slightly more than AB42, which is

consistent with a recent study (Jarrett et al., 1993; El-Agnaf et al., 2000). However,
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the mechanism on this differential effect is not known. We used curcumin as a
positive control at a dietary concentration known to reduce the brain amyloid burden
(Wang et al., 2008). Our data indicate that the polyphenols-rich GSE are comparable
to curcumin in the reduction of brain and plasma amyloid burden although they were
added at a higher concentration in the diet. As there are a number of polyphenols in
GSE, it is not known which polyphenol plays a major role in these events. However,
we assume that the combination of all polyphenols could be important in achieving
these desirable effects. The role these polyphenols play in the reduction of the
amyloid burden is not known. Recently, other known polyphenols have been shown
to be able to influence AP metabolism and protect against AP neurotoxicity.
Curcumin, a phenolic yellow pigment found in turmeric and a spice used extensively
in Asian Indian food, can directly bind small AP species to block the formation of
oligomer and fibril as well as to disaggregate AP} aggregates in vitro, and can reduce
amyloid levels and plaque burden in aged transgenic AD mice when administered
peripherally (Yang et al., 2005). The consumption of the green tea polyphenol
epigallocatechin-3-gallate has also been shown to reduce the overproduction of AB in
vitro (Lim et al., 2001; Yang et al., 2005) and in the transgenic AD mouse brain
(Levites et al., 2003) by promoting the nonamyloidogenic alpha-secretase proteolytic
pathway, and reduce the generation of holo-APP and AP presumably via iron
chelating effects of the polyphenol in vitro (Rezai-Zadeh et al., 2005). In the present
study, holo-APP and BACEI expression did not change after chronic consumption of
GSE or curcumin, suggesting that GSE and curcumin probably do not exert their
protective effects by modifying expression of holo-APP or its processing by BACEL.
Wine is rich in polyphenols and wine consumption is related to a lower risk for AD
in epidemiological studies (Reznichenko et al., 2006). This has been confirmed in an

animal study showing that wine consumption is effective in preventing AD, also by
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increasing the nonamyloidogenic alpha-secretase activity (Orgogozo et al., 1997,
Lindsay et al., 2002; Letenneur, 2004). It is known that grape-derived polyphenols
inhibit A} aggregation, reduce AP production, degrade intracellular AP, protect AP
neurotoxicity, and attenuate oxidative stress in vitro (Wang et al., 2006b). It is likely
that the polyphenols from GSE act on similar multiple pathways to reduce the brain
amyloid burden. A reducing effect was observed preferentially on the insoluble
fraction of both AP40 and AP42 in our study, as well as others, suggesting
that GSE and curcumin probably affect the assembly or disruption of preformed
fibrils and AP aggregation (Bastianetto et al., 2000; Jang and Surh, 2003; Ono et al.,
2003; Savaskan et al., 2003; Li et al., 2004; Marambaud et al., 2005; Ono et al.,
2005; Mancuso et al., 2007; Riviere et al., 2007). However, chronic consumption of
GSE derived polyphenols did not change the activities of AP generating and
degrading enzymes (Wang et al., 2008). Thus, mechanisms of GSE in modulating

AP metabolism need further investigation and novel pathways need to be explored.

Inflammation is another hallmark of AD. There is mounting evidence that chronic
inflammatory processes play a fundamental role in the progression of
neuropathological changes in the AD brain (Wang et al., 2008). The major players
involved in the inflammatory process in AD are thought to be microglia. Cytokine
production by activated microglia, such as IL-1p, TNF-a and IFN-y,is a key
pathologic event in the progression of inflammatory cascades (Akiyama et al., 2000;
von Bernhardi, 2007). In the present study, chronic polyphenol consumption
effectively alleviated microgliosis. The serum levels of IL-13, TNF-a and IFN-y in
transgenic mice were higher than in wild type littermates. This is consistent with the
findings from AD patients that IL-13, TNF-o. and IFN-y are up-regulated (Jekabsone

et al., 2006; Meme et al., 2006; Yamamoto et al., 2007). Polyphenol and curcumin

64



Chapter 3 GSE and AD
consumption tend to decrease plasma levels of IFN-y. However, we did not observe a
difference in serum levels of IL-1p and TNF-a among transgenic mice fed with
Control, Curcumin or GSE diets. It should be noted that these cytokines exist at very
low levels in the serum which is within the lower range of sensitivity of the ELISA
kits used (8-15 pg/ml) which might not be sensitive enough to reflect the difference
between groups. Another possible explanation is that the cytokines in the serum
might not have a good correlation to the cytokines in the brain. The IL-13, TNF-a
and IFN-y levels in the transgenic mice have not been well characterized. So far
limited studies have examined these cytokines in the APP transgenic mouse model
and generated controversial results, primarily as a result of the low levels of these
cytokines (Fillit et al., 1991; Blum-Degen et al., 1995; Solerte et al., 2000)(see
review in (Mehlhorn et al., 2000; Sly et al., 2001; Abbas et al., 2002; Yamamoto et
al., 2007)). However, our quantitative data on the microglia activation by
immunostaining demonstrated that the microglia activation was suppressed by over
70% in animals on the GSE diet. The inflammation suppression by the GSE diet
indicates that the polyphenols from GSE are also powerful ingredients which inhibit
the inflammation in the brain of AD. It is well known that GSE has a property of
anti-inflammation in other inflammation models such as chemically-induced
dermatitis (Heneka and O'Banion, 2007), ultraviolet B (UVB) induced oxidative
stress models (Li et al., 2001; Bralley et al., 2007), atherosclerosis model (Sharma et
al., 2007) or systemic sclerosis in patients (Vinson et al., 2002). How the GSE
polyphenols in the present study affect the inflammation is not clear. It is known that
the green tea polyphenol EGCG or GSE suppresses NF-kappaB activation and
phosphorylation of p38 MAPK and JNK in human astrocytoma U373MG cells
(Kalin et al., 2002) or a in UVB-induced oxidative stress mouse model (Kim et al.,

2007b). As NF-kappaB, p38 MAPK and JNK are major signal pathways involving
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inflammation, it is likely that the polyphenols from GSE suppress inflammation by
inhibiting these signalling pathways. In a human umbilical vein endothelial cell
culture model, GSE significantly inhibited the expression of adhesion molecule
VCAM-1 and activated peroxisome proliferators-activated receptor gamma (PPAR
gamma) and reduced the content of Von Willebrand factor, indicating that GSE may
suppress inflammation by inhibiting the cell inflammatory factor expression and
activating PPAR gamma (Sharma et al., 2007). Other mechanisms such as oxygen
free radical scavenging, anti-lipid peroxidation, and inhibition of the formation of
inflammatory cytokines may also be involved (Ma et al., 2007). Meanwhile, decrease
of AP accumulation in the brain may also contribute to the reduced microgliosis

observed in the present study.

In our present study, consumption of GSE or curcumin did not significantly reduce
the GFAP positive astrogliosis, although AP pathology and microgliosis in the brain
were significantly attenuated. Significant astrogliosis were also observed in the brain
of wild type control mice. Our findings are consistent with a recent study showing
that area reactivity of GFAP did not correlate with AP immunoreactivity in AD
patient’s brains, which suggests other factors such as age-associated events may also

contribute to the astrocyte pathology in AD brain (Li et al., 2001).

Conclusions

Moderate wine consumption has been recommended for the prevention of AD
(Simpson et al., 2008). Considering that the disease primarily affects the old
generation most of whom are contraindicated to alcohol, polyphenol extracts from
grape seeds might be a better alternative to wine for the prevention of AD. In a

parallel study, we have shown that the consumption of the polyphenols from GSE
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significantly suppressed the genomic instability events associated with DNA damage
in those animals with a high polyphenol or curcumin diet (Hampl et al., 2002) which
are in agreement with other studies from our group showing that wine polyphenols
protect against DNA damage induced by oxidative stress in vitro and ex vivo
(Thomas et al., 2009). In the present study, we have clearly demonstrated the benefit
of GSE as a food additive in the prevention of AD. Our studies showed that 9 months
of continuous consumption of GSE did not cause any damage to the liver as the
bilirubin level and amino acid transferase activities are normal. The food intake and
body weight in the experimental animals are well maintained and comparable to
those of animals fed with the Control diet. In addition, all animals fed with GSE were
found to be normal with no tumour development or unexpected death. Our study
indicates that GSE is a safe food additive in mice and therefore it is possible that it
may be safely consumed in a long-term manner in humans to prevent the
development of AD, although this has yet to be tested. As this food additive has a
strong anti-inflammatory effect shown in the previous studies and our current
studies, the consumption of GSE may be beneficial for chronic inflammatory
diseases. Given the safety of GSE in long-term use and that no strong disease-
modifying therapeutic and preventive measures are currently available in clinical
settings, consuming GSE would be promising in developing practical preventive and

therapeutic measures for AD.
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CHAPTER 4

Deletion of P75NTR Reduces AP Production But

Exacerbates AP} Pathology by Increasing A3 Deposition in

an Alzheimer’s Disease Mouse Model
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Summary

Accumulation of toxic amyloid-beta (AB) in cerebral cortex and hippocampus is a
major pathological feature of Alzheimer’s disease (AD). The neurotrophin receptor,
p75NTR, has been proposed to mediate AB- induced neurotoxicity; however its role
in the development of AD remains to be clarified. Study of p75SNTR expression in
the AD model APPSwe/PS1dE9 transgenic mice, indicates localization to the basal
forebrain neurons and degenerative neurites in amyloid plaques of neocortex,
increased expression with aging, and further activation by AP accumulation.
Deletion of p75NTR gene by crossing APPSwe/PSIdE9 mice with p75NTR
knockout mice reduced soluble AP levels in the brain and serum, but increased the
accumulation of insoluble AP and AP plaque formation. This caused no change in
either the expression of APP and its proteolytic derivatives, or o,  and y secretase
activities, or in levels of BACEI, neprilysin (NEP) and insulin degrading enzyme
(IDE) proteins. Recombinant extracellular domain of p75NTR attenuated the
oligomerization and fibrillation of synthetic AB42 peptide in vitro, and reduced local
AP plaques after hippocampus injection in vivo. In addition, deletion of p75NTR
attenuated microgliosis but increased the microhemorrhage profiles in the brain. The
deletion of p75NTR did not significantly change the cognitive function of the mice
up to the age of 9 months. Our data suggest that p75SNTR plays a critical role in
regulating AP levels by both increasing AP production and attenuating its
aggregation and they caution that a therapeutic intervention simply reducing

p75NTR may exacerbate AD pathology.

Key words: p75NTR, deletion, amyloid-beta, Alzheimer’s disease
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by
accumulation of amyloidogenic plaques and neurofibrillary tangles in the brain, loss
of cholinergic neurons and a progressive loss of cognitive functions. Soluble A
peptide plays a central role in the neurotoxicity and the development of AD

(Greenrod and Fenech, 2003; Greenrod et al., 2005). The oligomers are the most
toxic species of AP, causing neuronal death, neuritic degeneration and dysfunction in
synaptic transmission in AD (Ma et al., 2006; Lacor et al., 2007). The level of AP in
the brain is maintained by the dynamic balance of AP production from the cleavage
of amyloid precursor protein (APP) and the clearance of A by its enzymatic
degradation and transport (Lambert et al., 1998b; Hardy and Selkoe, 2002;
Malaplate-Armand et al., 2006; Lacor et al., 2007). Mutations in genes directly
involved in the cleavage of APP or in clearance of AP can break this balance and
cause accumulation of AP in patients or in mutant mouse models (Hardy and Selkoe,
2002; Wang et al., 2006c). Understanding the pathways involving A} production,
transport and clearance will allow developing therapies to hold the progression of the

disease.

Neurotrophin signaling pathways are known to affect production of AP and
development of AD (Citron et al., 1992; Borchelt et al., 1996; Irizarry et al., 1997).
Transgenic animals expressing the antibody against nerve growth factor (NGF)
develop AD-associated pathology that can be alleviated by the delivery of NGF
(Capsoni et al., 2000; Capsoni et al., 2002). NGF signaling via TrkA reduces Af}
production whereas it facilitates AP production via p75 neurotrophin receptor

(p75NTR) (Capsoni et al., 2002). p75NTR is highly expressed in cholinergic neurons
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in the basal forebrain which are most vulnerable in AD. Over-expression or delivery
of NGF in primates and in human can ameliorate the degeneration of cholinergic
neurons (Costantini et al., 2005a). However, the significance of p75SNTR in AD
pathogenesis is not clear and conflicting data have been reported. Recent studies
suggest that binding of AP to p7SNTR mediates neuronal death in vitro and in vivo
(Koliatsos et al., 1991; Tuszynski et al., 1996; Tuszynski et al., 1998) and neuritic
degeneration in AD mice (Kuner et al., 1998; Costantini et al., 2005b; Sotthibundhu
et al.,, 2008). However, the activation of p75NTR by AP has also been shown to
promote survival of human neurons (Knowles et al., 2009). Also, NGF signaling via

p75NTR increases the production of AP during normal aging (Zhang et al., 2003b).

p75NTR is a type I receptor membrane protein which is proteolytically processed by
a two-step mechanism similar to the processing of APP and involves a-secretase-like
and y-secretase mediated cleavages (Costantini et al., 2005a). APP directly interacts
with p75NTR and this interaction mediates neuronal death of basal forebrain neurons
but whether this mediates the production Af and AD pathology is not clear (Jung et
al., 2003; Gowrishankar et al., 2004; Zampieri et al., 2005). Presenilin 1 M146V
mutation increases y-secretase cutting of p75NTR (Fombonne et al., 2009). The
cleavage of p75NTR by extracellular metalloproteases sheds p75 extracellular
domain and generates a membrane-associated C-terminal fragment (Hatchett et al.,
2007). Further processing of the C-terminal fragment by y-secretase releases the

p75-1CD cytosolic fragment that mediates signaling (Sotthibundhu et al., 2008).

The complexity of signals mediated by p75NTR raises the question of the functional

roles of p75NTR in the development of AD in vivo (Jung et al., 2003; Bronfman,

71



Chapter 4 p75NTR and AP
2007). Although a large body of evidence shows p75NTR plays a critical role in the
death of neurons mediated by AP and proneurotrophins, the role of p75SNTR in AP
metabolism in AD has not been explored so far in vivo. This critical experiment is
essential to reveal the functional role of p75NTR in the development of AD
pathology. In the present study we used a genetic approach to examine the roles of
p75NTR in regard to AP burden and AD-like pathology. We found that p75NTR

plays different roles in A metabolism.

Materials and methods

Generation of APPSwe/PS1dE9 transgenic mice with deletion of p7SNTR gene

p75NTR knockout mice (p75SNTR/ExonllI-/- mice) and APPSwe/PS1dE9 transgenic
mice were obtained from the Jackson Laboratory (Bar Harbor, ME, U.S.A.).
p75NTR/ExonllI-/- mice were constructed on a 129/Sv and have a targeted deletion
of exon III of the p75SNTR locus (Coulson, 2006). These mice produce a shorter
isoform of p75NTR lacking the extracellular domain of the receptor responsible for
neurotrophin binding (Lee et al., 1992). APPSwe/PS1dE9 transgenic mice were on a
C57BL/6 background, and bear a chimeric mouse/human (Mo/Hu) APP695 with
mutations linked to familial AD (KM 593/594 NL) and human PS1 carrying the
exon-9-deleted variant associated with familial AD (PS1dE9) in one loci under
control of prion promoter element (von Schack et al., 2001). APPSwe/PS1dE9
transgenic mice were APPSwe/PS1dE9-+/- and begin to develop senile plaques in the

cerebral cortex and hippocampus at three to four months of age.

APPSwe/PSIdE9 and p75NTR/Exonlll-/- mice were crossed to generate
APPSwe/PS1dE9/p75NTR+/- (APP+/-p75+/-) mice. APP+/-p75+/- mice were

backcrossed with the p7SNTR/ExonllI-/- mice for ten generations to produce APP+/-
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p75-/- mice with nearly pure 129/Sv background. An APP+/-p75-/- mouse was
crossed with a 129/Sv mouse to obtain a male APP+/-p75+/- mouse, which was next
crossed with female 129/Sv mice and p75SNTR knockout mice to breed six kinds of
genotypes, including APP+/-p75-/-, APP+/-p75+/-, APP+/-p75+/+, APP-/-p75+/+,
APP-/-p75+/- and APP-/-p75-/-. The genotyping of p75NTR and APPSwe were
performed with PCR as per the product instructions (Jackson Laboratory, Bar
Harbor, ME, U.S.A.). Mice were maintained on ad libitum food and water with a 12-
hour light/dark cycle. All animal cross-breeding and husbandry procedures
performed were approved by the Flinders University Animal Welfare Committee and

Flinders University Biosafety Committee.

Behavioural test

This task represents a classic version of the Morris Water Maze task and was
conducted following the protocols reported previously with minor modification
(Jankowsky et al., 2001). In brief, the test was conducted in a pool (diameter 200
cm) which was filled with opaque water containing white non-toxic dye (24+2°C)
and surrounded by a set of spatial cues (Yau et al., 2007). The tank was imaginarily
divided into four quadrants, and four start positions were located at the intersections
of the quadrants (Markowska et al., 1993). Each daily session consisted of 4 platform
trials during which a round platform (diameter 8 cm) was submerged 1 cm under
water surface in a quadrant. The mouse explored in the pool and escaped on the
platform. If the mouse failed to locate the platform in 120 seconds, it was directed to
the platform. Once the mouse escaped on the platform, it remained on the platform
for 10 seconds. After four days of training, all mice were given a single probe trial,
where platform was withdrawn, at two hours after the last platform trial in order to

assess the final strength of memory traces. In platform trials, distance (path from the
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start location to the platform, cm), latency (the time taken to reach the platform from
the start location, s), and swim speed (average speed during a trial, cm/s) were
measured, while in probe trials quadrant time (percentages of time spent in the
platform quadrant) and platform crossings (the number of times that the mice crossed
the exact location of the platform) were measured. For latency and swim distance in
platform trials, lower numbers indicate better performance. For quadrant time and
platform crossings in probe trials, higher numbers indicate better performance (more
time spent in the correct quadrant and more crossings over the platform location)

(Frick and Fernandez, 2003).

Tissue sampling

Animals were sacrificed by overdosing with pentobarbitol (0.08 g/kg). Blood was
sampled from the right atrium of the heart, followed by intracardial perfusion with
100 ml of 0.1% NaNO, in phosphate buffer. Brains were sampled and weighed on a
digital electronic balance with a readability of 1 mg (BX-420H, Shimadzu Scientific
Instruments, USA). Left brain hemisphere for histological analysis was fixed in 4%
paraformaldehyde (pH 7.4) for 24 h and incubated for 24 h in 30% sucrose for
subsequent cryoprotection. Coronal sections of the brain at 35 um thickness with a
cryosectioning microtome and stored at 4°C in PBS containing 0.1% sodium azide
until use. Right brain hemisphere was snap frozen in liquid nitrogen and stored at -

80°C for future biochemical analysis.

AD-type pathology and quantitative image analysis

To examine the expression of p75SNTR in the brain, brain sections of 9 months old
APPSwe/PS1dE9 mice were stained using rabbit polyclonal anti-human p75NTR

antibody (Ab 9650, a gift from Dr. M. Chao, Skirball Institute, New York University,
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New York, NY) following the free-floating immunohistochemistry protocol as
described previously (Frick and Fernandez, 2003). Immunofluorescence was used to
examine the colocalization between p75NTR positive fibers and amyloid plaques,
with Ab 9650 for p75NTR, antibody N52 (Sigma-Aldrich) for neurofilament 200
(NF200) and Thioflavine S for fibrillar plaque. Sections were observed with confocal

fluorescence microscope (Radiance 2000MP, Bio-Rad).

The staining for brain total AP, microgliosis, astrogliosis and microhemorrhage was
processed as described previously (Wang et al., 2009b). Briefly, a series of five
equally spaced tissue sections (~1.3mm apart) spanning the entire brain were
randomly selected and stained using free-floating immunohistochemistry for total A3
(Biotin-conjugated mouse anti-Af3 antibody 6E10, Serotec, USA; 1:1000 dilution),
activated microglia (rat monoclonal anti-CD45, Chemicon, USA; 1:2000 dilution)
and astrocyte (rabbit polyclonal anti-glial fibrillary acidic protein, Dako, Denmark;
1:1000 dilution), respectively. Sections were incubated overnight with primary
antibodies at 4°C, further developed with biotinylated secondary antibodies and the
ABC kit (Vector Lab, Burlingame, CA) using diaminobenzidine and glucose oxidase

as substrates.

