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Abstract 

Abstract 
Alzheimer's disease (AD), the most c o m m o n form of dementia world-wide, is 

characterized by progressive cognitive impairment leading to absolute dependence on 

external care in the later stages of the disease. To date there is no cure for this 

devastating disorder and definitive diagnosis can only be established after death through 

postmortem examination of the brain tissue. The neuropathological hallmarks of A D 

include neurofibrillary tangles and extracellular deposits of (3-amyloid peptide (A(3) in 

senile plaques and around blood vessels in the brain. These microscopic lesions have 

been extensively study in the quest to unravel the mysteries of A D pathology. 

However, numerous intricacies of the underlying pathogenic mechanisms remain 

elusive. In order to gain a more thorough understanding of the pathogenic processes it 

is imperative to extend the horizons of research to examination of novel biomarkers that 

may hold the key to enable earlier diagnosis and may provide effective and safe targets 

for therapeutic intervention. 

The current study represents an investigation of known biomarkers as well as a 

search for novel biomarkers of relevance to A D pathology. Protein markers were 

explored in human A D brain tissue in both familial and sporadic forms of A D . In 

addition, genetically modified mouse models of A D were employed since this allowed 

for controlled manipulation of and observation of effects of hormones on A D pathology. 

A range of techniques was used, including two-dimensional electrophoresis for 

comparison of protein profiles between A D and control cases. Data presented in this 

thesis implicates four separate mechanisms in A D pathology. These are inflammation, 

oxidative stress, impairment of long-term neuronal potentiation and neuronal cell-cycle 

re-entry. 

Candidate markers implicated in inflammatory processes include ApoE, which 

can be secreted by activated glial cells. In addition deprivation and untimely 

replacement of the sex hormones estrogen and testosterone may contribute towards 

oxidative stress. Oxidation of U C H L - 1 could lead to defective ubiquitination resulting 

in accumulation of non-degraded proteins and consequent pro-inflammatory reactions. 

This study also provides, for the first time, evidence to show that B A T 1 , a regulator of 

inflammatory reactions, may play a role in A D pathology. Levels of B A T 1 protein as 

well as m R N A transcripts were found to be elevated in A D frontal cortex brain tissue. 

A homologue of this protein, D D X L , may also be implicated. In addition, the BAT I -
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22*2/2 genotype has been associated with protection against A D , while the TNFA -

850*2 allele was linked to increased risk. 

Proteins implicated in increased oxidative stress production include those 

associated with oxidative phosphorylation and other processes occurring in the 

mitochondria, such as ATP-synthase, D M D M A H - 1 and S O D 1 . Oxidized U C H L - 1 m a y 

lead to inflammatory reactions resulting in oxidative stress. Altered sex hormone levels 

may have an effect on A(3 generation and antioxidant balance, while oxidative 

modification of y-enolase and P-actin m a y compromise glycolysis and cytoskeleton 

integrity, thus leading to increased vulnerability of neurons to any form of insult. 

Disturbances in long-term potentiation could occur as a result of various 

interactions between reelin and ApoE, reelin and calmodulin and calmodulin and 

BASP1. Reelin levels could be influenced by levels of estrogen and testosterone. 

Oxidized (3-actin may compromise cytoskeleton assembly, while aberrant protein 

glycosylation in A D pathology m a y also contribute towards impaired synaptic 

plasticity, in particular through involvement of adhesion molecules. 

Finally, observations from this study and evidence from the literature suggest 

that aberrant glycosylation, altered sex hormone levels and calmodulin m a y play a role 

in potentiation of cell cycling events in neurons. 

The work presented in this thesis has identified several candidate biomarkers 

with potential roles in A D pathology. Future studies will see these markers validated 

and will explore their applicability for diagnostic approaches and suitability as targets 

for novel A D treatment strategies. 
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Quotes 

T am among those who thinbjhat science has great 

beauty. A scientist in his laboratory is not only a 

technician: he is also a child placed before natural 

phenomena which impress him like a fairy tale." 