For the compact AP plaque staining, a series of sections was mounted and stained
with Congo red. In brief, the sections were treated with working sodium chloride
solution (containing sodium chloride saturated in 80% alcohol and 0.01% sodium
hydroxide) at room temperature for 20 minutes, then placed directly into working
Congo red solution (containing saturated Congo red in working sodium chloride

solution) for 1 hour, and dehydrate rapidly in absolute alcohol.
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Images were collected at 4x magnification using constant bulb temperature and
exposure, with all images acquired in the same session. The area of neocortex and
hippocampus was selected for automatic quantification by ImageJ of AP, microglia,
astrocyte immunostaining and Congo red positive AP plaque, yielding the area
fraction of the total positive staining against the area of tissue analysed. The average
of the individual measurements was used to calculate group means and standard

CITors.

Microhemorrhage staining and quantification were performed following the method
described before (Wang et al., 2009b). In brief, a series of five sections were
mounted on the slides and stained for hemosiderin using 2% potassium ferrocyanide
in 2% hydrochloric acid for 15 min, followed by a counterstain in a 1% Neutral Red
solution for 10 min at room temperature. Microhemorrhage events in the form of the
number of prussian blue-positive profiles were counted in the brains of each mouse
on all sections under microscope, and the average number of hemosiderin deposits

was calculated per each brain hemisphere.

All image analyses were processed in a blinded manner.

Quantification of AP peptide levels by ELISA

ELISA analysis of the brain A} was processed as described previously (Wang et al.,
2009c). Briefly, frozen brain was homogenized and sonicated in TBS containing
protease inhibitors (Boehringer Mannheim, Germany). Homogenates were
centrifuged at 100,000xg for 1 h at 4 °C, and the resultant supernatant was collected,
representing the TBS-soluble fraction (AB-TBS). The resultant pellet was suspended
and sonicated in water containing 2% Sodium dodecyl sulphate (SDS) and protease

inhibitors. The SDS solubilized homogenates were centrifuged at 100,000xg for 1 h
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at 4 °C, and the resultant supernatant was collected, representing the SDS-soluble
fraction (APB-SDS). The resultant pellet was then extracted in 70% formic acid,
centrifuged, and the resultant supernatant was collected, representing the SDS-
insoluble fraction (AB-FA). Before ELISA assay, formic acid extracts were
neutralized by 1:20 dilution into 1 M Tris phosphate buffer (pH 11) and then diluted
in sample buffer. Concentrations of AB40 and of APB42 in brain extract and plasma
were quantitatively measured by ELISA according to manufacturer’s instructions
(Covance, USA). Using the wet weight of brain tissue in the original homogenate,
the final values of brain A} were expressed as picomoles per gram wet weight of

brain.

APP proteolytic processing and o, 3, y-secretase activities

APP derivatives were analyzed by Western blot analyses as performed according to
our procedures described previously (Wang et al., 2009b). Briefly, brain proteins (20
ng) from brain homogenates were boiled in Laemmli sample buffer containing 8% [3-
mercaptoethanol, loaded onto 4-12% Bis-Tris gradient gels (Invitrogen), and
electrophoresed. Separated proteins were transferred from the gels onto pure
nitrocellulose (Bio-Rad), and the membranes were boiled in PBS for 5 min.
Membranes were then blocked in casein-blocking buffer [0.5% (w/v) in PBS. The
blots were probed with the following antibodies: WO2 (mouse monoclonal directed
to residue 5-8 of AP and which recognizes APPfl, APPa and CTFa) (George et al.,
2004), 369 (rabbit polyclonal directed to C-terminal region of APP, and which
recognizes APPfl , CTFa and CTFp) (Ida et al., 1996) and anti-APPJ antibody
(Signet). After incubation with the primary antibody and then the secondary HRP-
conjugated antibody, the blots were developed wusing an enhanced

chemiluminescence (ECL) kit (Lumigen™ TMA-6, Amersham-Pharmacia Biotech)
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as per the manufacturer’s instructions. The GeneGnome chemiluminescence imager
(Syngene, Cambridge, UK) was used to capture the signals and quantitation was
performed using GeneTools analysis software (Syngene). The membranes were
stripped and re-probed for B-actin with polyclonal antibody directed to [B-actin
(Sigma). The band density of the APP derivatives was normalized to the density of

B-actin signal.

o, B and y secretase activities were measured according to the manufacturer’s
protocols (R&D). In brief, the fresh brain tissues were pulverized in liquid nitrogen,
and aliquoted for secretase assays. Secretases were extracted in the extraction buffer
provided in the product kits, and their activities were measured by adding a
secretase-specific peptide conjugated to the reporter molecules EDANS and
DABCYL. Cleavage of the peptide by the secretase physically separates the EDANS
and DABCYL allowing for the release of a fluorescent signal, which is proportional
to the level of secretase enzymatic activity. The fluorescent signal was read at an

excitation wavelength of 355 nm and emission at 510 nm with a 495 nm cutoft.

Western blot analysis

The expression of p75NTR and the molecules involving AP production and
degradation were analyzed using Western blotting. Total brain homogenates were
subjected to SDS-PAGE (8-12% acrylamide). The blots were probed with the
following antibodies: rabbit anti-p75SNTR polyclonal antibody (G3231, Promega),
anti-BACE1 monoclonal antibody (MAB931, R&D Systems), anti-IDE polyclonal
antibody (25970, Abcam), anti-NEP polyclonal antibody (NEP11-A, Alpha

Diagnostic), anti-LRP monoclonal antibody (5A6, Abcam), anti-RAGE antibody (H-
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300, Santa Cruz), and anti-f actin monoclonal antibody (Sigma-Aldrich). The band

density of the APP derivatives was normalized to that of B-actin.

Primary cortical neuron culture

Primary neuron culture was carried out according to our methods described
previously (Buxbaum et al., 1990). In brief, one month old female APP+/-p75-/- and
APP+/-p75-/- mice were sacrificed by Lethabarb. The cortex was sliced into 0.5mm
thickness in PBS supplemented with HibemateA/B27, and shaken in a tube
containing papain for 30 min in a 30°C water bath. The cell suspension was applied
to Optiprep density gradient medium (Sigma-Aldrich) and centrifuged at 800xg.
Fractions containing neurons were collected and washed briefly in HibernateA/B27
with 0.5mM glutamine by centrifuging at 200xg for two times. The cell pellets were
resuspended in Neurobasal A/B27 with 0.5mM glutamine, 5 ng/ml bFGF, 10,000
u/ml penicillin andl mg/ml streptomycin. Cell density was counted and adjusted
accordingly to 2.5 x 10°/ml with culture medium. The cells were plated in triplicate
onto poly-D-lysine (100 mg/ml) coated 24 multi-well plates and were maintained in
a humidified atmosphere in 37 °C, 5% CO,. Both culture medium and cell lysate
prepared in RIPA buffer were collected after culture for 3 and 5 days for AR ELISA

assay.

Effects of p7SNTR extracellular domain on AP oligomerization and fibrillation

Ap preparation. Synthetic AB42 was purchased from American Peptide (Sunnyvale,
CA) and prepared following the protocols described elsewhere (Wang et al., 2010).
In brief, the AB42 peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,

Sigma) at 1 mg/ml, and was aliquoted in Eppendorf tubes. The HFIP was allowed to
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evaporate in the fume hood, and the resulting clear peptide film was dried under

vacuum overnight.

Inhibition of Ag oligomerization. 2.5 ug Ap42 was dissolved and incubated at a
final concentration of 20 um with recombinant extracellular domain of p75NTR,
which is fused with Fc fragment of human IgG (p75/Fc), at various concentrations
(0.2, 2 and 10 um) in DMEM at 37°C for 24 hours according to the protocol describe
elsewhere (Dahlgren et al., 2002). The same amount of Af42 without incubation or
incubated with human IgG at a molar ratio of 1:0.5 were used as controls. Samples
were run on Tris-Tricine gel and AP was visualized by Western blot analysis with

biotin-conjugated 6E10 antibody (Signet).

Inhibition of Ag fibrillation and disaggregation of preformed Ag fibril. The effects
of p75NTR extracellular domain on AP fibrillation and A fibril disaggregation were
examined with our methods described previously (Wang et al., 2008). For the
inhibition of AP fibrillation, 25 um APB42 (30 pg) was incubated with 12.5 um
p75/Fc or HulgG at 37 °C for 4 days. For disaggregation of pre-formed A fibril, 30
ug AP42 was dissolved in DMEM at a concentration of 25 um and incubated at 37
°C for 4 days to generate fibrils. Pre-formed fibrils were then incubated with 12.5 pm
p75/Fc or HulgG for an additional 3 days at 37 °C. For both incubations, AB42 and
HulgG were incubated alone at the same conditions, along with the experiment as
controls. At the end of incubations, the samples were measured by adding the
reaction solution to 3 ml of 5 uM Thioflavine T (ThT) solution (50 mM phosphate
buffer, pH 6.0, Sigma, USA). Fluorescence emission of ThT is shifted when it binds
to B-sheet aggregate structures of amyloid fibrils (Wang et al., 2009b). Fluorescence

intensity was monitored at an excitation wavelength of 450 nm and an emission
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wavelength of 482 nm by a Luminescence spectrometer PE-LS50B (Perkin-Elmer,
USA) with both excitation and emission bandwidths of 5 nm. Readings were the
results of the average of three values determined by a time scan after subtracting out
the fluorescence contribution from free ThT. Each experiment was performed in

triplicate.

Hippocampus injection of p75/Fc and AP plaque analysis

Nine months old APPSwe/PSIdE9 mice, which contained numerous amyloid
deposits in the brain, were anesthetized with halothane, and placed in a stereotaxic
apparatus (Stoelting, Wood Dale, IL). A mid-sagittal incision was made to expose
the cranium, and a burr hole was drilled with a dental drill over the left hippocampi
to the following coordinates: anteroposterior, -2.3 mm; lateral, 1.8 mm, ventral, 2.0
mm, all taken from bregma. 3 pg in 3 pl p75/Fc was injected into the left
hippocampus of mice (n=4). 6 pug in 3 pl of HulgG (the equivalent molar to p75/Fc)
was injected in the same approach as a control. One week after injection, brains were
fixed and sectioned. Five sections around the injection site were selected per animal.
AP plaques were stained using biotin-conjugated 6E10 antibody. The area fraction
of AP plaque in hippocampus was quantified with ImageJ under the same settings in
a blinded manner. The area fraction of AP plaque in hippocampus of the injection

side was normalized with the control side.

Statistical analysis

The data in the text and figures are expressed as mean+S.E.M, unless otherwise
stated. Inter-group comparisons were assayed using t test, one-way ANOVA and post

hoc for testing the significance of values. p values less than 0.05 were considered as
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Figure 4.1 Expression of p75NTR in the brain. P7SNTR expression in the brain
was measured by Western blot and immunohistochemistry. A. Brain homogenates of
APPSwe/PS1dE9 mice and their wild type littermates at three, six and nine months
of age were subjected to Western blot analysis probed with rabbit anti-p7SNTR
polyclonal antibody (Ab 9650) and monoclonal antibody to B-actin. B. Sections of
basal forebrain, frontal lobe and hippocampus were stained using free-floating
immunohistochemistry for p7SNTR with rabbit anti-p7SNTR polyclonal antibody.
C. Representative confocal images for colocalization of p75SNTR positive fibers and
fibrillar plaques, with Ab 9650 for p75NTR, N52 for neurofilament 200 (NF200) and

Thioflavine S for fibrillar plaque.
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statistically different. All the analyses were performed using SPSS for Windows

version 13.0 (SPSS Inc.)

Results

Expression pattern of p7SNTR in the brain of APPSwe/PS1dE9 transgenic mice

To understand the roles of p7SNTR in the development of AD, we examined the
expression of p75SNTR in the brain. Firstly, we measured p75NTR expression levels
in brain homogenates at various ages, using western blotting. As shown in Figure
4.1A, p75NTR expression level increased with age in both the transgenic mice
(F=14.762, p<0.001) and their wild type littermates (F=8.057, p=0.002). p75SNTR
level at 9 months of age was significantly higher in the AD transgenic mice than in
the wild type mice (t=4.184, p=0.001). We next examined the sites of expression of
p75NTR in the brain by immunohistochemistry and found that p7SNTR was
expressed in the cholinergic neurons of basal forebrain of both APPSwe/PS1dE9
transgenic mice and their littermates (Figure 4.1B). There was no obvious difference
in the expression of p75SNTR in the basal forebrain cholinergic neurons over time in
either transgenic or wild type mice. However, in the brain of APPSwe/PS1dE9 mice,
we observed p75SNTR positive fibers in the neocortex and hippocampus at three
months of age when AP begins to deposit (data not shown), and observed the
p75NTR positive fibers and degenerative neurites at six months of age in the
neocortex and hippocampus of APPSwe/PSI1dE9 transgenic mice. The number of
degenerative neurites increased at nine months of age. We also found that amyloid
plaques in the neocortex of APPSwe/PS1dE9 transgenic mice were almost always
associated with p75NTR positive degenerative neurites located in their cores (Figure

4.1C). However, we did not observe the p75SNTR positive fibers and degenerative
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Figure 4.2 AP plague burden in the brain of mice with different genotypes. A
series of five equally spaced tissue sections (~1.3 mm apart) spanning the whole
brain were stained using free-floating immunohistochemistry for total A} plaque, or
using Congo red staining for compact AP plaque. The area of neocortex and
hippocampus was selected for automatic quantification of AP plaque staining with
Imagel, yielding the area fraction of the total positive staining against the area of
tissue analysed. The average of the individual measurements was used to calculate
group means and standard errors. A-C. Congo red positive AP plaques in frontal lobe
of nine months old APP+/-p75+/+, APP+/-p75+/- and APP+/-p75-/-. D-F. Congo red
positive AP plaques in hippocampus of nine months old APP+/-p75+/+, APP+/-
p75+/- and APP+/-p75-/-. G-H. Comparison of Congo red positive AP plaque
density (G), average size (H) and area fraction (I) in neocortex and hippocampus of
nine months old animals. J-L. IHC positive AP plaques in frontal lobe of nine
months old APP+/-p75+/+, APP+/-p75+/- and APP+/-p75-/-. M-Q. THC positive A
plaques in hippocampus of nine months old APP+/-p75+/+, APP+/-p75+/- and
APP+/-p75-/-. P-R. Comparison of IHC positive AP} plaque density (P), average size
(Q) and area fraction (R) in neocortex and hippocampus of nine months old animals.
S-T. Comparison of Congo red positive AP plaque density in the brains of three (S)
and six (T) months old animals. * and ** denote p<0.05 or p<0.01 versus APP+/-

p75+/+. Scale bar=1mm.
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neurites at all time points in the brain of wild type mice. We did not see any obvious
p75NTR expression in the thalamus at all time points (data not shown). These data
indicate that the expression of p75SNTR increases with the age and is related to AP

load in the brain.

Deletion of p75NTR exacerbates AB-related pathologies

To investigate if p7SNTR plays a role in AP deposition, APP+/-p75-/- mice were
generated by crossing APPSwePS1dE9 mice with mice lacking the p75NTR gene.
Firstly we evaluated AP deposition in the brains by staining the A plaques with
Congo red, a histological dye which binds to fibril proteins enriched in [-sheet
conformation at high affinity, and is commonly used to detect the fibrillar AP
plaques (LeVine, 1993). Interestingly, we found a clear trend of a p75NTR gene
dosage effect on AP deposition in the brain. At the age of nine months, mice with
p75NTR gene deleted (APP+/-p75-/-) had significantly higher plaque density
(number of plaques per mm’ of area, 35.6+1.99 vs. 23.1+1.74, p<0.001), average
plaque size (95.7+2.7 vs. 81.842.6 um?’, p<0.001) and area fraction (percentage of
area occupied by A plaques, 0.33+0.02% vs. 0.19+£0.01%, p<0.001) in their brains
than mice with two copies of p75NTR gene (APP+/-p75+/+), while mice with one
copy of p75SNTR gene (APP+/-/p75+/-) showed plaque density (27.8+2.1) and area
fraction (0.26+0.02%) in the middle between APP+/-p75+/+ and APP+/-p75-/- mice

(Figure 4.2A-I).

As Congo red stains the fibrillar plaques only, we further stained the brain with anti-
AP antibody 6E10 to illustrate the diffuse and fibrillar AB deposition. While we
found that the 6E10-stained pan A plaques had higher density, bigger size and area

fraction than Congo red stained fibrillar AP plaques, comparative results of 6E10-
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stained AP plaque among mice with various copies of p7SNTR gene were similar to
those of Congo red stained fibrillar plaque, with APP+/-p75-/- mice having higher
plaque density (49.1+2.5 vs. 35.3+2.0, p<0.001) and area fraction (1.01+0.05% vs.

0.71+0.04%, p=0.004) than APP+/-/p75+/+ mice (Figure 4.2J-R).

To examine the time course effect of p7SNTR deletion on AP deposition, we next
stained the AP plaque in the brains at the age of three and six months. We counted
the plaque numbers in the brain under the microscope in a blind manner, and found
that the young animals had a few plaques in their brains. APP+/-p75-/- mice had
more plaques in their brains than APP+/-p75-/+ (10.1£1.2 vs. 13.0£1.2, p=0.185) and
APP+/-p75+/+ (5.5£1.2 vs.13.0+1.2, p<0.001) at six months of age (Figure 4.2T),
when AP accumulation in the brain begins to accelerate, but not at three months of

age (Figure 4.2S), when A plaque just begins to form (Frid et al., 2007).

These results clearly indicate that deletion of p7SNTR exacerbates the AP plaque

formation in a gene dosage dependent manner.

Deletion of p75NTR increases insoluble AP but decreases soluble AP levels in

the brain

To further understand the effect of p75NTR deletion on AP} deposition, we measured
the levels of the different aggregation states of AP in the brain by ELISA. AP was
sequentially extracted in TBS, 2% SDS and 70% formic acid. In general, AP in the
TBS fraction represents the soluble form, AP in the SDS fraction represents the
diffuse AP plaques, whereas AP in the formic acid fraction represents the fibrillar AP
plaques. AP levels were determined by both, AB40- and AB42-specific sandwich

ELISA. Total AP level was generated from the sum of AB40 and AB42 of the
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Figure 4.3 AB levels in the brain and serum. AP in the brain was extracted
sequentially in TBS, 2% Sodium dodecyl sulphate (SDS) and 70% formic acid (FA)
water solution. AP peptide concentrations in the brain and serum of animals were
measured by ELISA. A-C. Comparison of AP in TBS, SDS and FA, total A, Ap40
and AB42 among groups at three, six and nine months of age. D-F. Comparison of
total AP, AB40 and AP42 in serum at three, six and nine months of age. * and **

denote p<0.05 or p<0.01 versus APP+/-p75+/+ mice.
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different fractions. Consistent with the AP pathology results, the APP+/-p75-/- mice
had more total AP, AB40 and AB42 in their brain than APP+/-p75+/+ mice at three
months (total AB: 49660 vs. 448+41 pg/mg, p=0.502; AB40: 311+39 vs. 259+30
pg/mg, p=0.306; AP42: 185424 vs. 188+18 pg/mg, p=0.914), six months (total A:
2283242413 vs. 10417+1394 pg/mg, p<0.001; AP40: 8860+994 vs. 3315+493
pg/mg, p<0.001; AP42: 13972+1526 vs. 7101£944 pg/mg, p=0.001) and nine
months of age (total AP: 79884+15605 vs. 35389+4734 pg/mg, p=0.014; AP40:
35758+7357 vs. 1401142221 pg/mg, p=0.011; AP42: 44126+8354 vs. 21378+2616
pg/mg, p=0.018) (Figure 4.3A-C). Further analysis of distinct Ap pools showed a
difference between APP+/-p75-/- mice and APP+/-p75+/+ mice. Compared with
APP+/-p75+/+ mice at all time points, APP+/-p75-/- mice had less TBS soluble
AR (APP+/-p75-/- vs APP+/-p75+/+, three months: 8.81+1.54 vs. 9.86+3.83 pg/mg,
p=0.823; six months: 426£157 vs. 634£150 pg/mg, p=0.354; nine months: 568+42
vs. 857111 pg/mg, p=0.025), comparable SDS soluble AP (three months:153+22
vs. 167£19 pg/mg, p=0.635; six months: 59344733 vs. 3310+374 pg/mg, p=0.005;
nine months: 1490742250 vs. 14777+2672 pg/mg, p=0.971) and more SDS insoluble
AP (formic acid fraction, three months: 335452 vs. 271427, p=0.262; six months:
16264+£2012 vs. 6681+1084 pg/mg, p<0.001; nine months: 79885+15606 vs.

35390+4735 pg/mg, p=0.007) (Figure 4.3A-C).

We further measured the serum A. Consistent with the brain TBS soluble Af levels,
APP+/-p75-/- mice had lower serum levels of total AP (three months: 722+102 vs.
831£85 pg/ml, p=0.423; six months: 1691£293 vs. 24584659 pg/ml, p=0.252; nine
months: 1693+£271 vs. 2839171 pg/ml, p=0.002), AB40 (three months: 304+60 vs.
343+45 pg/ml, p=0.604; six months: 704£144 vs. 955£212 pg/ml, p=0.356; nine

months: 732+120 vs. 1257104 pg/ml, p=0.004) and AP42 (three months: 419+52
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Figure 4.4 APP expression and proteolytic processing. Western blot analyses were
performed to detect the APP expression and APP proteolytic derivates in the brain
homogenates of nine months old animals using antibodies directed to APPfl, APPa,
APPB, CTFa and CTFB. “-” donates APP+/-p75-/- mice, “+” donates APP-+/-

/p75+/+ mice.
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vs. 488+47 pg/ml, p=0.340; six months: 9874241 vs. 1504+553 pg/ml, p=0.353; nine
months: 9624209 vs. 1583+206 pg/ml, p=0.045) than APP+/-p75+/+ mice at three,

six and nine months of age.

The above data indicate that deletion of p75NTR increases the total AP levels in the
brain, with increased fibrillar AP levels but decreased soluble A levels. Alternative
possibilities may underlie these changes: p75SNTR deletion would either influence

AP production or/and A} deposition.

Deletion of p7SNTR does not affect APP proteolytic processing

AP is generated from sequential APP cleavages by [ and y secretases on the cell
membrane. APP is mainly cleaved by three proteolytic enzymes: o, B and y
secretases. Sequential cleavage by 3 and y secretases generates A} (amyloidogenic
processing of APP), while sequential cleavage by a and y secretases precludes
generation of AP (non-amyloidogenic processing of APP) (Qawvy €t ai., 20060). To
investigate whether exacerbated AP pathology by p75NTR deletion resulted from
increased amyloidogenic processing of APP, APP proteolytic products present in the
brain homogenates were analysed by western blotting using three selective
antibodies. As shown in Figure 4.4, the expression of full length APP (APPfl) and its
derivates APPa, APPB, CTFa and CTFp. did not significantly differ between the

APP+/-p75+/+ and APP+/-p75-/- mice.

We next measured the activities of the a, B, y-secretase, which are key enzymes of
the APP proteolytic processing, by adding secretase-specific peptides conjugated to
the reporter molecules. Consistently, the activities of these enzymes are similar

between APP+/-p75-/- and APP+/-p75+/+ mice at three, six and nine months of age
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Figure 4.5 Secretase activities and BACEL expression. A-C. a,  and vy secretase
activities in the brain of nine months old APP+/-p75+/+ and APP+/-p75-/- mice,
which were measured with secretase-specific peptides conjugated to the reporter
molecules EDANS and DABCYL. Cleavage of the peptide by the secretase
physically separates the EDANS and DABCYL allowing for the release of a
fluorescent signal, which is proportional to the level of secretase enzymatic activity.
D. The protein levels of BACEI in the brain of APP+/-p75+/+ and APP+/-p75-/-
mice were measured by Western blot analysis probed with anti-BACE1 monoclonal

antibody.
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Figure 4.6 Total AB production of cortical neurons in vitro. The cortex of one
month old female APP+/-p75-/- and APP+/-p75-/- mice was isolated and cultured at
2.5 x 10°/ml in Neurobasal A/B27 with 0.5mM glutamine, 5 ng/ml bFGF, 10,000
u/ml penicillin and1 mg/ml streptomycin in triplicate. Both culture medium and cell
lysate prepared in RIPA buffer were collected after culture for three and five days

and measured for A} with sandwich ELISA. * donates p<0.05.
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(Figure 4.5A-C). We further examined the expression of BACEI, the limiting
enzyme of AP production, with Western blot and consistently the BACE1 expression
in APP+/-p75-/- mice did not differ from that in APP+/-p75+/+ at nine months of age
(Figure 4.5D). These data suggest that p75SNTR deletion does not affect the cleavage

of APP.

Deletion of p7SNTR decreases AP production in vitro

We further investigated whether p75NTR deletion poses significant impact on the
AP production by determining the AP production of cortical neurons in vitro.
Cortical neurons were isolated from brains of one month old APP+/-p75-/- and
APP+/-p75+/+ mice, and cultured for three or five days. The supernatant and cell
lysate of cultured neurons were collected and measured for A concentration by a
sandwich ELISA. As shown in Figure 4.6, neurons from APP+/-p75-/- mice
produced less total AP in both supernatant and cell lysate fractions relative to
neurons from APP+/-p75+/+ mice at 3 days and 5 days, with significant difference
at 5 days. These data are consistent with the levels of brain and serum soluble AP
which were lower in APP+/-p75-/- mice than in APP+/-p75+/+ mice. Taken together,
these data suggest that deletion of p75SNTR gene decreases AP production, however

this is not through the changes in the APP expression and proteolytic processing.

Deletion of p75SNTR does not affect AP degrading enzymes in the brain

We determined the expression of neprilysin (NEP) and insulin degrading enzyme
(IDE), the two key AP degrading enzymes, in the brain homogenate of nine months

old mice by western blot. As shown in Figure 4.7, there is no significant difference in

brain protein levels of NEP and IDE between APP+/-p75-/- and APP+/-p75+/+ mice.
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Figure 4.7 Levels of NEP and IDE in the brain. The protein levels of NEP and
IDE in the brain homogenates of nine months old APP+/-p75+/+ and APP+/-p75-/-
mice were measured by Western blot analysis with antibodies directed to NEP and

IDE.
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These results suggest that deletion of p7SNTR has no significant influence on AP

degradation.

Recombinant extracellular domain of p7SNTR inhibits the formation of A

fibrils

As p75NTR binds AP (Thinakaran and Koo, 2008) and can be extracellularly
cleaved by metalloproteases to generate soluble p7SNTR (Yaar et al., 1997; Yaar et
al., 2002), we hypothesized that the p7SNTR extracellular domain may exert a
protective role against AP deposition and aggregation. Firstly we examined if
p75NTR could interfere with the aggregation of AB. AB monomers were incubated
with recombinant extracellular domain of p75NTR (the domain of p7SNTR which
directly interacts with AP) fused with Fc fragment of human IgG (p75/Fc), at various
concentrations, with human IgG as a control. Interestingly, we found that p75/Fc, but
not human IgG, inhibited AP oligomerization in a dose-dependent manner (Figure

4.8A).

We next determined whether p75/Fc interferes with AP fibrillation, AB42 was
incubated alone, or with p75/Fc or human IgG (HulgG), and the formed fibrils were
measured by adding Thioflavine T, a dye with high affinity for B-sheet conformation.
The fluorescence intensity of AP incubated with p75/Fc was lower than that of AP
incubated alone (p<0.001) or with HulgG (p<0.001) (Figure 4.8B). The fluorescence
intensity did not differ between AP incubated alone and AP incubated with HulgG

(p=0.329), indicating that p75/Fc inhibited A} fibrillation.

To determine whether p75/Fc promotes the disaggregation of pre-formed A fibrils,

the pre-formed A fibrils were incubated with p75/Fc. As shown in Figure 8C, the
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Figure 4.8 Extracellular domain of p75NTR attenuates AP aggregation. A.
Dose-dependent inhibition by p75/Fc of synthetic AB42 peptide aggregation into
soluble oligomeric forms in vitro. AB42 (final concentration 20 pum) was incubated
with p75/Fc at various molar ratio (1:0.01, 1:0.1, 1:0.5) or human IgG (molar ratio,
1:0.5). “AP non-incubated” is the control that AB42 was not incubated at 37°C for 24
h. “Ap incubated” is the control that AB42 peptide (final concentration 20 um) was
incubated alone at 37°C for 24 h. Bands were visualized by Western blot analysis
probed with biotin-conjugated 6E10 antibody. B. Inhibition of AP aggregation by
p75/Fc. 25 um AB42 peptide (30 pg) was incubated with 12.5 um p75/Fc or HulgG
at 37 °C for 4 days. The same amount of AB42 or human IgG was incubated alone at
the same condition as controls. The Af fibrils were measured by ThT assay. C.
Disaggregation of pre-formed A fibrils by p75/Fc. 25 pum AB42 (30 pg) was
incubated at a concentration of at 37 °C for 4 days to generate fibrils. Pre-formed
fibrils were then incubated with the 12.5 um p75/Fc or HulgG for an additional 3
days at 37 °C. APB42 and HulgG were incubated alone at the same conditions, along
with the experiment as controls. The AP fibrils were measured by ThT assay. D.
Representative images of hippocampus A plaque staining 7 days after injection of

p75/Fc or HulgG into the hippocampus of nine months old APPSwe/PS1 mice. * and

** donate p<0.05 or p<0.01.
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fluorescence intensity of pre-formed AP fibrils incubated with p75/Fc was lower than
that of pre-formed AP fibrils incubated alone (p=0.023) or with HulgG (p=0.008).
No difference in fluorescence intensity was observed between pre-formed A fibrils
incubated alone or with HulgG (p=0.546). These data indicate that p75/Fc has the
ability to promote the disaggregation of pre-formed AP fibrils, and also imply the

potential of the p75/Fc in AP clearance.

We further investigated the effect of p75/Fc on AP plaques in vivo. p75/Fc was
injected stereologically into the hippocampus of nine month old APPSwe/PS1dE9.
One week later we analyzed AP plaques in the injected site. Interestingly we found
that the local plaque number was reduced at the p75/Fc injection site in comparison
with the control side (Figure 4.8.D and E). This effect may not be due to the local
injury which could remove the local plaque by an inflammatory mechanism
(Sotthibundhu et al., 2008), as the HulgG injection did not induce a significant
reduction in plaque number. These findings further confirm the effect of the p7SNTR
extracellular domain on AP aggregation in vivo, and importantly, suggest the

physiological roles of the p75SNTR shedding event in the development of AD.

Deletion of p7SNTR exacerbates other AD type pathologies

We also examined microgliosis in the mouse brains. Obvious microgliosis was
observed in the brains of APP+/-p75-/- and APP+/-p75+/+ mice, but not APP-/-
p75+/+ and APP-/-p75-/- mice (Figure 9A-D). Consistent with AP plaque burden in
the brains, APP+/-p75-/- mice had a higher overall area fraction of microgliosis
(2.49£0.46 vs. 0.92+0.28, p<0.001), as well as in both neocortex (2.23+0.36 vs.
0.85+0.24, p<0.001) and hippocampus (2.43+0.49 vs. 0.92+0.20, p<0.001) than

APP+/-/p75+/+ mice (Figure 9E-G).
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Figure 4.9
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Figure 4.9 Microgliosis and microhemorrhage in the brain of animals with
different genotypes. A series of five equally spaced tissue sections spanning the
brain were stained using free-floating immunohistochemistry for activated microglia.
The area of neocortex and hippocampus was selected for automatic quantification of
activated microglia immunostaining with ImagelJ, yielding the area fraction of the
total positive staining against the area of tissue analysed. No obvious microgliosis
was observed in the brain of APP-/-p75+/+ (A) and APP-/-p75-/- (D) animals. B-C.
Microgliosis in hippocampus and neocortex of APP+/-p75+/+ and APP+/-p75-/-
mice. E. Comparison of CD45 area fraction in neocortex and hippocampus among
groups. F. Comparison of CD45 area fraction in neocortex. G. Comparison of CD45
area fraction in hippocampus. * and ** denote p<0.05 or p<0.01 versus APP-/-
p75+/+ mice, * and ** denote p<0.05 or p<0.01 versus APP+/-p75+/+ mice, * and **
denote p<0.05 or p<0.01 versus and APP-/-p75-/- mice, as determined by one-way

ANOVA. Scale bar=1mm.
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We examined the microhemorrhage in the brain. There were low levels of
microhemorrhage profiles in APP-/-p75+/+, APP+/-p75+/+ and APP-/-p75-/- mice,
and a significant higher levels of microhemorrhage profiles in APP+/-p75-/- mice

(Figure 9 H).

Deletion of p7SNTR does not lessen memory deficits till nine months of age

To investigate the influence of p75NTR deletion on cognitive function, mice with
different genotypes (APP+/-p75-/-, APP+/-p75+/+, APP-/-p75+/+ and APP-/-p75-/-)
were tested in the Morris Water Maze at three, six and nine months of age. We did
not observe any significant difference in performance of either platform trials or
probe trials between the different genotypes (data not shown), suggesting that
deletion of p75NTR has no significant impact on the cognition in the animal till nine

months of age.

Discussion

Although genetic studies clearly demonstrate that the aberrant production of AP
plays a central role in the development of early onset familial AD, the etiology of
sporadic late onset AD (LOAD), which accounts for 95% of total AD patients,
remains debated (Nakagawa et al., 2000). Multiple genes and signaling pathways
involved in the production and elimination of AP and phosphorylation of tau are
implicated in the development of LOAD (Small, 2008; Small and Duff, 2008). This
study focuses on the role of p75NTR in the production of A and amyloid plaque
formation using a genetic approach in APPSwe/PS1dE9 transgenic AD mice. We

found that p75NTR may play differential roles in A metabolism. The deletion of
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p75NTR resulted in an increased deposition of insoluble AP in the brain but
decreased soluble AP in the brain and blood, and decreased AP production by
cortical neurons in vitro. Consequently, the deletion of p7SNTR exacerbates AD
pathologies such as increased amyloid plaques and microgliosis. We further found
that the extracellular domain of p75NTR suppresses A aggregation in vitro and in
vivo. Our studies provide further evidence that p7SNTR may play a critical role in

the development of AD.

It is well known that cholinergic neurons in the basal forebrain express p75SNTR,
TrkA, TrkB and TrkC (Small, 2008; Small and Duff, 2008). Strikingly, neurons in
other brain regions normally express little or no p75NTR. However, the reports on
the levels of p75NTR expression in AD patients and during aging remain
controversial, being either increased (Salehi et al., 2000), reduced (Mufson and
Kordower, 1992; Hu et al., 2002) or unchanged (Arendt et al., 1997; Salehi et al.,
2000). In the present study, we showed that p7SNTR expression increases with age
in both wild type and APPSwe/PS1dE9 mice, and APPSwe/PS1dE9 mice had a
higher p75NTR expression level relative to their wild type littermates. Consistent
with previous findings, we found that p75NTR is mainly localized in basal forebrain
neurons. In APPSwe/PS1dE9 mice we found that some degenerative fibers and
neurites also express p75NTR, suggesting that p7SNTR may play a role in neurite
degeneration. Indeed a recent study has demonstrated that p7SNTR mediates Ap-
induced neurite atrophy via the c-Jun pathways (Goedert et al., 1989; Treanor et al.,
1991; Ginsberg et al., 2006). Accumulating evidence indicate that p7SNTR also
plays a critical role in degeneration of cholinergic neurons in response to
AR (Kvowieo et aA., 2009) and to proneurotrophins (Sotthibundhu et al., 2008).

Several studies have focused on developing small molecules to block p75NTR
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receptor signals and protect cholinergic neurons as a therapeutic strategy for the
treatment of AD (Friedman, 2000; Podlesniy et al., 2006; Volosin et al., 2008).
However, how p75NTR may regulate AP production, deposition and clearance has

been neglected.

In the present study we found that the knockout of p75SNTR decreases soluble AP in
the brain, as reflected by TBS extracted fraction, and in the blood. The reduction of
soluble AP in the p75SNTR knockout AD mice suggests that the production of AB in
these mice may be reduced. Indeed, our in vitro studies, where A clearance is not
complicated, showed that AP production by cortical neurons of AD mice was
significantly reduced in the absence of p75NTR, suggesting p7SNTR mediates A3
production by neurons. Our data are consistent with in vitro data suggesting that
p75NTR signaling may play a role in the production of AB (Massa et al., 2006;
Yang et al., 2008). The levels of soluble A in the brain may reflect a steady-state
production of AP (Costantini et al., 2005b; Costantini et al., 2005a). However, a-, 3-
and y-secretase assays did not show any significant changes in enzymatic activities in
p75NTR knockout AD mice. Western blot analysis on APP fragments also did not
show any significant differences in APP expression and processing. These data
suggest that the likely reduction in soluble AP in these animals was not due to a
change in APP processing enzymes. How p75NTR regulates A} production is not
clear. It is known that neurotrophin signaling plays an important role in AD
development (Cirrito et al., 2008). Blocking endogenous NGF with antibodies in the
mouse promotes the development of AD with amyloid deposition and cholinergic
neuron degeneration (Coulson et al., 2009) and supplement of NGF can ameliorate
the AD pathology (Capsoni et al., 2000). In vitro studies showed that NGF
suppresses AP production via TrkA signal pathway whereas increases A via the
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p75NTR signaling pathway (Capsoni et al., 2002). Multiple ligands bind to p75NTR
which may mediate AD development (Costantini et al., 2006). In addition to
neurotrophins and proneurotrophins which are prototypic ligands for p7SNTR, AP is
also a ligand of p75NTR (Dechant and Barde, 2002). Neurotoxic Af} oligomers can
directly interact with p7SNTR extracellular domain as determined by FRET (Yaar et
al., 1997; Yaar et al., 2002). AP can activate p7SNTR and causes degeneration of
basal forebrain neurons via increasing the generation C-terminal fragments (Knowles
et al,, 2009) and activation of p38, JNK and NF-kappaB signaling pathways
(Sotthibundhu et al., 2008).. Whether the AB/p75NTR signaling causes a positive
feedback in AP production is not known but the NGF/p75NTR signaling pathway
increases the production of AP by activation of ceramide signals (Costantini et al.,

2005b) and p38, JNK and NF-kappaB signaling pathways (Costantini et al., 2005a).

Although the deletion of p75NTR gene reduced soluble A, the total AP levels, in
particular, the insoluble fractions as reflected by formic acid extraction were
significantly increased in p75SNTR knockout AD mice. The increase in total Af} after
p75NTR deletion suggests that p7SNTR plays a protective role against amyloid
plaque formation and AP deposition in AD. Our studies showed that the extracellular
domain of p75NTR inhibited the aggregation of AP and increased dissociation of
preformed fibrous A as reflected by measurement of Thioflavin-T fluorescence in
vitro. In addition, we found that p7SNTR inhibited the oligomerization of A as
demonstrated by Western blot showing p75NTR increased the level of monomer of
AP and reduced the levels of high molecular weight oligomers. Furthermore, after
injection of the extracellular domain-Fc into the hippocampus, the number and the
area of amyloid plaques in the injected hippocampus were reduced. The mechanism
by which the p75NTR extracellular domain reduced amyloid plaques may be similar
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to that of anti-A antibodies (Costantini et al., 2005b). It may inhibit the aggregation
in vivo and enhance transport and removal from the extracellular space.
Accumulating evidence show that p75NTR can directly bind AB and AP oligomers
(Klyubin et al., 2005), and mediate neurotoxic signals of AP (Yaar et al., 1997; Yaar
et al., 2002). Thus it is not surprising that the extracellular domain of p75NTR may

act as a sequestering molecule for A to clear AP in vivo.

The effects of the extracellular domain of p75NTR may have physiological
significance, as p75NTR, like APP and other type I transmembrane receptors, may
be cleaved extracellularly by metalloproteases (Perini et al., 2002; Costantini et al.,
2005b; Sotthibundhu et al., 2008; Knowles et al., 2009). The cleavage of p7SNTR by
o-secretase 1s the first step towards the receptor mediated intramembrane proteolysis
(RIP) by y-secretase which releases the intracellular domain, causing apoptosis of
neurons (Bronfman, 2007; Sotthibundhu et al., 2008). In the physiological condition,
the extracellular domain of p75NTR released by the proteolysis may suppress the
deposition of AP and promote its clearance. The loss of p75NTR by gene deletion
caused significant increase in AP deposition and insoluble AP, while steady-state
production of AP by neurons in vitro and in vivo is significantly reduced in the
p75NTR knockout mice. The evidence from our current study strongly suggests that
the extracellular domain of p75SNTR may play a role in reducing the aggregation and

deposition of Af.