Marie Curie 

French (Polish-born) chemist & physicist (1867 - 1934) 

"The most exciting phrase to hear in science, the one that 

heralds new discoveries, is not "Eurefia!' (Ifound it!) 

but Thatsfunny ...I'" 

Isaac Asimov 

US science fiction novelist & scholar (1920 - 1992) 
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Chapter 1 (Biological Markers inAF): (Review of the Literature 

Chapter 1 

An investigation of biological markers in familial and sporadic 

forms of Alzheimer's Disease: Review of the literature 

"A man is but the product of his thoughts. What he thinks, he becomes." 

Mahatma Gandhi 
(Indian Philosopher, 1869-1948) 

"The human mind is our fundamental resource." 

John Fitzgerald Kennedy 
(1917 - 1963), 35th U S president (1961-1963) 

"In Alzheimer's [disease] the mind dies first: Names, dates, places - the interior 
scrapbook of an entire life -fade into mists of nonrecognition." 

Matt Clark 
(Retrieved September 27th 2005 from: 

http://www.brainyquote.eom/quotes/quotes/m/mattclarkl 11359.html) 

One of our most precious assets, our ability to think, to reason, to remember and indeed 

everything that constitutes our personality and makes us the people we are is 

inextricably entwined with the soft, delicate substance tenderly enclosed within a 

protective fluid bath inside our cranium. When this vulnerable matter deteriorates, our 

mind perishes with it. The onset is barely noticeable, but once it takes hold, the demon 

of dementia mercilessly follows its goal to the inevitable end. Our lives unravel and we 

lose everything that matters to us, finally even our dignity. This happens gradually and 

agonizingly, witnessed by all our loved ones. The only respite for the sufferer and their 

family comes with the dying breath, the ultimate surrender of the victim to this 

malevolent spectre that takes over the mind and destroys the person behind it. (A. Gnjec) 
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1.1 Alzheimer's disease in our society 

Alzheimer's disease (AD) is the most c o m m o n form of dementia and creates an 

immense social and economic burden world-wide. As our understanding of underlying 

pathogenic mechanisms deepens and novel treatment strategies are developed, an urgent 

need arises for more accurate diagnostic procedures to detect the earliest signs of 

disease onset in order to reap the greatest benefits from timely therapeutic intervention. 

Research efforts have yielded extensive new knowledge on the disease mechanisms, yet 

the complexity of this devastating disorder ensures a constant supply of new mysteries 

to solve. Only with persistent and diligent effort to elucidate the intricate pathogenic 

mechanisms of AD will our understanding of the disease processes allow us to diagnose 

this disease accurately in its early stages and will provide us with opportunities to tailor 

treatment approaches for maximum impact in each unique case encountered. 

This project explores the pathogenic mechanisms of A D by examination of 

tissues from human subjects and from AD mouse models for novel biomarkers of A D 

pathology. Such biomarkers may find application in diagnostic or therapeutic 

approaches. Chapter 1 provides a review of the relevant literature and an introduction 

to the concepts and rationale behind this study. 

1.1.1 Alzheimer's disease: History and epidemiology 

The world's most common form of dementia, today known as Alzheimer's 

disease, was first described by the German physician Alois Alzheimer (1864 - 1915) at 

a meeting of the Southwest German Psychiatrists in Tubingen in 1906 (Alzheimer et al., 

1991). Alzheimer revealed his observations from the study of a patient, Auguste D., 

who had, at the age of 51 years, developed an unusual form of psychiatric illness and 

progressive dementia and whose brain Alzheimer examined in meticulous detail after 

her death. H e subsequently published his findings "On a peculiar, severe disease 

process of the cerebral cortex" ("Uber einen eigenartigen, schweren 

Erkrankungsprocess der Hirnrinde") and "On a peculiar illness of the cerebral cortex" 

("Uber eine eigenartige Erkrankung der Hirnrinde") in 1906 and 1907 respectively 

(Wilkins and Brody, 1969; Alzheimer et al., 1991; Alzheimer et al., 1995). In 1910, 

Emil Kraepelin coined the eponym "Alzheimer's disease" following Alzheimer's 

publication of his findings from a second unusual case of dementia (Klunemann et al., 

2002). Alzheimer's landmark papers remain as evidence of the pioneering work he 

conducted in dementia research, which contributed towards establishing a fundamental 
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link between clinical symptoms of'diseases of the mind' and the presence of underlying 

neuropathology. 