The increase in amyloid plaques in the brain of p75NTR knockout AD mice can be
due to the reduction in AP degradation by enzymes. IDE and neprilysin are two main
enzymes which degrade AB (Jung et al., 2003; Zampieri et al., 2005; Bronfman,

2007; Sotthibundhu et al., 2008). To see whether the absence of p75NTR affects
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degradation of AP, we analysed the level of IDE and neprilysin. Western blot
analysis showed that there was no significant change in the level of IDE and
neprilysin in p75NTR knockout AD mice. The data suggest that the absence of

p75NTR may not significantly affect the enzymatic degradation of Ap.

Conclusions

Collectively, our data suggest that p7SNTR may have double faced effects on AP
metabolism. On one hand, p75NTR signaling may increase AP production and
enhance steady state levels of AP, which may increase AD pathology. On the other
hand, the extracellular domain of p75NTR after shedding from the membrane may
bind and sequester AP, thus suppressing its aggregation and B-sheet formation and
reducing AP deposition in the brain. Our data, together with previous studies, which
showed the roles of p75NTR-mediated neurotoxicity in response to A and
proneurotrophins, strongly suggest that p75SNTR represents a valid therapeutic target
for the treatment of Alzheimer’s disease. Our data caution that simply reducing
expression of p75NTR may exacerbate AD pathology. However, the use of the
extracellular domain may not only attenuate neurotoxic signals by blocking AB- and
proneurotrophin-p75NTR interactions on cell membrane, but also may suppress A3

aggregation and deposition and enhance A clearance from the brain.
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With the world’s population ageing, more than 100 million will be living with AD by
the middle of this century (Mukherjee and Hersh, 2002). However, no strong disease-
modifying treatments are available at the present time (Brookmeyera et al., 2007).
An important task to deal with this challenge is to develop effective therapies.
Understanding of the pathogenesis of AD is crucial to provide a strong rationale for
development of a potential cure or treatment. In this regard, we focused our interest
on revealing the pathogenesis of the disease and developing novel therapeutic
modalities. We have done three studies: (1) to develop a safe and effective modified
immunotherapy based on a single chain antibody directed to AB; (2) to examine the
efficacy of the polyphenols derived from grape seeds in preventing the development
of AD; and (3) to elucidate the roles of p75NTR, a low-affinity neurotrophin receptor,
in the development of AD. In these studies, we have obtained some novel findings,
which extend our understanding of the AD pathogenesis, and pave the way to
develop novel safe and effective therapies for AD. Despite these findings, there are
still many important issues need to be addressed in the future. Here I will give some

perspectives for our future study.

1. Intramuscular delivery of a single chain antibody gene prevents brain Af

deposition and cognitive impairment in a mouse model of AD

Anti-B-amyloid (AB) immunotherapy is effective in removing brain A, but is
associated with detrimental effects, which are assumed to be related to the activation
of autoimmune T lymphocytes and inflammatory responses mediated by Fc fragment
of antibodies. To avoid these adverse effects, we developed a novel approach by
delivering the scFv gene into the muscles to prevent the AP deposition in brain, and
found that the scFv gene expressed in a stable form in the delivered sites, with

limited ectopic expression. Intramuscular delivery of scFv gene was well tolerated by
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the animals, and effectively attenuated the AP deposition, AP related pathologies and
cognitive impairment. Despite these findings, the following issues will be addressed

in the future.

(1) What is the mechanism underlying the AP reducing effect of the scFv?

Currently three basic hypotheses have been proposed regarding the mechanism of A3
clearance by immunotherapy, including the antibody mediated opsonization of
AP (Vellas et al., 2008), sequestering plasma AP (Bard et al., 2000; Brazil et al.,
2000; Wilcock et al., 2001; Wilcock et al.,, 2004a; Wilcock et al., 2004c) and
disruption of the AP aggregation by anti-A} antibodies (Solomon, Koppel et al.
1996; Solomon, Koppel et al. 1997). At the present time the mechanism underlying
the scFv mediated AP reduction is unknown. We have demonstrated that the scFv of
our study is able to inhibit the aggregation of Af monomers and promote the Af3
fibril disaggregation in vitro (DeMattos et al., 2001; DeMattos et al., 2002; Lemere et
al., 2003). In addition, it is also unclear if the scFv can interact with cellular APP. A
recent study found that intracellular expression of a scFv specific to B-site of APP
was able to prevent the cleavage of APP by p-secretase AP and AP production
(Wang et al., 2009b). The scFv can not mediate the opsonization of AP in the brain
due to lack of Fc fragment, but it is possible that the scFv can sequester the plasma
AP and enter the brain to inhibit the AP aggregation and disaggregate the Af fibrils.

These hypotheses need to be tested in the future.

(2) How to improve the therapeutic effect of the scFv?

In our studies, we found that intramuscular delivery of scFv gene is able to reduce

around 30% of the total AB deposition in the brain. While in some other studies,
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active immunotherapy can attenuate majority of the AP deposition (Paganetti et al.,
2005). The extent of the AP reduction by scFv in our study may be able to slow the
disease progress, but not enough to halt the disease progress. It is necessary to
improve the AB-reducing efficacy of the scFv. An important factor limiting the
efficacy may be the short half-life of the scFv. ScFv is a small size molecule.
Although we did not measure the pharmacokinetics of the scFv, other study
demonstrated that scFvs usually have a much shorter half-life (2 hours) in the blood
than full antibodies (1-2 weeks) (Schenk et al., 1999; Bard et al., 2000). Another key
factor would be that the antigen affinity of the scFvs is lower than that of their parent
antibodies. The full antibody is bi-valent, while scFv is mono-valent. Thus, we
hypothesize that to increase the half-life and the valence of the scFv would be
effective to improve the therapeutic efficacy. To achieve these goals, we plan to
connect multiple tandems of scFvs together, to increase the molecular size then

increase the half-life time, and to generate the multiple valences.

(3) Whether the scFv is able to inhibit AP oligomerization and block the

neurotoxicity of Ap.

AP oligomers, a soluble species of AP, has been suggested to be the primary
neurotoxin and may be a major therapeutic target of AD (Holliger and Hudson,
2005). AP oligomers should be a primary therapeutic target. The ideal
immunotherapy should be able to reduce both the soluble and insoluble AP
simultaneously. The scFv of our study has been demonstrated to be able to inhibit the
aggregation of A} monomers and promote the A fibril disaggregation (Dahlgren et

al., 2002; Walsh et al., 2002; Lesne et al., 2006; Lacor et al., 2007; Shankar et al.,

99



Chapter 5 Future directions
2008). Thus it is interesting to investigate if the scFv is also able to inhibit the AP

oligomerization, and block the A neurotoxicity.

2. Grape seed derived polyphenols attenuate amyloid-beta neuropathology in

the brain of AD mice

Polyphenols extracted from grape seeds have been suggested to inhibit
AP aggregation, reduce AP production and protect against AP neurotoxicity in vitro.
However, the in vivo evidence is lacking. Thus we investigated the therapeutic
effects of a polyphenol-rich grape seed extract (GSE) in AD mice, and found that
chronic consumption of grape seed derived polyphenols was well tolerated and
effective in preventing the brain AP deposition and attenuating the AD pathologies in
APPSwe/PS1dE9 mouse model. In the future, several important issues need to be

addressed:

(1) What are the mechanisms of the AP reducing effect of grape seed derived

polyphenols?

It is known that grape-derived polyphenols inhibit AP aggregation, reduce AP
production, degrade intracellular AP, protect AP neurotoxicity, and attenuate
oxidative stress in vitro (Cai et al., 2003; Wang et al., 2009b). But whether these in
vitro effects also take into action in vivo is unknown. A reducing effect of grape seed
polyphenols was observed preferentially on the insoluble fraction of both AB40 and
AP42 in our study, as well as others, suggesting that grape seed derived polyphenols
probably affect the assembly or disruption of preformed fibrils and AP aggregation
in vivo (Bastianetto et al., 2000; Jang and Surh, 2003; Ono et al., 2003; Savaskan et
al., 2003; Li et al., 2004; Marambaud et al., 2005; Ono et al., 2005; Mancuso et al.,

2007; Riviere et al., 2007). In the present study, we did not find any effects of grape
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seed derived polyphenols on the APP expression and BACE]1 expression. In a similar
study, chronic consumption of GSE derived polyphenols did not change the activities
of AP generating and degrading enzymes (Ono et al., 2008; Wang et al., 2008).
These data suggest that it is unlikely that GSE reduces the AP production and
regulates the AP degradation. Thus, mechanisms of GSE in modulating A

metabolism need further investigation and novel pathways need to be explored.

(2) Which components of GSE are active in reducing A in the brain?

In the present study, the grape seed derived polyphenols consist of several major
components, including gallic acid, catechin, epicatechin and proanthocyanidins.
Which components are active and contribute to the AP reduction is unclear. We
assume that the combination of all polyphenols could be important in achieving these
desirable effects, because several individual polyphenols have been recently shown
to be able to reduce brain AP in vivo, such as curcumin (Wang et al., 2008), green
tea polyphenol epigallocatechin-3-gallate (EGCG) (Lim et al., 2001; Yang et al.,
2005) and citrus bioflavonoid luteolin (Rezai-Zadeh et al., 2005). To address this
issue, the individual components of GSE need to be examined in the future in terms

of AP reduction and relevant mechanisms.

(3) Are grape seed derived polyphenols also able to treat other protein

misfolding diseases?

Besides AD, other protein misfolding diseases such as Parkinson disease, Huntington
disease and prion diseases also share the similar pathogenesis in which cellular
proteins misfold from their native conformation to a pathological isoform and form
intracellular or/and extracellular aggregates (Rezai-Zadeh et al., 2008). As the grape

seed derived polyphenols are able to attenuate the aggregation of AP, it is tempting
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to speculate that grape seed derived polyphenols are also able to inhibit the

misfolding of proteins, thus generate therapeutic effects.

3. Deletion of p75SNTR reduces AP production but exacerbates AP pathology by

increasing AP deposition in an AD mouse model

Although a large body of evidence shows p75NTR plays a critical role in the death of
neurons mediated by AP and proneurotrophins, little work has been done on the role
of p75NTR in AP metabolism in vivo. In the present study we examined the roles of
p75NTR in AP production and deposition in APPSwe/PS1dE9 mice with p75NTR
gene deleted. Our data suggest that p7SNTR have double faced effects on AP
metabolism. On one hand, p75NTR signaling may increase the A production and
enhances steady state levels of AP which may enhance the AD pathology. On the
other hand, the extracellular domain of p75SNTR after shedding from the membrane
may bind and sequester AP, thus suppressing the aggregation and B-sheet formation
and reducing AP deposition and accumulation in the brain. Despite these novel

findings, several important issues remain to be addressed.

(1) What is the mechanism for promotion of AB production by p75NTR?

In our study we found that deletion of p75NTR decreased the steady state levels of
soluble AP in vivo and in vitro, suggesting that p7SNTR signal promote the AP
production. However, the relevant mechanism is unknown. Recent studies suggest
that p75NTR signaling may play a role in the production of AP (Chiti and Dobson,
2006). However, we did not see any significant changes in APP expression and
processing, secretase activities, and AP degrading enzymes in p75SNTR knockout AD

mice relative to AD mice. Thus it is necessary to investigate the novel pathways by
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which p75NTR regulates the AP production, There are a number of ligands which
bind to p75SNTR (Costantini et al., 2005b; Costantini et al., 2005a). Which ligand that
regulates AP production via p7SNTR remains to be investigated. In the future
studies, effects of the p7SNTR ligands such as neurotrophins, proneurotrophins, Af3,
Nogo receptor ligands on the AP production should be investigated using p7SNTR
wild type and mutant cells. Further studies should be also on their down-streaming
signal pathways such as ceramide, p38, JNK or NF-kappaB which may be involved
in AP production regulation. It is also necessary to examine whether the interaction
between p7SNTR and APP influences the AP production, and whether p75NTR

regulates the AP endocytosis and transportation.

(2) What are the roles of p7SNTR in the neuronal degeneration in AD?

Accumulating evidence indicate that p75NTR also plays a critical role in
degeneration of cholinergic neurons in response to AP (Dechant and Barde, 2002)
and to proneurotrophins (Coulson et al., 2009). However, the evidence is
controversial because p75NTR also attenuates the AP neurotoxicity (Friedman,
2000; Podlesniy et al., 2006; Volosin et al., 2008). Most of these studies provide in
vitro evidence. It is critical to use the animal models to investigate the exact roles of
p75NTR in AP neurotoxicity in AD. The AD mouse model with deletion of p75NTR
gene generated in our study represents an ideal animal model to investigate the roles
of p75NTR. In the future, we plan to examine the changes in p75NTR-deleted AD
mice of cholinergic neuron loss and the neurite degeneration, by examining the
number and volume of cholinergic neurons in the basal forebrain, cholinergic fibre
length and fibre density using stereological assessment techniques, and ChAT and

AChE enzyme activity and expression using biochemical and histological methods.
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(3) Development of novel therapies targeting p7SNTR

Our data, together with previous studies which showed the roles of p75NTR
mediated neurotoxicity in response to AP and proneurotrophins, strongly suggest that
p75NTR may be a valid therapeutic target for the treatment of AD. P75SNTR pathway
can be blocked by targeting the binding of ligands such as AP and neurotrophins to
p75NTR, and signaling pathways such as calpain, GSK3b and c-Jun, which mediate
AP toxicity. Several studies have focused to develop small molecules blocking
p75NTR receptor signals to protect cholinergic neurons for the treatment of AD
(Massa et al., 2006; Yang et al., 2008). In our study, we found that recombinant
extracellular domain of p75NTR inhibited the AP aggregation and disaggregated the
AP fibrils in vitro. Importantly, we also provided preliminary data showing that
recombinant extracellular domain was also able to reduce the local AP plaques of
injection site. Based on these findings, we hypothesize that the use of extracellular
domain may not only attenuate neurotoxic signals such as AB- and proneurotrophin-
mediated neurotoxicity, but also may neutralize AP, suppress AB deposition and
enhance AP clearance from the brain. Thus we plan to explore the efficacy of
p75NTR extracellular domain in the prevention and treatment of AD, by delivering

the p75NTR extracellular domain gene into the brain or muscle with AAV.

Summary

AD has become an urgent public health issue which is calling for effective
prevention and treatment. The current available medications approved for AD
treatment, such as cholinesterase inhibitors, antidepressants and antipsychotics, are
primarily to relieve the symptoms, and but are not able to cure the disease (see

review in (Zhang et al., 2003b)). Some available medications designed for other
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diseases, such as estrogen (Rosenberg, 2005) and its analogs (Shumaker et al., 2003),
statins (Yaffe et al., 2005), non-steroidal anti-inflammatory agents (Sparks et al.,
2005) and vitamin E (Rogers et al., 1993), have been implied for AD treatment, but
their efficacy in AD treatment need further clinical investigation. Based on the latest
understanding of the AD pathogenesis, lots of efforts are made to develop novel
drugs to target the disease cascade, such as 3 or y secretase inhibitors to reduce A
production (Petersen et al., 2005), agents to remove phosphorylated tau protein
(Henley et al., 2009; Huang et al., 2009) and antioxidants to relieve oxidative stress
in the brain (Hanger et al., 2009). Our present studies show the potential of the anti-
AP scFv, grape seed derived polyphenols and recombinant p75SNTR extracellular
domain in prevention and treatment of AD, and further efforts should be made to

translate these novel candidates into disease-modifying drugs against AD.

105



Bibliography

BIBLIOGRAPHY

Abbas N, Bednar I, Mix E, Marie S, Paterson D, Ljungberg A, Morris C, Winblad B,
Nordberg A, Zhu J (2002) Up-regulation of the inflammatory cytokines IFN-
gamma and IL-12 and down-regulation of IL-4 in cerebral cortex regions of
APP(SWE) transgenic mice. J Neuroimmunol 126:50-57.

Agadjanyan MG, Ghochikyan A, Petrushina I, Vasilevko V, Movsesyan N,
Mkrtichyan M, Saing T, Cribbs DH (2005) Prototype Alzheimer's disease
vaccine using the immunodominant B cell epitope from beta-amyloid and
promiscuous T cell epitope pan HLA DR-binding peptide. J Immunol
174:1580-1586.

Ait-Ghezala G, Abdullah L, Crescentini R, Crawford F, Town T, Singh S, Richards
D, Duara R, Mullan M (2002) Confirmation of association between D10S583
and Alzheimer's disease in a case--control sample. Neurosci Lett 325:87-90.

Akiyama H et al. (2000) Inflammation and Alzheimer's disease. Neurobiol Aging
21:383-421.

Alarcon R, Fuenzalida C, Santibanez M, von Bernhardi R (2005) Expression of
scavenger receptors in glial cells. Comparing the adhesion of astrocytes and
microglia from neonatal rats to surface-bound beta-amyloid. J Biol Chem
280:30406-30415.

Arancio O et al. (2004) RAGE potentiates Abeta-induced perturbation of neuronal
function in transgenic mice. Embo J 23:4096-4105.

Arendt T, Schindler C, Bruckner MK, Eschrich K, Bigl V, Zedlick D, Marcova L
(1997) Plastic neuronal remodeling is impaired in patients with Alzheimer's

disease carrying apolipoprotein epsilon 4 allele. J Neurosci 17:516-529.

106



Bibliography

Bacskai BJ, Kajdasz ST, McLellan ME, Games D, Seubert P, Schenk D, Hyman BT
(2002) Non-Fc-mediated mechanisms are involved in clearance of amyloid-
beta in vivo by immunotherapy. J Neurosci 22:7873-7878.

Barberger-Gateau P, Raffaitin C, Letenneur L, Berr C, Tzourio C, Dartigues JF,
Alperovitch A (2007) Dietary patterns and risk of dementia: the Three-City
cohort study. Neurology 69:1921-1930.

Bard F et al. (2003) Epitope and isotype specificities of antibodies to beta -amyloid
peptide for protection against Alzheimer's disease-like neuropathology. Proc
Natl Acad Sci U S A 100:2023-2028.

Bard F et al. (2000) Peripherally administered antibodies against amyloid beta-
peptide enter the central nervous system and reduce pathology in a mouse
model of Alzheimer disease. Nat Med 6:916-919.

Bastianetto S, Zheng WH, Quirion R (2000) Neuroprotective abilities of resveratrol
and other red wine constituents against nitric oxide-related toxicity in
cultured hippocampal neurons. Br J Pharmacol 131:711-720.

Bergamaschini L, Rossi E, Storini C, Pizzimenti S, Distaso M, Perego C, De Luigi
A, Vergani C, De Simoni MG (2004) Peripheral treatment with enoxaparin, a
low molecular weight heparin, reduces plaques and beta-amyloid
accumulation in a mouse model of Alzheimer's disease. J Neurosci 24:4181-
4186.

Bertram L, Blacker D, Mullin K, Keeney D, Jones J, Basu S, Yhu S, McInnis MG,
Go RC, Vekrellis K, Selkoe DJ, Saunders AJ, Tanzi RE (2000) Evidence for
genetic linkage of Alzheimer's disease to chromosome 10q. Science

290:2302-2303.

107



Bibliography

Bian L, Yang JD, Guo TW, Sun Y, Duan SW, Chen WY, Pan YX, Feng GY, He L
(2004) Insulin-degrading enzyme and Alzheimer disease: a genetic
association study in the Han Chinese. Neurology 63:241-245.

Biessels GJ, Staeckenborg S, Brunner E, Brayne C, Scheltens P (2006) Risk of
dementia in diabetes mellitus: a systematic review. Lancet Neurol 5:64-74.

Billings LM, Oddo S, Green KN, McGaugh JL, LaFerla FM (2005) Intraneuronal
Abeta causes the onset of early Alzheimer's disease-related cognitive deficits
in transgenic mice. Neuron 45:675-688.

Bjork BF, Katzov H, Kehoe P, Fratiglioni L, Winblad B, Prince JA, Graff C (2007)
Positive association between risk for late-onset Alzheimer disease and genetic
variation in IDE. Neurobiol Aging 28:1374-1380.

Blomgvist ME, Chalmers K, Andreasen N, Bogdanovic N, Wilcock GK, Cairns NJ,
Feuk L, Brookes AJ, Love S, Blennow K, Kehoe PG, Prince JA (2005)
Sequence variants of IDE are associated with the extent of beta-amyloid
deposition in the Alzheimer's disease brain. Neurobiol Aging 26:795-802.

Blum-Degen D, Muller T, Kuhn W, Gerlach M, Przuntek H, Riederer P (1995)
Interleukin-1 beta and interleukin-6 are elevated in the cerebrospinal fluid of
Alzheimer's and de novo Parkinson's disease patients. Neurosci Lett 202:17-
20.

Borchelt DR, Thinakaran G, Eckman CB, Lee MK, Davenport F, Ratovitsky T,
Prada CM, Kim G, Seekins S, Yager D, Slunt HH, Wang R, Seeger M, Levey
Al, Gandy SE, Copeland NG, Jenkins NA, Price DL, Younkin SG, Sisodia
SS (1996) Familial Alzheimer's disease-linked presenilin 1 variants elevate
Abetal-42/1-40 ratio in vitro and in vivo. Neuron 17:1005-1013.

Bralley EE, Hargrove JL, Greenspan P, Hartle DK (2007) Topical anti-inflammatory

activities of Vitis rotundifolia (muscadine grape) extracts in the

108



Bibliography
tetradecanoylphorbol acetate model of ear inflammation. J Med Food 10:636-
642.

Brantly ML, Spencer LT, Humphries M, Conlon TJ, Spencer CT, Poirier A,
Garlington W, Baker D, Song S, Berns KI, Muzyczka N, Snyder RO, Byrne
BJ, Flotte TR (2006) Phase I trial of intramuscular injection of a recombinant
adeno-associated virus serotype 2 alphal-antitrypsin (AAT) vector in AAT-
deficient adults. Hum Gene Ther 17:1177-1186.

Brazil MI, Chung H, Maxfield FR (2000) Effects of incorporation of
immunoglobulin G and complement component Clq on uptake and
degradation of Alzheimer's disease amyloid fibrils by microglia. J Biol Chem
275:16941-16947.

Brendza RP, Bacskai BJ, Cirrito JR, Simmons KA, Skoch JM, Klunk WE, Mathis
CA, Bales KR, Paul SM, Hyman BT, Holtzman DM (2005) Anti-Abeta
antibody treatment promotes the rapid recovery of amyloid-associated
neuritic dystrophy in PDAPP transgenic mice. J Clin Invest 115:428-433.

Brettschneider S, Morgenthaler NG, Teipel SJ, Fischer-Schulz C, Burger K, Dodel
R, Du Y, Moller HJ, Bergmann A, Hampel H (2005) Decreased serum
amyloid beta(1-42) autoantibody levels in Alzheimer's disease, determined by
a newly developed immuno-precipitation assay with radiolabeled amyloid
beta(1-42) peptide. Biol Psychiatry 57:813-816.

Bronfman FC (2007) Metalloproteases and gamma-secretase: new membrane
partners regulating p75 neurotrophin receptor signaling? J Neurochem 103
Suppl 1:91-100.

Brookmeyera R, Johnsona E, Ziegler-Grahamb K, Arrighic HM (2007) Forecasting
the global burden of Alzheimer's disease. Alzheimer's and dementia 3:186-

191.

109



Bibliography

Burbach GJ, Vlachos A, Ghebremedhin E, Del Turco D, Coomaraswamy J,
Staufenbiel M, Jucker M, Deller T (2007) Vessel ultrastructure in APP23
transgenic mice after passive anti-Abeta immunotherapy and subsequent
intracerebral hemorrhage. Neurobiol Aging 28:202-212.

Bussiere T, Bard F, Barbour R, Grajeda H, Guido T, Khan K, Schenk D, Games D,
Seubert P, Buttini M (2004) Morphological characterization of Thioflavin-S-
positive amyloid plaques in transgenic Alzheimer mice and effect of passive
Abeta immunotherapy on their clearance. Am J Pathol 165:987-995.

Buxbaum JD, Gandy SE, Cicchetti P, Ehrlich ME, Czernik AJ, Fracasso RP,
Ramabhadran TV, Unterbeck AJ, Greengard P (1990) Processing of
Alzheimer beta/A4 amyloid precursor protein: modulation by agents that
regulate protein phosphorylation. Proc Natl Acad Sci U S A 87:6003-6006.

Caccamo A, Oddo S, Sugarman MC, Akbari Y, LaFerla FM (2005) Age- and region-
dependent alterations in Abeta-degrading enzymes: implications for Abeta-
induced disorders. Neurobiol Aging 26:645-654.

Cai J, Wang S, Zhong Y, Cheng J, Ji Z, Sheng S, Zhang C (2003) Screening and
characterization of human single-chain Fv antibody against beta-amyloid
peptide 40. Neuroreport 14:265-268.

Capsoni S, Giannotta S, Cattaneo A (2002) Nerve growth factor and galantamine
ameliorate early signs of neurodegeneration in anti-nerve growth factor mice.
Proc Natl Acad Sci U S A 99:12432-12437.

Capsoni S, Ugolini G, Comparini A, Ruberti F, Berardi N, Cattaneo A (2000)
Alzheimer-like neurodegeneration in aged antinerve growth factor transgenic
mice. Proc Natl Acad Sci U S A 97:6826-6831.

Cardinale A, Biocca S (2008) The potential of intracellular antibodies for therapeutic

targeting of protein-misfolding diseases. Trends Mol Med 14:373-380.

110



Bibliography

Carpentier M, Robitaille Y, DesGroseillers L, Boileau G, Marcinkiewicz M (2002)
Declining expression of neprilysin in Alzheimer disease vasculature: possible
involvement in cerebral amyloid angiopathy. J Neuropathol Exp Neurol
61:849-856.

Chauhan NB, Siegel GJ (2004) Intracerebroventricular passive immunization in
transgenic mouse models of Alzheimer's disease. Expert review of vaccines
3:717-725.

Chirino AJ, Ary ML, Marshall SA (2004) Minimizing the immunogenicity of protein
therapeutics. Drug Discov Today 9:82-90.

Chiti F, Dobson CM (2006) Protein misfolding, functional amyloid, and human
disease. Annual review of biochemistry 75:333-366.

Cirrito JR, Kang JE, Lee J, Stewart FR, Verges DK, Silverio LM, Bu G, Mennerick
S, Holtzman DM (2008) Endocytosis is required for synaptic activity-
dependent release of amyloid-beta in vivo. Neuron 58:42-51.

Cirrito JR, Deane R, Fagan AM, Spinner ML, Parsadanian M, Finn MB, Jiang H,
Prior JL, Sagare A, Bales KR, Paul SM, Zlokovic BV, Piwnica-Worms D,
Holtzman DM (2005) P-glycoprotein deficiency at the blood-brain barrier
increases amyloid-beta deposition in an Alzheimer disease mouse model. J
Clin Invest 115:3285-3290.

Citron M (2004) Strategies for disease modification in Alzheimer's disease. Nat Rev
Neurosci 5:677-685.

Citron M, Oltersdorf T, Haass C, McConlogue L, Hung AY, Seubert P, Vigo-Pelfrey
C, Lieberburg I, Selkoe DJ (1992) Mutation of the beta-amyloid precursor
protein in familial Alzheimer's disease increases beta-protein production.

Nature 360:672-674.

111



Bibliography

Cordon-Cardo C, O'Brien JP, Casals D, Rittman-Grauer L, Biedler JL, Melamed
MR, Bertino JR (1989) Multidrug-resistance gene (P-glycoprotein) is
expressed by endothelial cells at blood-brain barrier sites. Proc Natl Acad Sci
U S A 86:695-698.

Costantini C, Scrable H, Puglielli L (2006) An aging pathway controls the TrkA to
p75NTR receptor switch and amyloid beta-peptide generation. EMBO J
25:1997-2006.

Costantini C, Weindruch R, Della Valle G, Puglielli L (2005a) A TrkA to p75 NTR
molecular switch activates amyloid beta-peptide generation during aging.
Biochem J 391:59-67.

Costantini C, Rossi F, Formaggio E, Bernardoni R, Cecconi D, Della-Bianca V
(2005b) Characterization of the signaling pathway downstream p75
neurotrophin receptor involved in beta-amyloid peptide-dependent cell death.
J Mol Neurosci 25:141-156.

Coulson EJ (2006) Does the p75 neurotrophin receptor mediate Abeta-induced
toxicity in Alzheimer's disease? J Neurochem 98:654-660.

Coulson EJ, May LM, Sykes AM, Hamlin AS (2009) The role of the p75
neurotrophin receptor in cholinergic dysfunction in Alzheimer's disease.
Neuroscientist 15:317-323.

Crossgrove JS, Li GJ, Zheng W (2005) The Choroid Plexus Removes {beta}-
Amyloid from Brain Cerebrospinal Fluid. Experimental Biology and
Medicine 230:771-776.

Dahlgren KN, Manelli AM, Stine WB, Jr., Baker LK, Krafft GA, LaDu MJ (2002)
Oligomeric and fibrillar species of amyloid-beta peptides differentially affect

neuronal viability. J Biol Chem 277:32046-32053.

112



Bibliography

Das P, Howard V, Loosbrock N, Dickson D, Murphy MP, Golde TE (2003)
Amyloid-beta immunization effectively reduces amyloid deposition in
FcRgamma-/- knock-out mice. J Neurosci 23:8532-8538.

DaSilva KA, Brown ME, McLaurin J (2009) Reduced oligomeric and vascular
amyloid-beta following immunization of TgCRND8 mice with an
Alzheimer's DNA vaccine. Vaccine 27:1365-1376.

Deane R, Wu Z, Zlokovic BV (2004a) RAGE (yin) versus LRP (yang) balance
regulates alzheimer amyloid beta-peptide clearance through transport across
the blood-brain barrier. Stroke 35:2628-2631.

Deane R, Wu Z, Sagare A, Davis J, Du Yan S, Hamm K, Xu F, Parisi M, LaRue B,
Hu HW, Spijkers P, Guo H, Song X, Lenting PJ, Van Nostrand WE, Zlokovic
BV (2004b) LRP/amyloid beta-peptide interaction mediates differential brain
efflux of Abeta isoforms. Neuron 43:333-344.

Deane R et al. (2003) RAGE mediates amyloid-beta peptide transport across the
blood-brain barrier and accumulation in brain. Nat Med 9:907-913.

Dechant G, Barde YA (2002) The neurotrophin receptor p75(NTR): novel functions
and implications for diseases of the nervous system. Nat Neurosci 5:1131-
1136.

DeMattos RB, Bales KR, Cummins DJ, Paul SM, Holtzman DM (2002) Brain to
plasma amyloid-beta efflux: a measure of brain amyloid burden in a mouse
model of Alzheimer's disease. Science 295:2264-2267.

DeMattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, Holtzman DM (2001)
Peripheral anti-A beta antibody alters CNS and plasma A beta clearance and
decreases brain A beta burden in a mouse model of Alzheimer's disease. Proc

Natl Acad Sci U S A 98:8850-8855.

113



Bibliography

Deshane J, Chaves L, Sarikonda KV, Isbell S, Wilson L, Kirk M, Grubbs C, Barnes
S, Meleth S, Kim H (2004) Proteomics analysis of rat brain protein
modulations by grape seed extract. J Agric Food Chem 52:7872-7883.

Dodart JC, Bales KR, Gannon KS, Greene SJ, DeMattos RB, Mathis C, DeLong CA,
Wu S, Wu X, Holtzman DM, Paul SM (2002) Immunization reverses
memory deficits without reducing brain Abeta burden in Alzheimer's disease
model. Nat Neurosci 5:452-457.

Dodel RC, Du Y, Depboylu C, Hampel H, Frolich L, Haag A, Hemmeter U, Paulsen
S, Teipel SJ, Brettschneider S, Spottke A, Nolker C, Moller HJ, Wei X,
Farlow M, Sommer N, Oertel WH (2004) Intravenous immunoglobulins
containing antibodies against beta-amyloid for the treatment of Alzheimer's
disease. J Neurol Neurosurg Psychiatry 75:1472-1474.

Donahue JE, Flaherty SL, Johanson CE, Duncan JA, 3rd, Silverberg GD, Miller MC,
Tavares R, Yang W, Wu Q, Sabo E, Hovanesian V, Stopa EG (2006) RAGE,
LRP-1, and amyloid-beta protein in Alzheimer's disease. Acta Neuropathol
112:405-415.

Du Y, Wei X, Dodel R, Sommer N, Hampel H, Gao F, Ma Z, Zhao L, Oertel WH,
Farlow M (2003) Human anti-beta-amyloid antibodies block beta-amyloid
fibril formation and prevent beta-amyloid-induced neurotoxicity. Brain
126:1935-1939.

Eckman EA, Reed DK, Eckman CB (2001) Degradation of the Alzheimer's amyloid
beta peptide by endothelin-converting enzyme. J Biol Chem 276:24540-
24548.

Eckman EA, Watson M, Marlow L, Sambamurti K, Eckman CB (2003) Alzheimer's
disease beta-amyloid peptide is increased in mice deficient in endothelin-

converting enzyme. J Biol Chem 278:2081-2084.

114



Bibliography

El-Agnaf OM, Mabhil DS, Patel BP, Austen BM (2000) Oligomerization and toxicity
of beta-amyloid-42 implicated in Alzheimer's disease. Biochem Biophys Res
Commun 273:1003-1007.

Elkins JS, Douglas VC, Johnston SC (2004) Alzheimer disease risk and genetic
variation in ACE: a meta-analysis. Neurology 62:363-368.

Farris W, Mansourian S, Leissring MA, Eckman EA, Bertram L, Eckman CB, Tanzi
RE, Selkoe DJ (2004) Partial loss-of-function mutations in insulin-degrading
enzyme that induce diabetes also impair degradation of amyloid beta-protein.
Am J Pathol 164:1425-1434.

Farris W, Mansourian S, Chang Y, Lindsley L, Eckman EA, Frosch MP, Eckman
CB, Tanzi RE, Selkoe DJ, Guenette S (2003) Insulin-degrading enzyme
regulates the levels of insulin, amyloid beta-protein, and the beta-amyloid
precursor protein intracellular domain in vivo. Proc Natl Acad Sci U S A
100:4162-4167.

Ferrer I, Boada Rovira M, Sanchez Guerra ML, Rey MJ, Costa-Jussa F (2004)
Neuropathology and pathogenesis of encephalitis following amyloid-beta
immunization in Alzheimer's disease. Brain Pathol 14:11-20.

Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, Hall K,
Hasegawa K, Hendrie H, Huang Y, Jorm A, Mathers C, Menezes PR,
Rimmer E, Scazufca M (2005) Global prevalence of dementia: a Delphi
consensus study. Lancet 366:2112-2117.

Fillit H, Ding WH, Buee L, Kalman J, Altstiel L, Lawlor B, Wolf-Klein G (1991)
Elevated circulating tumor necrosis factor levels in Alzheimer's disease.
Neurosci Lett 129:318-320.

Flotte TR (2004) Gene therapy progress and prospects: recombinant adeno-

associated virus (rAAV) vectors. Gene Ther 11:805-810.

115



Bibliography

Fombonne J, Rabizadeh S, Banwait S, Mehlen P, Bredesen DE (2009) Selective
vulnerability in Alzheimer's disease: amyloid precursor protein and
p75(NTR) interaction. Ann Neurol 65:294-303.

Food and Drug Administration H (2003) Guidance for Industry and Reviewers.
Estimating the Safe Starting Dose in Clinical Trials for Therapeutics in Adult
Healthy Volunteers. Fed Regist 68:2340-2341.

Frenkel D, Solomon B, Benhar I (2000) Modulation of Alzheimer's beta-amyloid
neurotoxicity by site-directed single-chain antibody. J Neuroimmunol
106:23-31.

Frick KM, Fernandez SM (2003) Enrichment enhances spatial memory and increases
synaptophysin levels in aged female mice. Neurobiol Aging 24:615-626.

Frid P, Anisimov SV, Popovic N (2007) Congo red and protein aggregation in
neurodegenerative diseases. Brain Res Rev 53:135-160.

Friedman WJ (2000) Neurotrophins induce death of hippocampal neurons via the
p75 receptor. J Neurosci 20:6340-6346.

Fukuchi K, Tahara K, Kim HD, Maxwell JA, Lewis TL, Accavitti-Loper MA, Kim
H, Ponnazhagan S, Lalonde R (2006) Anti-Abeta single-chain antibody
delivery via adeno-associated virus for treatment of Alzheimer's disease.
Neurobiol Dis 23:502-511.

Gandy S, Greengard P (1994) Regulated cleavage of the Alzheimer amyloid
precursor protein: molecular and cellular basis. Biochimie 76:300-303.
Gelinas DS, DaSilva K, Fenili D, St George-Hyslop P, McLaurin J (2004)

Immunotherapy for Alzheimer's disease. Proc Natl Acad Sci U S A
101:14657-14662.
George AJ, Holsinger RM, McLean CA, Laughton KM, Beyreuther K, Evin G,

Masters CL, Li QX (2004) APP intracellular domain is increased and soluble

116



Bibliography
Abeta is reduced with diet-induced hypercholesterolemia in a transgenic
mouse model of Alzheimer disease. Neurobiol Dis 16:124-132.

Geylis V, Kourilov V, Meiner Z, Nennesmo I, Bogdanovic N, Steinitz M (2005)
Human monoclonal antibodies against amyloid-beta from healthy adults.
Neurobiol Aging 26:597-606.

Ghochikyan A, Vasilevko V, Petrushina I, Movsesyan N, Babikyan D, Tian W,
Sadzikava N, Ross TM, Head E, Cribbs DH, Agadjanyan MG (2003)
Generation and characterization of the humoral immune response to DNA
immunization with a chimeric beta-amyloid-interleukin-4 minigene. Eur J
Immunol 33:3232-3241.

Gilman S, Koller M, Black RS, Jenkins L, Griffith SG, Fox NC, Eisner L, Kirby L,
Rovira MB, Forette F, Orgogozo JM (2005) Clinical effects of Abeta
immunization (AN1792) in patients with AD in an interrupted trial.
Neurology 64:1553-1562.

Ginsberg SD, Che S, Wuu J, Counts SE, Mufson EJ (2006) Down regulation of trk
but not p7SNTR gene expression in single cholinergic basal forebrain
neurons mark the progression of Alzheimer's disease. J Neurochem 97:475-
487.

Goedert M, Fine A, Dawbarn D, Wilcock GK, Chao MV (1989) Nerve growth factor
receptor mRNA distribution in human brain: normal levels in basal forebrain
in Alzheimer's disease. Brain Res Mol Brain Res 5:1-7.

Gowrishankar K, Zeidler MG, Vincenz C (2004) Release of a membrane-bound
death domain by gamma-secretase processing of the p75NTR homolog

NRADD. J Cell Sci 117:4099-4111.

117



Bibliography

Greenrod W, Fenech M (2003) The principal phenolic and alcoholic components of
wine protect human lymphocytes against hydrogen peroxide- and ionizing
radiation-induced DNA damage in vitro. Mutagenesis 18:119-126.

Greenrod W, Stockley CS, Burcham P, Abbey M, Fenech M (2005) Moderate acute
intake of de-alcoholized red wine, but not alcohol, is protective against
radiation-induced DNA damage ex vivo -- results of a comparative in vivo
intervention study in younger men. Mutat Res 591:290-301.

Habicht G, Haupt C, Friedrich RP, Hortschansky P, Sachse C, Meinhardt J,
Wieligmann K, Gellermann GP, Brodhun M, Gotz J, Halbhuber KJ, Rocken
C, Horn U, Fandrich M (2007) Directed selection of a conformational
antibody domain that prevents mature amyloid fibril formation by stabilizing
Abeta protofibrils. Proc Natl Acad Sci U S A 104:19232-19237.

Hadding A, Kaltschmidt B, Kaltschmidt C (2004) Overexpression of receptor of
advanced glycation end products hypersensitizes cells for amyloid beta
peptide-induced cell death. Biochim Biophys Acta 1691:67-72.

Hampl JS, Anderson JV, Mullis R (2002) Position of the American Dietetic
Association: the role of dietetics professionals in health promotion and
disease prevention. J] Am Diet Assoc 102:1680-1687.

Hanger DP, Anderton BH, Noble W (2009) Tau phosphorylation: the therapeutic
challenge for neurodegenerative disease. Trends Mol Med 15:112-119.