In more recent years, it has been estimated that world-wide, within the elderly 

population, A D prevalence rates double approximately for every five years of age, and 

w o m e n appear to be at a higher risk of developing A D than men (Jorm et al., 1987). In 

the U S A , A D is the fourth leading cause of death after heart disease, cancer and stroke 

(Lendon et al., 1997). A recent population based study (incorporating U S Census 

Bureau population growth estimates) predicts A D prevalence to rise in the U S A from 

4.5 million persons in 2000 to 13.2 million by 2050 which represents an almost three 

fold increase over less than 50 years (Hebert et al, 2003). In 1991 the total national 

cost of A D in the U S A was $67.3 billion ($173,932 per case) and conservative 

estimates project figures to reach trillions of dollars for future generations (Ernst and 

Hay, 1994). 

In Australia the forecast is equally daunting. Access Economics reports for 

Alzheimer's Australia (based on prevalence rates derived from Australian Bureau of 

Statistics surveys) indicate that this year, the number of Australians with dementia is 

expected to reach one percent of the population (>200,000 cases) with nearly 52,000 

estimated new cases diagnosed (Access Economics, 2005). Dementia prevalence is 

expected to rise at a greater rate than population growth. By 2050 the number of 

dementia cases is expected to reach over 700,000 (2.8% of the whole population) with 

the number of newly diagnosed cases each year predicted to escalate to 175,000, a 

number higher than the total number of dementia cases Australia-wide in the year 2000 

(Access Economics, 2005). Dementia has emerged as the second largest cause of 

disability burden nationally and is predicted to succeed to first place by 2016 (Access 

Economics, 2003; Mathers, et al., 1999). In Australia, the cost of dementia reached 

$6.6 billion in 2002 (Access Economics, 2003). With the majority of dementia cases 

being diagnosed as probable A D (Bachman et al, 1993), the economic and social 

consequences of this disease are enormous and the development of better prevention 

strategies and more effective therapeutic approaches is an urgent imperative. 

While the neuropathology of AD is similar in the young and elderly, a division 

is made into early-onset A D ( E O A D ) with ages of onset at or before 65 years of age and 

late-onset A D ( L O A D ) occurring after the age of 65 years (Rubinsztein, 1997). The 

vast majority of cases are sporadic in origin without evidence of family history. 

However, in a small number of familial A D cases (approximately 5-10% of total AD 

cases) the disease appears to show autosomal dominant inheritance patterns. A D cases 
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in this small subgroup are termed familial Alzheimer's disease (FAD) or early-onset 

familial A D ( E O F A D ) cases. In such cases the patients can manifest clinical symptoms 

as early as the third or fourth decade of life (Haass, 1996; Lendon et al., 1997). 

E O F A D is genetically heterogeneous, involving inheritance of pathogenic autosomal 

dominant mutations in the gene coding for the amyloid precursor protein (APP) and the 

genes coding for the presenilin proteins, presenilin 1 (PSI) and presenilin 2 (PS2) 

(Tanzi et al, 1996). While these mutations directly result in A D pathology, they cannot 

account for the vast majority of A D cases. However, another gene plays a major role in 

AD pathology. Apolipoprotein E (apoE = protein, APOE = gene) is the single most 

common genetic determinant of susceptibility to A D and up to 5 0 % of the risk for A D 

may be attributed to A P O E genotype (Strittmatter et al, 1993a). The current project 

explored both sporadic A D cases and those caused by mutations in P S 1 in the search for 

novel biomarkers since underlying pathogenic mechanisms (in particular during early 

stages of the disease process) may differ between these groups. Elucidation of 

differential molecular events may provide valuable targets for specific therapeutic 

intervention tailored to treat the underlying pathological mechanisms of individual 

forms of A D . 

1.2 AD pathology: Signs, symptoms, current diagnosis and 

treatment 

1.2.1 Clinical diagnosis 

A D is marked by an insidious onset of symptoms and relentless progression of 

neurodegeneration. The earliest clinical sign of A D is a subtle decline in memory 

functions followed by the gradual deterioration of various cognitive functions, and 

changes in personality. In later stages, deterioration of language, impairment of 

visuospatial tasks and dysfunction of the motor system become evident. The swiftness 

of decay of cognitive capacities and the duration of the disease vary among patients. 