Hara H, Monsonego A, Yuasa K, Adachi K, Xiao X, Takeda S, Takahashi K, Weiner
HL, Tabira T (2004) Development of a safe oral Abeta vaccine using
recombinant adeno-associated virus vector for Alzheimer's disease. J
Alzheimers Dis 6:483-488.

Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer's disease: progress

and problems on the road to therapeutics. Science 297:353-356.

118



Bibliography

Hatchett CS, Tyler S, Armstrong D, Dawbarn D, Allen SJ (2007) Familial
Alzheimer's disease presenilin 1 mutation M146V increases gamma secretase
cutting of p75NTR in vitro. Brain Res.

He Y, Sun SH, Chen RW, Guo YJ, He XW, Huang L, Chen ZH, Shi K, Zhu WIJ
(2005) Eftects of epitopes combination and adjuvants on immune responses
to anti-Alzheimer disease DNA vaccines in mice. Alzheimer Dis Assoc
Disord 19:171-177.

Helisalmi S, Hiltunen M, Vepsalainen S, livonen S, Mannermaa A, Lehtovirta M,
Koivisto AM, Alafuzoff I, Soininen H (2004) Polymorphisms in neprilysin
gene affect the risk of Alzheimer's disease in Finnish patients. J Neurol
Neurosurg Psychiatry 75:1746-1748.

Hellstrom-Lindahl E, Ravid R, Nordberg A (2008) Age-dependent decline of
neprilysin in Alzheimer's disease and normal brain: inverse correlation with
A beta levels. Neurobiol Aging 29:210-221.

Hemming ML, Selkoe DJ (2005) Amyloid beta-protein is degraded by cellular
angiotensin-converting enzyme (ACE) and elevated by an ACE inhibitor. J
Biol Chem 280:37644-37650.

Heneka MT, O'Banion MK (2007) Inflammatory processes in Alzheimer's disease. J
Neuroimmunol 184:69-91.

Henley DB, May PC, Dean RA, Siemers ER (2009) Development of semagacestat
(LY450139), a functional gamma-secretase inhibitor, for the treatment of
Alzheimer's disease. Expert Opin Pharmacother 10:1657-1664.

Herz J (2003) LRP: a bright beacon at the blood-brain barrier. J Clin Invest
112:1483-1485.

Herz J, Marschang P (2003) Coaxing the LDL receptor family into the fold. Cell

112:289-292.

119



Bibliography

Hock C, Konietzko U, Streffer JR, Tracy J, Signorell A, Muller-Tillmanns B, Lemke
U, Henke K, Moritz E, Garcia E, Wollmer MA, Umbricht D, de Quervain DJ,
Hofmann M, Maddalena A, Papassotiropoulos A, Nitsch RM (2003)
Antibodies against beta-amyloid slow cognitive decline in Alzheimer's
disease. Neuron 38:547-554.

Holliger P, Hudson PJ (2005) Engineered antibody fragments and the rise of single
domains. Nature biotechnology 23:1126-1136.

Holmes C, Boche D, Wilkinson D, Yadegarfar G, Hopkins V, Bayer A, Jones RW,
Bullock R, Love S, Neal JW, Zotova E, Nicoll JA (2008) Long-term effects
of Abeta42 immunisation in Alzheimer's disease: follow-up of a randomised,
placebo-controlled phase I trial. Lancet 372:216-223.

Holtzman DM (2008) Alzheimer's disease: Moving towards a vaccine. Nature
454:418-420.

Horikoshi Y, Mori T, Maeda M, Kinoshita N, Sato K, Yamaguchi H (2004) Abeta N-
terminal-end specific antibody reduced beta-amyloid in Alzheimer-model
mice. Biochem Biophys Res Commun 325:384-387.

Hu XY, Zhang HY, Qin S, Xu H, Swaab DF, Zhou JN (2002) Increased p75(NTR)
expression in hippocampal neurons containing hyperphosphorylated tau in
Alzheimer patients. Exp Neurol 178:104-111.

Huang WH, Sheng R, Hu YZ (2009) Progress in the development of
nonpeptidomimetic BACE 1 inhibitors for Alzheimer's disease. Curr Med
Chem 16:1806-1820.

Ida N, Hartmann T, Pantel J, Schroder J, Zerfass R, Forstl H, Sandbrink R, Masters
CL, Beyreuther K (1996) Analysis of heterogeneous A4 peptides in human
cerebrospinal fluid and blood by a newly developed sensitive Western blot

assay. J Biol Chem 271:22908-22914.

120



Bibliography

Irizarry MC, Soriano F, McNamara M, Page KJ, Schenk D, Games D, Hyman BT
(1997) Abeta deposition is associated with neuropil changes, but not with
overt neuronal loss in the human amyloid precursor protein V717F (PDAPP)
transgenic mouse. J Neurosci 17:7053-7059.

Iwata N, Tsubuki S, Takaki Y, Shirotani K, Lu B, Gerard NP, Gerard C, Hama E,
Lee HJ, Saido TC (2001) Metabolic regulation of brain Abeta by neprilysin.
Science 292:1550-1552.

Jang JH, Surh YJ (2003) Protective effect of resveratrol on beta-amyloid-induced
oxidative PC12 cell death. Free Radic Biol Med 34:1100-1110.

Jankowsky JL, Slunt HH, Ratovitski T, Jenkins NA, Copeland NG, Borchelt DR
(2001) Co-expression of multiple transgenes in mouse CNS: a comparison of
strategies. Biomolecular Engineering 17:157-165.

Janus C, Pearson J, McLaurin J, Mathews PM, Jiang Y, Schmidt SD, Chishti MA,
Horne P, Heslin D, French J, Mount HT, Nixon RA, Mercken M, Bergeron
C, Fraser PE, St George-Hyslop P, Westaway D (2000) Abeta peptide
immunization reduces behavioural impairment and plaques in a model of
Alzheimer's disease. Nature 408:979-982.

Jarrett JT, Berger EP, Lansbury PT, Jr. (1993) The carboxy terminus of the beta
amyloid protein is critical for the seeding of amyloid formation: implications
for the pathogenesis of Alzheimer's disease. Biochemistry 32:4693-4697.

Jekabsone A, Mander PK, Tickler A, Sharpe M, Brown GC (2006) Fibrillar beta-
amyloid peptide Abetal-40 activates microglial proliferation via stimulating
TNF-alpha release and H202 derived from NADPH oxidase: a cell culture
study. J Neuroinflammation 3:24.

Jiang H, Pierce GF, Ozelo MC, de Paula EV, Vargas JA, Smith P, Sommer J, Luk A,

Manno CS, High KA, Arruda VR (2006) Evidence of multiyear factor IX

121



Bibliography
expression by AAV-mediated gene transfer to skeletal muscle in an
individual with severe hemophilia B. Mol Ther 14:452-455.

Jung KM, Tan S, Landman N, Petrova K, Murray S, Lewis R, Kim PK, Kim DS,
Ryu SH, Chao MV, Kim TW (2003) Regulated intramembrane proteolysis of
the p75 neurotrophin receptor modulates its association with the TrkA
receptor. J Biol Chem 278:42161-42169.

Kalin R, Righi A, Del Rosso A, Bagchi D, Generini S, Cerinic MM, Das DK (2002)
Activin, a grape seed-derived proanthocyanidin extract, reduces plasma levels
of oxidative stress and adhesion molecules (ICAM-1, VCAM-1 and E-
selectin) in systemic sclerosis. Free Radic Res 36:819-825.

Kammerer D, Claus A, Carle R, Schieber A (2004) Polyphenol screening of pomace
from red and white grape varieties (Vitis vinifera L.) by HPLC-DAD-
MS/MS. J Agric Food Chem 52:4360-4367.

Kanemitsu H, Tomiyama T, Mori H (2003) Human neprilysin is capable of
degrading amyloid beta peptide not only in the monomeric form but also the
pathological oligomeric form. Neurosci Lett 350:113-116.

Kang DE, Pietrzik CU, Baum L, Chevallier N, Merriam DE, Kounnas MZ, Wagner
SL, Troncoso JC, Kawas CH, Katzman R, Koo EH (2000) Modulation of
amyloid beta-protein clearance and Alzheimer's disease susceptibility by the
LDL receptor-related protein pathway. J Clin Invest 106:1159-1166.

Kaufer D, Gandy S (2009) APOE {epsilon}4 and bapineuzumab: Infusing
pharmacogenomics into Alzheimer disease therapeutics. Neurology 73:2052-
2053.

Kim HD, Maxwell JA, Kong FK, Tang DC, Fukuchi K (2005) Induction of anti-

inflammatory immune response by an adenovirus vector encoding 11 tandem

122



Bibliography
repeats of Abetal-6: toward safer and effective vaccines against Alzheimer's
disease. Biochem Biophys Res Commun 336:84-92.

Kim M, Hersh LB, Leissring MA, Ingelsson M, Matsui T, Farris W, Lu A, Hyman
BT, Selkoe DJ, Bertram L, Tanzi RE (2007a) Decreased catalytic activity of
the insulin-degrading enzyme in chromosome 10-linked Alzheimer disease
families. J Biol Chem 282:7825-7832.

Kim SJ, Jeong HJ, Lee KM, Myung NY, An NH, Yang WM, Park SK, Lee HJ, Hong
SH, Kim HM, Um JY (2007b) Epigallocatechin-3-gallate suppresses NF-
kappaB activation and phosphorylation of p38 MAPK and JNK in human
astrocytoma U373MG cells. J Nutr Biochem 18:587-596.

Klyubin I, Walsh DM, Lemere CA, Cullen WK, Shankar GM, Betts V, Spooner ET,
Jiang L, Anwyl R, Selkoe DJ, Rowan MJ (2005) Amyloid beta protein
immunotherapy neutralizes Abeta oligomers that disrupt synaptic plasticity in
vivo. Nat Med 11:556-561.

Knowles JK, Rajadas J, Nguyen TV, Yang T, LeMieux MC, Vander Griend L,
Ishikawa C, Massa SM, Wyss-Coray T, Longo FM (2009) The p75
neurotrophin  receptor promotes amyloid-beta(1-42)-induced neuritic
dystrophy in vitro and in vivo. J Neurosci 29:10627-10637.

Koliatsos VE, Applegate MD, Knusel B, Junard EO, Burton LE, Mobley WC, Hefti
FF, Price DL (1991) Recombinant human nerve growth factor prevents
retrograde degeneration of axotomized basal forebrain cholinergic neurons in
the rat. Exp Neurol 112:161-173.

Kolsch H, Jessen F, Freymann N, Kreis M, Hentschel F, Maier W, Heun R (2005)
ACE 1I/D polymorphism is a risk factor of Alzheimer's disease but not of

vascular dementia. Neurosci Lett 377:37-39.

123



Bibliography

Korenberg JR, Pulst SM, Neve RL, West R (1989) The Alzheimer amyloid precursor
protein maps to human chromosome 21 bands q21.105-q21.05. Genomics
5:124-127.

Kuner P, Schubenel R, Hertel C (1998) Beta-amyloid binds to p75NTR and activates
NFkappaB in human neuroblastoma cells. J Neurosci Res 54:798-804.

Kuo YM, Emmerling MR, Lampert HC, Hempelman SR, Kokjohn TA, Woods AS,
Cotter RJ, Roher AE (1999) High levels of circulating Abetad42 are
sequestered by plasma proteins in Alzheimer's disease. Biochem Biophys Res
Commun 257:787-791.

Lacor PN, Buniel MC, Furlow PW, Clemente AS, Velasco PT, Wood M, Viola KL,
Klein WL (2007) Abeta oligomer-induced aberrations in synapse
composition, shape, and density provide a molecular basis for loss of
connectivity in Alzheimer's disease. J Neurosci 27:796-807.

Lafaye P, Achour I, England P, Duyckaerts C, Rougeon F (2009) Single-domain
antibodies recognize selectively small oligomeric forms of amyloid beta,
prevent Abeta-induced neurotoxicity and inhibit fibril formation. Mol
Immunol 46:695-704.

Lam FC, Liu R, Lu P, Shapiro AB, Renoir JM, Sharom FJ, Reiner PB (2001) beta-
Amyloid efflux mediated by p-glycoprotein. J Neurochem 76:1121-1128.

Lambert JC, Wavrant-De Vrieze F, Amouyel P, Chartier-Harlin MC (1998a)
Association at LRP gene locus with sporadic late-onset Alzheimer's disease.
Lancet 351:1787-1788.

Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R, Liosatos M, Morgan
TE, Rozovsky I, Trommer B, Viola KL, Wals P, Zhang C, Finch CE, Krafft

GA, Klein WL (1998b) Diffusible, nonfibrillar ligands derived from Abetal-

124



Bibliography
42 are potent central nervous system neurotoxins. Proc Natl Acad Sci U S A
95:6448-6453.

Lau FC, Shukitt-Hale B, Joseph JA (2005) The beneficial effects of fruit polyphenols
on brain aging. Neurobiol Aging 26 Suppl 1:128-132.

Lee EB, Leng LZ, Zhang B, Kwong L, Trojanowski JQ, Abel T, Lee VM (2006)
Targeting amyloid-beta peptide (Abeta) oligomers by passive immunization
with a conformation-selective monoclonal antibody improves learning and
memory in Abeta precursor protein (APP) transgenic mice. J Biol Chem
281:4292-4299.

Lee KF, Li E, Huber LJ, Landis SC, Sharpe AH, Chao MV, Jaenisch R (1992)
Targeted mutation of the gene encoding the low affinity NGF receptor p75
leads to deficits in the peripheral sensory nervous system. Cell 69:737-749.

Lee M, Bard F, Johnson-Wood K, Lee C, Hu K, Griffith SG, Black RS, Schenk D,
Seubert P (2005) Abeta42 immunization in Alzheimer's disease generates
Abeta N-terminal antibodies. Ann Neurol 58:430-435.

Leissring MA, Farris W, Chang AY, Walsh DM, Wu X, Sun X, Frosch MP, Selkoe
DJ (2003) Enhanced proteolysis of beta-amyloid in APP transgenic mice
prevents plaque formation, secondary pathology, and premature death.
Neuron 40:1087-1093.

Lemere CA (2009) Developing novel immunogens for a safe and effective
Alzheimer's disease vaccine. Prog Brain Res 175:83-93.

Lemere CA, Maier M, Jiang L, Peng Y, Seabrook TJ (2006) Amyloid-beta
immunotherapy for the prevention and treatment of Alzheimer disease:
lessons from mice, monkeys, and humans. Rejuvenation Res 9:77-84.

Lemere CA, Spooner ET, LaFrancois J, Malester B, Mori C, Leverone JF, Matsuoka

Y, Taylor JW, DeMattos RB, Holtzman DM, Clements JD, Selkoe DJ, Duff

125



Bibliography
KE (2003) Evidence for peripheral clearance of cerebral Abeta protein
following chronic, active Abeta immunization in PSAPP mice. Neurobiol Dis
14:10-18.

Lesne S, Koh MT, Kotilinek L, Kayed R, Glabe CG, Yang A, Gallagher M, Ashe
KH (2006) A specific amyloid-beta protein assembly in the brain impairs
memory. Nature 440:352-357.

Letenneur L (2004) Risk of dementia and alcohol and wine consumption: a review of
recent results. Biol Res 37:189-193.

LeVine H, 3rd (1993) Thioflavine T interaction with synthetic Alzheimer's disease
beta-amyloid peptides: detection of amyloid aggregation in solution. Protein
Sci 2:404-410.

Levites Y, Amit T, Mandel S, Youdim MB (2003) Neuroprotection and neurorescue
against Abeta toxicity and PKC-dependent release of nonamyloidogenic
soluble precursor protein by green tea polyphenol (-)-epigallocatechin-3-
gallate. FASEB J 17:952-954.

Levites Y, Jansen K, Smithson LA, Dakin R, Holloway VM, Das P, Golde TE
(2006) Intracranial adeno-associated virus-mediated delivery of anti-pan
amyloid beta, amyloid beta40, and amyloid beta42 single-chain variable
fragments attenuates plaque pathology in amyloid precursor protein mice. J
Neurosci 26:11923-11928.

Li MH, Jang JH, Sun B, Surh YJ (2004) Protective effects of oligomers of grape seed
polyphenols against beta-amyloid-induced oxidative cell death. Ann N Y
Acad Sci 1030:317-3209.

Li WG, Zhang XY, Wu Y], Tian X (2001) Anti-inflammatory effect and mechanism

of proanthocyanidins from grape seeds. Acta Pharmacol Sin 22:1117-1120.

126



Bibliography

Lim GP, Chu T, Yang F, Beech W, Frautschy SA, Cole GM (2001) The curry spice
curcumin reduces oxidative damage and amyloid pathology in an Alzheimer
transgenic mouse. J Neurosci 21:8370-8377.

Lindsay J, Laurin D, Verreault R, Hebert R, Helliwell B, Hill GB, McDowell I
(2002) Risk factors for Alzheimer's disease: a prospective analysis from the
Canadian Study of Health and Aging. Am J Epidemiol 156:445-453.

Liu R, McAllister C, Lyubchenko Y, Sierks MR (2004a) Proteolytic antibody light
chains alter beta-amyloid aggregation and prevent cytotoxicity. Biochemistry
43:9999-10007.

Liu R, Yuan B, Emadi S, Zameer A, Schulz P, McAllister C, Lyubchenko Y, Goud
G, Sierks MR (2004b) Single chain variable fragments against beta-amyloid
(Abeta) can inhibit Abeta aggregation and prevent abeta-induced
neurotoxicity. Biochemistry 43:6959-6967.

Ma L, Gao HQ, Li BY, Ma YB, You BA, Zhang FL (2007) Grape seed
proanthocyanidin extracts inhibit vascular cell adhesion molecule expression
induced by advanced glycation end products through activation of
peroxisome proliferators-activated receptor gamma. J Cardiovasc Pharmacol
49:293-298.

Ma QL, Lim GP, Harris-White ME, Yang F, Ambegaokar SS, Ubeda OJ, Glabe CG,
Teter B, Frautschy SA, Cole GM (2006) Antibodies against beta-amyloid
reduce Abeta oligomers, glycogen synthase kinase-3beta activation and tau
phosphorylation in vivo and in vitro. J Neurosci Res 83:374-384.

Mackic JB, Stins M, McComb JG, Calero M, Ghiso J, Kim KS, Yan SD, Stern D,
Schmidt AM, Frangione B, Zlokovic BV (1998) Human blood-brain barrier

receptors for Alzheimer's amyloid-beta 1- 40. Asymmetrical binding,

127



Bibliography
endocytosis, and transcytosis at the apical side of brain microvascular
endothelial cell monolayer. J Clin Invest 102:734-743.

Maier M, Seabrook TJ, Lazo ND, Jiang L, Das P, Janus C, Lemere CA (2006) Short
amyloid-beta (Abeta) immunogens reduce cerebral Abeta load and learning
deficits in an Alzheimer's disease mouse model in the absence of an Abeta-
specific cellular immune response. J Neurosci 26:4717-4728.

Malaplate-Armand C, Florent-Bechard S, Youssef I, Koziel V, Sponne I, Kriem B,
Leininger-Muller B, Olivier JL, Oster T, Pillot T (2006) Soluble oligomers of
amyloid-beta peptide induce neuronal apoptosis by activating a cPLA2-
dependent sphingomyelinase-ceramide pathway. Neurobiol Dis 23:178-189.

Mancuso C, Bates TE, Butterfield DA, Calafato S, Cornelius C, Lorenzo AD,
Dinkova Kostova AT, Calabrese V (2007) Natural antioxidants in
Alzheimer's disease. Expert Opin Investig Drugs 16:1921-1931.

Marambaud P, Zhao H, Davies P (2005) Resveratrol promotes clearance of
Alzheimer's disease amyloid-beta peptides. J Biol Chem 280:37377-37382.

Markowska AL, Long JM, Johnson CT, Olton DS (1993) Variable-interval probe test
as a tool for repeated measurements of spatial memory in the water maze.
Behav Neurosci 107:627-632.

Marr RA, Rockenstein E, Mukherjee A, Kindy MS, Hersh LB, Gage FH, Verma IM,
Masliah E (2003) Neprilysin gene transfer reduces human amyloid pathology
in transgenic mice. J Neurosci 23:1992-1996.

Maruyama M, Higuchi M, Takaki Y, Matsuba Y, Tanji H, Nemoto M, Tomita N,
Matsui T, Iwata N, Mizukami H, Muramatsu S, Ozawa K, Saido TC, Arai H,
Sasaki H (2005) Cerebrospinal fluid neprilysin is reduced in prodromal

Alzheimer's disease. Ann Neurol 57:832-842.

128



Bibliography

Masliah E, Hansen L, Adame A, Crews L, Bard F, Lee C, Seubert P, Games D,
Kirby L, Schenk D (2005) Abeta vaccination effects on plaque pathology in
the absence of encephalitis in Alzheimer disease. Neurology 64:129-131.

Massa SM, Xie Y, Yang T, Harrington AW, Kim ML, Yoon SO, Kraemer R, Moore
LA, Hempstead BL, Longo FM (2006) Small, nonpeptide p75NTR ligands
induce survival signaling and inhibit proNGF-induced death. J Neurosci
26:5288-5300.

Matsuoka Y, Saito M, LaFrancois J, Gaynor K, Olm V, Wang L, Casey E, Lu Y,
Shiratori C, Lemere C, Duff K (2003) Novel therapeutic approach for the
treatment of Alzheimer's disease by peripheral administration of agents with
an affinity to beta-amyloid. J Neurosci 23:29-33.

McGeer PL, McGeer EG (2007) NSAIDs and Alzheimer disease: epidemiological,
animal model and clinical studies. Neurobiol Aging 28:639-647.

McLaurin J, Cecal R, Kierstead ME, Tian X, Phinney AL, Manea M, French JE,
Lambermon MH, Darabie AA, Brown ME, Janus C, Chishti MA, Horne P,
Westaway D, Fraser PE, Mount HT, Przybylski M, St George-Hyslop P
(2002) Therapeutically effective antibodies against amyloid-beta peptide
target amyloid-beta residues 4-10 and inhibit cytotoxicity and fibrillogenesis.
Nat Med 8:1263-1269.

Mehlhorn G, Hollborn M, Schliebs R (2000) Induction of cytokines in glial cells
surrounding cortical beta-amyloid plaques in transgenic Tg2576 mice with
Alzheimer pathology. Int ] Dev Neurosci 18:423-431.

Meli G, Visintin M, Cannistraci I, Cattaneo A (2009) Direct in vivo intracellular
selection of conformation sensitive antibody domains targeting Alzheimer's

Amyloid-beta Oligomers. J Mol Biol 387:584-606.

129



Bibliography

Meme W, Calvo CF, Froger N, Ezan P, Amigou E, Koulakoff A, Giaume C (2006)
Proinflammatory cytokines released from microglia inhibit gap junctions in
astrocytes: potentiation by beta-amyloid. FASEB J 20:494-496.

Meng Y, Baldwin CT, Bowirrat A, Waraska K, Inzelberg R, Friedland RP, Farrer LA
(2006) Association of polymorphisms in the Angiotensin-converting enzyme
gene with Alzheimer disease in an Israeli Arab community. Am J Hum Genet
78:871-877.

Miller BC, Eckman EA, Sambamurti K, Dobbs N, Chow KM, Eckman CB, Hersh
LB, Thiele DL (2003) Amyloid-beta peptide levels in brain are inversely
correlated with insulysin activity levels in vivo. Proc Natl Acad Sci U S A
100:6221-6226.

Miller MC, Tavares R, Johanson CE, Hovanesian V, Donahue JE, Gonzalez L,
Silverberg GD, Stopa EG (2008) Hippocampal RAGE immunoreactivity in
early and advanced Alzheimer's disease. Brain Res 1230:273-280.

Moir RD, Tseitlin KA, Soscia S, Hyman BT, Irizarry MC, Tanzi RE (2005)
Autoantibodies to redox-modified oligomeric Abeta are attenuated in the
plasma of Alzheimer's disease patients. J Biol Chem 280:17458-17463.

Monsonego A, Zota V, Karni A, Krieger JI, Bar-Or A, Bitan G, Budson AE, Sperling
R, Selkoe DJ, Weiner HL (2003) Increased T cell reactivity to amyloid beta
protein in older humans and patients with Alzheimer disease. J Clin Invest
112:415-422.

Morelli L, Llovera RE, Mathov I, Lue LF, Frangione B, Ghiso J, Castano EM (2004)
Insulin-degrading enzyme in brain microvessels: proteolysis of amyloid
{beta} vasculotropic variants and reduced activity in cerebral amyloid

angiopathy. J Biol Chem 279:56004-56013.

130



Bibliography

Morgan D, Diamond DM, Gottschall PE, Ugen KE, Dickey C, Hardy J, Duff K,
Jantzen P, DiCarlo G, Wilcock D, Connor K, Hatcher J, Hope C, Gordon M,
Arendash GW (2000) A beta peptide vaccination prevents memory loss in an
animal model of Alzheimer's disease. Nature 408:982-985.

Mori S, Takeuchi T, Enomoto Y, Kondo K, Sato K, Ono F, Iwata N, Sata T, Kanda T
(2006) Biodistribution of a low dose of intravenously administered AAV-2,
10, and 11 vectors to cynomolgus monkeys. Japanese journal of infectious
diseases 59:285-293.

Movsesyan N, Ghochikyan A, Mkrtichyan M, Petrushina I, Davtyan H, Olkhanud
PB, Head E, Biragyn A, Cribbs DH, Agadjanyan MG (2008) Reducing AD-
like pathology in 3xTg-AD mouse model by DNA epitope vaccine - a novel
immunotherapeutic strategy. PLoS ONE 3:e2124.

Mruthinti S, Buccafusco JJ, Hill WD, Waller JL, Jackson TW, Zamrini EY, Schade
RF (2004) Autoimmunity in Alzheimer's disease: increased levels of
circulating IgGs binding Abeta and RAGE peptides. Neurobiol Aging
25:1023-1032.

Mufson EJ, Kordower JH (1992) Cortical neurons express nerve growth factor
receptors in advanced age and Alzheimer disease. Proc Natl Acad Sci U S A
89:569-573.

Mukherjee A, Hersh LB (2002) Regulation of amyloid beta-peptide levels by
enzymatic degradation. J Alzheimers Dis 4:341-348.

Nakagawa Y, Reed L, Nakamura M, McIntosh TK, Smith DH, Saatman KE,
Raghupathi R, Clemens J, Saido TC, Lee VM, Trojanowski JQ (2000) Brain
trauma in aged transgenic mice induces regression of established abeta

deposits. Exp Neurol 163:244-252.

131



Bibliography

Newell AJ, Sue LI, Scott S, Rauschkolb PK, Walker DG, Potter PE, Beach TG
(2003) Thiorphan-induced neprilysin inhibition raises amyloid beta levels in
rabbit cortex and cerebrospinal fluid. Neurosci Lett 350:178-180.

Nicoll JA, Wilkinson D, Holmes C, Steart P, Markham H, Weller RO (2003)
Neuropathology of human Alzheimer disease after immunization with
amyloid-beta peptide: a case report. Nat Med 9:448-452.

Nicoll JA, Barton E, Boche D, Neal JW, Ferrer I, Thompson P, Vlachouli C,
Wilkinson D, Bayer A, Games D, Seubert P, Schenk D, Holmes C (2006)
Abeta species removal after abetad2 immunization. J Neuropathol Exp
Neurol 65:1040-1048.

Okura Y, Miyakoshi A, Kohyama K, Park IK, Staufenbiel M, Matsumoto Y (2006)
Nonviral Abeta DNA vaccine therapy against Alzheimer's disease: long-term
effects and safety. Proc Natl Acad Sci U S A 103:9619-9624.

Ono K, Hasegawa K, Naiki H, Yamada M (2005) Preformed beta-amyloid fibrils are
destabilized by coenzyme Q10 in vitro. Biochem Biophys Res Commun
330:111-116.

Ono K, Yoshiike Y, Takashima A, Hasegawa K, Naiki H, Yamada M (2003) Potent
anti-amyloidogenic and fibril-destabilizing effects of polyphenols in vitro:
implications for the prevention and therapeutics of Alzheimer's disease. J
Neurochem 87:172-181.

Ono K, Condron MM, Ho L, Wang J, Zhao W, Pasinetti GM, Teplow DB (2008)
Effects of grape seed-derived polyphenols on amyloid beta -protein self-
assembly and cytotoxicity. J Biol Chem.

Orgogozo JM, Dartigues JF, Lafont S, Letenneur L, Commenges D, Salamon R,

Renaud S, Breteler MB (1997) Wine consumption and dementia in the

132



Bibliography
elderly: a prospective community study in the Bordeaux area. Rev Neurol
(Paris) 153:185-192.

Paganetti P, Calanca V, Galli C, Stefani M, Molinari M (2005) beta-site specific
intrabodies to decrease and prevent generation of Alzheimer's Abeta peptide.
J Cell Biol 168:863-868.

Patton RL, Kalback WM, Esh CL, Kokjohn TA, Van Vickle GD, Luehrs DC, Kuo
YM, Lopez J, Brune D, Ferrer I, Masliah E, Newel AJ, Beach TG, Castano
EM, Roher AE (2006) Amyloid-beta peptide remnants in AN-1792-
immunized Alzheimer's disease patients: a biochemical analysis. Am J Pathol
169:1048-1063.

Paul S, Nishiyama Y, Planque S, Karle S, Taguchi H, Hanson C, Weksler ME (2005)
Antibodies as defensive enzymes. Springer Semin Immunopathol 26:485-
503.

Perini G, Della-Bianca V, Politi V, Della Valle G, Dal-Pra I, Rossi F, Armato U
(2002) Role of p75 neurotrophin receptor in the neurotoxicity by beta-
amyloid peptides and synergistic effect of inflammatory cytokines. J Exp
Med 195:907-918.

Petersen RC, Thomas RG, Grundman M, Bennett D, Doody R, Ferris S, Galasko D,
Jin S, Kaye J, Levey A, Pfeiffer E, Sano M, van Dyck CH, Thal LJ (2005)
Vitamin E and donepezil for the treatment of mild cognitive impairment. The
New England journal of medicine 352:2379-2388.

Petrushina I, Ghochikyan A, Mktrichyan M, Mamikonyan G, Movsesyan N, Davtyan
H, Patel A, Head E, Cribbs DH, Agadjanyan MG (2007) Alzheimer's disease
peptide epitope vaccine reduces insoluble but not soluble/oligomeric Abeta
species in amyloid precursor protein transgenic mice. J Neurosci 27:12721-

12731.

133



Bibliography

Pfeifer M, Boncristiano S, Bondolfi L, Stalder A, Deller T, Staufenbiecl M, Mathews
PM, Jucker M (2002) Cerebral hemorrhage after passive anti-Abeta
immunotherapy. Science 298:1379.

Pluta R, Misicka A, Barcikowska M, Spisacka S, Lipkowski AW, Januszewski S
(2000) Possible reverse transport of beta-amyloid peptide across the blood-
brain barrier. Acta Neurochir Suppl 76:73-77.

Podlesniy P, Kichev A, Pedraza C, Saurat J, Encinas M, Perez B, Ferrer I, Espinet C
(2006) Pro-NGF from Alzheimer's disease and normal human brain displays
distinctive abilities to induce processing and nuclear translocation of
intracellular domain of p75NTR and apoptosis. Am J Pathol 169:119-131.

Preece P, Virley DJ, Costandi M, Coombes R, Moss SJ, Mudge AW, Jazin E, Cairns
NJ (2004) Amyloid precursor protein mRNA levels in Alzheimer's disease
brain. Brain Res Mol Brain Res 122:1-9.

Qu B, Rosenberg RN, Li L, Boyer PJ, Johnston SA (2004) Gene vaccination to bias
the immune response to amyloid-beta peptide as therapy for Alzheimer
disease. Arch Neurol 61:1859-1864.

Quinn KA, Grimsley PG, Dai YP, Tapner M, Chesterman CN, Owensby DA (1997)
Soluble low density lipoprotein receptor-related protein (LRP) circulates in
human plasma. J Biol Chem 272:23946-23951.

Racke MM, Boone LI, Hepburn DL, Parsadainian M, Bryan MT, Ness DK, Piroozi
KS, Jordan WH, Brown DD, Hoffman WP, Holtzman DM, Bales KR, Gitter
BD, May PC, Paul SM, DeMattos RB (2005) Exacerbation of cerebral
amyloid angiopathy-associated microhemorrhage in amyloid precursor
protein transgenic mice by immunotherapy is dependent on antibody

recognition of deposited forms of amyloid beta. J Neurosci 25:629-636.

134



Bibliography

Rangan SK, Liu R, Brune D, Planque S, Paul S, Sierks MR (2003) Degradation of
beta-amyloid by proteolytic antibody light chains. Biochemistry 42:14328-
14334.

Rebe S, Solomon B (2005) Deglycosylation of anti-beta amyloid antibodies inhibits
microglia activation in BV-2 cellular model. Am J Alzheimers Dis Other
Demen 20:303-313.

Reeves PG (1997) Components of the AIN-93 diets as improvements in the AIN-
76A diet. J Nutr 127:838S-8418S.

Relkin NR, Mujalli DM, Shenoy SA, Adamiak B, Weksler ME, Kayed R, Glabe C,
Szabo P (2007) IVIg contains antibodies against oligomers and fibrils of beta
amyloid. Alzheimers Dement 3:S196.

Relkin NR, Szabo P, Adamiak B, Burgut T, Monthe C, Lent RW, Younkin S,
Younkin L, Schiff R, Weksler ME (2008) 18-Month study of intravenous
immunoglobulin for treatment of mild Alzheimer disease. Neurobiol Aging.

Rezai-Zadeh K, Shytle RD, Bai Y, Tian J, Hou H, Mori T, Zeng J, Obregon D, Town
T, Tan J (2008) Flavonoid-mediated presenilin-1 phosphorylation reduces
Alzheimer's disease beta-amyloid production. J Cell Mol Med.

Rezai-Zadeh K, Shytle D, Sun N, Mori T, Hou H, Jeanniton D, Ehrhart J, Townsend
K, Zeng J, Morgan D, Hardy J, Town T, Tan J (2005) Green tea
epigallocatechin-3-gallate (EGCG) modulates amyloid precursor protein
cleavage and reduces cerebral amyloidosis in Alzheimer transgenic mice. J
Neurosci 25:8807-8814.

Reznichenko L, Amit T, Zheng H, Avramovich-Tirosh Y, Youdim MB, Weinreb O,
Mandel S (2006) Reduction of iron-regulated amyloid precursor protein and

beta-amyloid peptide by (-)-epigallocatechin-3-gallate in cell cultures:

135



Bibliography
implications for iron chelation in Alzheimer's disease. J Neurochem 97:527-
536.

Riviere C, Richard T, Vitrac X, Merillon JM, Valls J, Monti JP (2007) New
polyphenols active on beta-amyloid aggregation. Bioorg Med Chem Lett.

Robert R, Dolezal O, Waddington L, Hattarki MK, Cappai R, Masters CL, Hudson
PJ, Wark KL (2008) Engineered antibody intervention strategies for
Alzheimer's disease and related dementias by targeting amyloid and toxic
oligomers. Protein Eng Des Sel.

Rogers J, Shen Y (2000) A perspective on inflammation in Alzheimer's disease. Ann
N'Y Acad Sci 924:132-135.

Rogers J, Kirby LC, Hempelman SR, Berry DL, McGeer PL, Kaszniak AW, Zalinski
J, Cofield M, Mansukhani L, Willson P, et al. (1993) Clinical trial of
indomethacin in Alzheimer's disease. Neurology 43:1609-1611.

Rohn TT, Ivins KJ, Bahr BA, Cotman CW, Cribbs DH (2000) A monoclonal
antibody to amyloid precursor protein induces neuronal apoptosis. J
Neurochem 74:2331-2342.

Rosenberg RN (2005) Translational research on the way to effective therapy for
Alzheimer disease. Arch Gen Psychiatry 62:1186-1192.

Sagare A, Deane R, Bell RD, Johnson B, Hamm K, Pendu R, Marky A, Lenting PJ,
Wu Z, Zarcone T, Goate A, Mayo K, Perlmutter D, Coma M, Zhong Z,
Zlokovic BV (2007) Clearance of amyloid-beta by circulating lipoprotein
receptors. Nat Med 13:1029-1031.

Sakai A, Ujike H, Nakata K, Takehisa Y, Imamura T, Uchida N, Kanzaki A,
Yamamoto M, Fujisawa Y, Okumura K, Kuroda S (2004) Association of the
neprilysin gene with susceptibility to late-onset Alzheimer's disease. Dement

Geriatr Cogn Disord 17:164-169.

136



Bibliography

Salehi A, Ocampo M, Verhaagen J, Swaab DF (2000) p75 neurotrophin receptor in
the nucleus basalis of meynert in relation to age, sex, and Alzheimer's
disease. Exp Neurol 161:245-258.

Salloway S, Sperling R, Gilman S, Fox NC, Blennow K, Raskind M, Sabbagh M,
Honig LS, Doody R, van Dyck CH, Mulnard R, Barakos J, Gregg KM, Liu E,
Lieberburg I, Schenk D, Black R, Grundman M (2009) A phase 2 multiple
ascending dose trial of bapineuzumab in mild to moderate Alzheimer disease.
Neurology 73:2061-2070.

Savaskan E, Olivieri G, Meier F, Seifritz E, Wirz-Justice A, Muller-Spahn F (2003)
Red wine ingredient resveratrol protects from beta-amyloid neurotoxicity.
Gerontology 49:380-383.

Scacchi R, Gambina G, Broggio E, Ruggeri M, Corbo RM (2008) C-338A
polymorphism of the endothelin-converting enzyme (ECE-1) gene and the
susceptibility to sporadic late-onset Alzheimer's disease and coronary artery
disease. Dis Markers 24:175-179.

Schenk D, Hagen M, Seubert P (2004) Current progress in beta-amyloid
immunotherapy. Curr Opin Immunol 16:599-606.

Schenk D et al. (1999) Immunization with amyloid-beta attenuates Alzheimer-
disease-like pathology in the PDAPP mouse. Nature 400:173-177.

Schmidt AM, Yan SD, Wautier JL, Stern D (1999) Activation of receptor for
advanced glycation end products: a mechanism for chronic vascular
dysfunction in diabetic vasculopathy and atherosclerosis. Circ Res 84:489-
497.

Schroeter S, Khan K, Barbour R, Doan M, Chen M, Guido T, Gill D, Basi G, Schenk
D, Seubert P, Games D (2008) Immunotherapy reduces vascular amyloid-

beta in PDAPP mice. J Neurosci 28:6787-6793.

137



Bibliography

Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, Smith I, Brett FM,
Farrell MA, Rowan MJ, Lemere CA, Regan CM, Walsh DM, Sabatini BL,
Selkoe DJ (2008) Amyloid-beta protein dimers isolated directly from
Alzheimer's brains impair synaptic plasticity and memory. Nat Med 14:837-
842.

Sharma SD, Meeran SM, Katiyar SK (2007) Dietary grape seed proanthocyanidins
inhibit UVB-induced oxidative stress and activation of mitogen-activated
protein kinases and nuclear factor-kappaB signaling in in vivo SKH-1
hairless mice. Mol Cancer Ther 6:995-1005.

Shi J, Yu J, Pohorly JE, Kakuda Y (2003) Polyphenolics in grape seeds-biochemistry
and functionality. J Med Food 6:291-299.

Shi J, Zhang S, Tang M, Ma C, Zhao J, Li T, Liu X, Sun Y, Guo Y, Han H, Ma Y,
Zhao Z (2005) Mutation screening and association study of the neprilysin
gene in sporadic Alzheimer's disease in Chinese persons. J Gerontol A Biol
Sci Med Sci 60:301-306.

Shibata M, Yamada S, Kumar SR, Calero M, Bading J, Frangione B, Holtzman DM,
Miller CA, Strickland DK, Ghiso J, Zlokovic BV (2000) Clearance of
Alzheimer's amyloid-ss(1-40) peptide from brain by LDL receptor-related
protein-1 at the blood-brain barrier. J Clin Invest 106:1489-1499.

Shumaker SA, Legault C, Rapp SR, Thal L, Wallace RB, Ockene JK, Hendrix SL,
Jones BN, 3rd, Assaf AR, Jackson RD, Kotchen JM, Wassertheil-Smoller S,
Wactawski-Wende J (2003) Estrogen plus progestin and the incidence of
dementia and mild cognitive impairment in postmenopausal women: the
Women's Health Initiative Memory Study: a randomized controlled trial.

Jama 289:2651-2662.

138



Bibliography

Silverberg GD, Mayo M, Saul T, Rubenstein E, McGuire D (2003) Alzheimer's
disease, normal-pressure hydrocephalus, and senescent changes in CSF
circulatory physiology: a hypothesis. Lancet Neurol 2:506-511.

Simpson JE, Ince PG, Lace G, Forster G, Shaw PJ, Matthews F, Savva G, Brayne C,
Wharton SB (2008) Astrocyte phenotype in relation to Alzheimer-type
pathology in the ageing brain. Neurobiol Aging.

Sleegers K, den Heijer T, van Dijk EJ, Hofman A, Bertoli-Avella AM, Koudstaal PJ,
Breteler MM, van Duijn CM (2005) ACE gene is associated with Alzheimer's
disease and atrophy of hippocampus and amygdala. Neurobiol Aging
26:1153-1159.

Sly LM, Krzesicki RF, Brashler JR, Buhl AE, McKinley DD, Carter DB, Chin JE
(2001) Endogenous brain cytokine mRNA and inflammatory responses to
lipopolysaccharide are elevated in the Tg2576 transgenic mouse model of
Alzheimer's disease. Brain Res Bull 56:581-588.

Small DH (2008) Network dysfunction in Alzheimer's disease: does synaptic scaling
drive disease progression? Trends Mol Med 14:103-108.

Small SA, Duff K (2008) Linking Abeta and tau in late-onset Alzheimer's disease: a
dual pathway hypothesis. Neuron 60:534-542.

Solerte SB, Cravello L, Ferrari E, Fioravanti M (2000) Overproduction of IFN-
gamma and TNF-alpha from natural killer (NK) cells is associated with
abnormal NK reactivity and cognitive derangement in Alzheimer's disease.
Ann N'Y Acad Sci 917:331-340.

Sotthibundhu A, Sykes AM, Fox B, Underwood CK, Thangnipon W, Coulson EJ
(2008) Beta-amyloid(1-42) induces neuronal death through the p75

neurotrophin receptor. J Neurosci 28:3941-3946.

139



Bibliography

Sparks DL, Sabbagh MN, Connor DJ, Lopez J, Launer LJ, Browne P, Wasser D,
Johnson-Traver S, Lochhead J, Ziolwolski C (2005) Atorvastatin for the
treatment of mild to moderate Alzheimer disease: preliminary results. Arch
Neurol 62:753-757.

St George-Hyslop PH, Morris JC (2008) Will anti-amyloid therapies work for
Alzheimer's disease? Lancet 372:180-182.

Stern D, Yan SD, Yan SF, Schmidt AM (2002) Receptor for advanced glycation
endproducts: a multiligand receptor magnifying cell stress in diverse
pathologic settings. Adv Drug Deliv Rev 54:1615-1625.

Sturchler E, Galichet A, Weibel M, Leclerc E, Heizmann CW (2008) Site-specific
blockade of RAGE-Vd prevents amyloid-beta oligomer neurotoxicity. J
Neurosci 28:5149-5158.

Szabo P, Relkin N, Weksler ME (2008) Natural human antibodies to amyloid beta
peptide. Autoimmun Rev 7:415-420.

Taguchi H, Planque S, Sapparapu G, Boivin S, Hara M, Nishiyama Y, Paul S (2008)
Exceptional amyloid beta peptide hydrolyzing activity of non-physiological
immunoglobulin variable domain scaffolds. J Biol Chem 238:4714-4712.

Takata K, Hirata-Fukae C, Becker AG, Chishiro S, Gray AJ, Nishitomi K, Franz AH,
Sakaguchi G, Kato A, Mattson MP, Laferla FM, Aisen PS, Kitamura Y,
Matsuoka Y (2007) Deglycosylated anti-amyloid beta antibodies reduce
microglial phagocytosis and cytokine production while retaining the capacity
to induce amyloid beta sequestration. The European journal of neuroscience
26:2458-2468.

Tamura Y, Hamajima K, Matsui K, Yanoma S, Narita M, Tajima N, Xin KQ,

Klinman D, Okuda K (2005) The F(ab)'2 fragment of an Abeta-specific

140



Bibliography
monoclonal antibody reduces Abeta deposits in the brain. Neurobiol Dis
20:541-549.

Thinakaran G, Koo EH (2008) APP trafficking, processing and function. J Biol
Chem 283:29615-29619.

Thomas P, Fenech M (2007) A review of genome mutation and Alzheimer's disease.
Mutagenesis 22:15-33.

Thomas P, Wang YJ, Zhong JH, Kosaraju S, O'Callaghan NJ, Zhou XF, Fenech M
(2009) Grape seed polyphenols and curcumin reduce genomic instability
events in a transgenic mouse model for Alzheimer's disease. Mutat Res
661:25-34.

Tiraboschi P, Hansen LA, Thal LJ, Corey-Bloom J (2004) The importance of neuritic
plaques and tangles to the development and evolution of AD. Neurology
62:1984-1989.

Treanor JJ, Dawbarn D, Allen SJ, MacGowan SH, Wilcock GK (1991) Low affinity
nerve growth factor receptor binding in normal and Alzheimer's disease basal
forebrain. Neurosci Lett 121:73-76.

Tuszynski MH, Roberts J, Senut MC, U HS, Gage FH (1996) Gene therapy in the
adult primate brain: intraparenchymal grafts of cells genetically modified to
produce nerve growth factor prevent cholinergic neuronal degeneration. Gene
Ther 3:305-314.

Tuszynski MH, Smith DE, Roberts J, McKay H, Mufson E (1998) Targeted
intraparenchymal delivery of human NGF by gene transfer to the primate
basal forebrain for 3 months does not accelerate beta-amyloid plaque
deposition. Exp Neurol 154:573-582.

Van Uden E, Mallory M, Veinbergs I, Alford M, Rockenstein E, Masliah E (2002)

Increased extracellular amyloid deposition and neurodegeneration in human

141



Bibliography
amyloid precursor protein transgenic mice deficient in receptor-associated
protein. J Neurosci 22:9298-9304.

Vellas B, Coley N, Andrieu S (2008) Disease modifying trials in Alzheimer's
disease: perspectives for the future. J Alzheimers Dis 15:289-301.

Vepsalainen S, Parkinson M, Helisalmi S, Mannermaa A, Soininen H, Tanzi RE,
Bertram L, Hiltunen M (2007) Insulin-degrading enzyme is genetically
associated with Alzheimer's disease in the Finnish population. J] Med Genet
44:606-608.

Vinson JA, Mandarano MA, Shuta DL, Bagchi M, Bagchi D (2002) Beneficial
effects of a novel TH636 grape seed proanthocyanidin extract and a niacin-
bound chromium in a hamster atherosclerosis model. Mol Cell Biochem
240:99-103.

Vogelgesang S, Cascorbi I, Schroeder E, Pahnke J, Kroemer HK, Siegmund W,
Kunert-Keil C, Walker LC, Warzok RW (2002) Deposition of Alzheimer's
beta-amyloid is inversely correlated with P-glycoprotein expression in the
brains of elderly non-demented humans. Pharmacogenetics 12:535-541.

Volosin M, Trotter C, Cragnolini A, Kenchappa RS, Light M, Hempstead BL, Carter
BD, Friedman WJ (2008) Induction of proneurotrophins and activation of
p75NTR-mediated apoptosis via neurotrophin receptor-interacting factor in
hippocampal neurons after seizures. J Neurosci 28:9870-9879.

von Arnim CA, Kinoshita A, Peltan ID, Tangredi MM, Herl L, Lee BM, Spoelgen R,
Hshieh TT, Ranganathan S, Battey FD, Liu CX, Bacskai BJ, Sever S, Irizarry
MC, Strickland DK, Hyman BT (2005) The low density lipoprotein receptor-
related protein (LRP) is a novel beta-secretase (BACE1) substrate. J Biol

Chem 280:17777-17785.

142



Bibliography
von Bernhardi R (2007) Glial cell dysregulation: a new perspective on Alzheimer
disease. Neurotox Res 12:215-232.

von Schack D, Casademunt E, Schweigreiter R, Meyer M, Bibel M, Dechant G
(2001) Complete ablation of the neurotrophin receptor p75NTR causes
defects both in the nervous and the vascular system. Nat Neurosci 4:977-978.

Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe MS, Rowan MJ,
Selkoe DJ (2002) Naturally secreted oligomers of amyloid beta protein
potently inhibit hippocampal long-term potentiation in vivo. Nature 416:535-
539.

Wang HK, Fung HC, Hsu WC, Wu YR, Lin JC, Ro LS, Chang KH, Hwu FJ, Hsu Y,
Huang SY, Lee-Chen GJ, Chen CM (2006a) Apolipoprotein E, angiotensin-
converting enzyme and kallikrein gene polymorphisms and the risk of
Alzheimer's disease and vascular dementia. J Neural Transm 113:1499-15009.

Wang J, Ho L, Zhao W, Ono K, Rosensweig C, Chen L, Humala N, Teplow DB,
Pasinetti GM (2008) Grape-derived polyphenolics prevent Abeta
oligomerization and attenuate cognitive deterioration in a mouse model of
Alzheimer's disease. J Neurosci 28:6388-6392.

Wang J, Ho L, Zhao Z, Seror I, Humala N, Dickstein DL, Thiyagarajan M, Percival
SS, Talcott ST, Pasinettti GM (2006b) Moderate consumption of Cabernet
Sauvignon attenuates Abeta neuropathology in a mouse model of Alzheimer's
disease. FASEB J 20:2313-2320.

Wang J, Ho L, Chen L, Zhao Z, Zhao W, Qian X, Humala N, Seror I, Bartholomew
S, Rosendorff C, Pasinetti GM (2007) Valsartan lowers brain beta-amyloid
protein levels and improves spatial learning in a mouse model of Alzheimer

disease. J Clin Invest 117:3393-3402.

143



Bibliography

Wang XP, Zhang JH, Wang YJ, Feng Y, Zhang X, Sun XX, Li JL, Du XT, Lambert
MP, Yang SG, Zhao M, Klein WL, Liu RT (2009a) Conformation-dependent
single-chain variable fragment antibodies specifically recognize beta-amyloid
oligomers. FEBS Lett 583:579-584.

Wang YJ, Zhou HD, Zhou XF (2006c) Clearance of amyloid-beta in Alzheimer's
disease: progress, problems and perspectives. Drug Discov Today 11:931-
938.

Wang Y]J, Pollard AN, Zhou HD, Zhong JH, Zhou XF (2006d) Characterization of
an Alzheimer 's disease mouse model bearing mutant genes of amyloid
precursor protein and human presenilin In: Proceeding of the Australian
Neuroscience Society, p 150. Syndney.

Wang YJ, Pollard A, Zhong JH, Dong XY, Wu XB, Zhou HD, Zhou XF (2009b)
Intramuscular delivery of a single chain antibody gene reduces brain Abeta
burden in a mouse model of Alzheimer's disease. Neurobiol Aging 30:364-
376.

Wang YJ, Thomas P, Zhong JH, Bi FF, Kosaraju S, Pollard A, Fenech M, Zhou XF
(2009¢) Consumption of grape seed extract prevents amyloid-beta deposition
and attenuates inflammation in brain of an Alzheimer’s disease mouse.
Neurotox Res 15:3-14.

Wang YJ, Valadares D, Sun Y, Wang X, Zhong JH, Liu XH, Majd S, Chen L, Gao
CY, Chen S, Lim Y, Pollard A, Aguilar E, Gai WP, Yang M, Zhou XF
(2010) Effects of proNGF on neuronal viability, neurite growth and amyloid-
beta metabolism. Neurotox Res 17:257-267.

Wilcock DM, Munireddy SK, Rosenthal A, Ugen KE, Gordon MN, Morgan D
(2004a) Microglial activation facilitates Abeta plaque removal following

intracranial anti-Abeta antibody administration. Neurobiol Dis 15:11-20.

144



Bibliography

Wilcock DM, Rojiani A, Rosenthal A, Subbarao S, Freeman MJ, Gordon MN,
Morgan D (2004b) Passive immunotherapy against Abeta in aged APP-
transgenic mice reverses cognitive deficits and depletes parenchymal amyloid
deposits in spite of increased vascular amyloid and microhemorrhage. J
Neuroinflammation 1:24.

Wilcock DM, Alamed J, Gottschall PE, Grimm J, Rosenthal A, Pons J, Ronan V,
Symmonds K, Gordon MN, Morgan D (2006) Deglycosylated anti-amyloid-
beta antibodies eliminate cognitive deficits and reduce parenchymal amyloid
with minimal vascular consequences in aged amyloid precursor protein
transgenic mice. J Neurosci 26:5340-5346.

Wilcock DM, Rojiani A, Rosenthal A, Levkowitz G, Subbarao S, Alamed J, Wilson
D, Wilson N, Freeman MJ, Gordon MN, Morgan D (2004c¢) Passive amyloid
immunotherapy clears amyloid and transiently activates microglia in a
transgenic mouse model of amyloid deposition. J Neurosci 24:6144-6151.

Wilcock DM, Gordon MN, Ugen KE, Gottschall PE, DiCarlo G, Dickey C, Boyett
KW, Jantzen PT, Connor KE, Melachrino J, Hardy J, Morgan D (2001)
Number of Abeta inoculations in APP+PS1 transgenic mice influences
antibody titers, microglial activation, and congophilic plaque levels. DNA
Cell Biol 20:731-736.

Wiltshire S et al. (2001) A genomewide scan for loci predisposing to type 2 diabetes
in a U.K. population (the Diabetes UK Warren 2 Repository): analysis of 573
pedigrees provides independent replication of a susceptibility locus on
chromosome 1q. Am J Hum Genet 69:553-569.

Wood LS, Pickering EH, McHale D, Dechairo BM (2007) Association between
neprilysin polymorphisms and sporadic Alzheimer's disease. Neurosci Lett

427:103-106.

145



Bibliography

World Health Organization (2003) World Health Report 2003-Shaping the future.
Geneva: WHO.

Yaar M, Zhai S, Pilch PF, Doyle SM, Eisenhauer PB, Fine RE, Gilchrest BA (1997)
Binding of beta-amyloid to the p75 neurotrophin receptor induces apoptosis.
A possible mechanism for Alzheimer's disease. J Clin Invest 100:2333-2340.

Yaar M, Zhai S, Fine RE, Eisenhauer PB, Arble BL, Stewart KB, Gilchrest BA
(2002) Amyloid beta binds trimers as well as monomers of the 75-kDa
neurotrophin receptor and activates receptor signaling. J Biol Chem
277:7720-7725.

Yaffe K, Krueger K, Cummings SR, Blackwell T, Henderson VW, Sarkar S, Ensrud
K, Grady D (2005) Effect of raloxifene on prevention of dementia and
cognitive impairment in older women: the Multiple Outcomes of Raloxifene
Evaluation (MORE) randomized trial. Am J Psychiatry 162:683-690.

Yamakoshi J, Saito M, Kataoka S, Kikuchi M (2002) Safety evaluation of
proanthocyanidin-rich extract from grape seeds. Food Chem Toxicol 40:599-
607.

Yamamoto M, Kiyota T, Horiba M, Buescher JL, Walsh SM, Gendelman HE, Ikezu
T (2007) Interferon-gamma and tumor necrosis factor-alpha regulate
amyloid-beta plaque deposition and beta-secretase expression in Swedish
mutant APP transgenic mice. Am J Pathol 170:680-692.

Yan H, Guo Y, Zhang P, Zu L, Dong X, Chen L, Tian J, Fan X, Wang N, Wu X, Gao
W (2005) Superior neovascularization and muscle regeneration in ischemic
skeletal muscles following VEGF gene transfer by rAAV1 pseudotyped

vectors. Biochem Biophys Res Commun 336:287-298.

146



Bibliography

Yan SD, Zhu H, Zhu A, Golabek A, Du H, Roher A, Yu J, Soto C, Schmidt AM,
Stern D, Kindy M (2000) Receptor-dependent cell stress and amyloid
accumulation in systemic amyloidosis. Nat Med 6:643-651.

Yan SD, Chen X, Fu J, Chen M, Zhu H, Roher A, Slattery T, Zhao L, Nagashima M,
Morser J, Migheli A, Nawroth P, Stern D, Schmidt AM (1996) RAGE and
amyloid-beta peptide neurotoxicity in Alzheimer's disease. Nature 382:685-
691.

Yang F, Lim GP, Begum AN, Ubeda OJ, Simmons MR, Ambegaokar SS, Chen PP,
Kayed R, Glabe CG, Frautschy SA, Cole GM (2005) Curcumin inhibits
formation of amyloid beta oligomers and fibrils, binds plaques, and reduces
amyloid in vivo. J Biol Chem 280:5892-5901.

Yang T, Knowles JK, Lu Q, Zhang H, Arancio O, Moore LA, Chang T, Wang Q,
Andreasson K, Rajadas J, Fuller GG, Xie Y, Massa SM, Longo FM (2008)
Small molecule, non-peptide p75 ligands inhibit Abeta-induced
neurodegeneration and synaptic impairment. PLoS ONE 3:e3604.

Yasojima K, Akiyama H, McGeer EG, McGeer PL (2001) Reduced neprilysin in
high plaque areas of Alzheimer brain: a possible relationship to deficient
degradation of beta-amyloid peptide. Neurosci Lett 297:97-100.

Yau JL, McNair KM, Noble J, Brownstein D, Hibberd C, Morton N, Mullins JJ,
Morris RG, Cobb S, Seckl JR (2007) Enhanced hippocampal long-term
potentiation and spatial learning in aged 1lbeta-hydroxysteroid
dehydrogenase type 1 knock-out mice. J Neurosci 27:10487-10496.

Zameer A, Schulz P, Wang MS, Sierks MR (2006) Single Chain Fv Antibodies
against the 25-35 Abeta Fragment Inhibit Aggregation and Toxicity of

Abeta4?2. Biochemistry 45:11532-11539.

147



Bibliography

Zameer A, Kasturirangan S, Emadi S, Nimmagadda SV, Sierks MR (2008) Anti-
oligomeric Abeta single-chain variable domain antibody blocks abeta-
induced toxicity against human neuroblastoma cells. J Mol Biol 384:917-928.

Zampieri N, Xu CF, Neubert TA, Chao MV (2005) Cleavage of p75 neurotrophin
receptor by alpha-secretase and gamma-secretase requires specific receptor
domains. J Biol Chem 280:14563-14571.

Zhang J, Wu X, Qin C, Qi J, Ma S, Zhang H, Kong Q, Chen D, Ba D, He W (2003a)
A novel recombinant adeno-associated virus vaccine reduces behavioral
impairment and beta-amyloid plaques in a mouse model of Alzheimer's
disease. Neurobiol Dis 14:365-379.

Zhang JW, Li XQ, Zhang ZX, Chen D, Zhao HL, Wu YN, Qu QM (2005)
Association between angiotensin-converting enzyme gene polymorphism and
Alzheimer's disease in a Chinese population. Dement Geriatr Cogn Disord
20:52-56.

Zhang Y, Hong Y, Bounhar Y, Blacker M, Roucou X, Tounekti O, Vereker E,
Bowers WJ, Federoff HJ, Goodyer CG, LeBlanc A (2003b) p75 neurotrophin
receptor protects primary cultures of human neurons against extracellular
amyloid beta peptide cytotoxicity. J Neurosci 23:7385-7394.

Zhao Z, Xiang Z, Haroutunian V, Buxbaum JD, Stetka B, Pasinetti GM (2007)
Insulin degrading enzyme activity selectively decreases in the hippocampal
formation of cases at high risk to develop Alzheimer's disease. Neurobiol
Aging 28:824-830.

Zlokovic BV (2004) Clearing amyloid through the blood-brain barrier. J Neurochem
89:807-811.

Zlokovic BV, Martel CL, Matsubara E, McComb JG, Zheng G, McCluskey RT,

Frangione B, Ghiso J (1996) Glycoprotein 330/megalin: probable role in

148



Bibliography
receptor-mediated transport of apolipoprotein J alone and in a complex with
Alzheimer disease amyloid beta at the blood-brain and blood-cerebrospinal
fluid barriers. Proc Natl Acad Sci U S A 93:4229-4234.

Zurbriggen R, Amacker M, Kammer AR, Westerfeld N, Borghgraef P, Van Leuven
F, Van der Auwera I, Wera S (2005) Virosome-based active immunization
targets soluble amyloid species rather than plaques in a transgenic mouse

model of Alzheimer's disease. J Mol Neurosci 27:157-166.

149