Cognitive decline is accompanied by characteristic pathological lesions in specific brain 

regions (Braak et al, 1997). 

Clinical diagnosis of probable A D occurs after assessment of medical history 

and exclusion of potential underlying psychiatric, neurological or hormonal imbalances 

that can mimic symptoms of A D , such as depression, stroke, other dementias and 

structural neurological lesions, vitamin and thyroid hormone deficiencies and 

neurosyphilis (Barrett, 2005). During life, only a diagnosis of possible or probable (but 
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not definitive) A D can be made using criteria determined by the National Institute of 

Neurological and Communicative Disorders and Stroke (NINCDS) and the Alzheimer's 

Disease and Related Disorders Association ( A D R D A ) (McKhann et al, 1984). These 

criteria have been adopted by the Consortium to Establish a Registry for Alzheimer's 

Disease ( C E R A D ) to standardize clinical and neuropsychological assessment of A D and 

to reduce the high rate (up to 20%) of antemortem misdiagnosis (McKhann et al, 1984; 

Morris et al, 1989; Mirra et al, 1991). Clinicians also refer to the Diagnostic and 

Statistical Manual of Mental Disorders - 4th Edition (DSM-IV, American Psychiatric 

Association, 1994) which is comparable to the N I N C D S - A D R D A criteria for probable 

A D . Using computerized systems to guide decision making may improve accuracy of 

clinical diagnoses of A D and other dementias (Hogervorst et al, 2003a). Batteries of 

cognitive assessments are used as instruments in the diagnostic process. Commonly 

used tests include the Mini-Mental State Examination ( M M S E ) (Folstein et al, 1975), 

the cognitive portion of the Alzheimer's Disease Assessment Scale (ADAS-Cog) 

(Rosen et al, 1984), the Cambridge Mental Disorders of the Elderly Examination 

( C A M D E X ) (Roth et al, 1986) and the California Verbal Learning Test (CVLT) (Delis 

etal, 1987). 

1.2.1.1 Mild cognitive impairment 

Dementia can be preceded by a transitional state of cognitive decline recently 

referred to as mild cognitive impairment (MCI) (Petersen, 2004). M C I currently refers 

to a broad condition involving only slight memory impairments without the presence of 

deficits in other cognitive domains (Petersen, 2004; Morris, 2005). For clinical 

practitioners and researchers alike, M C I represents a useful cognitive entity since it 

corresponds to a cohort that can be engaged in clinical trials investigating effects of 

novel drugs on conversion rates from M C I to A D . In addition such cohorts are also a 

valuable resource because they can be used to gain much information on the various 

stages of dementia and mechanisms of disease progression, potentially allowing 

discovery of novel biomarkers for disease diagnosis or targets for therapeutic 

intervention. 

However, controversy exists with regard to the effectiveness of M C I cohorts in 

A D research as conversion rates to A D vary widely amongst studies (Panza et al, 

2005). Recent studies have either given support to the use of M C I cohorts as enriched 

samples for trials of anti-dementia treatments (De Jager et al, 2005) or have criticized 

this practice with the main issue revolving around the observation that current M C I 
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diagnostic criteria allow for inclusion of many cases that do not progress to A D while 

concomitantly excluding many cases that do convert (Visser et al, 2005). 

Despite these issues, evaluation of numerous studies combined suggests that in 

general M C I cases do represent individuals at greater risk of developing dementia 

compared to an age-matched normal population (Petersen and Morris, 2003). The main 

problem appears to be standardization of definition criteria for M C I with heterogeneity 

arising from differences in causes, clinical symptoms and research methods (Petersen et 

al, 2001). These considerations and proposals for classification of M C I subtypes have 

been discussed in the literature, and it has been recommended that researchers include 

adequate information about the characterization criteria used in their publications 

(Petersen et al, 2001; Petersen, 2004). Better characterization may require inclusion of 

structural and functional neuroimaging, cerebrospinal fluid (CSF) analysis and 

assessment of other potential biomarkers (Chong and Sahadevan, 2005). The vast 

research potential M C I cohorts represent can only be translated into successful 

discovery of novel treatment strategies or better diagnostic approaches if appropriate 

measures are taken to ensure validity and to clarify applicability of any data generated. 

1.2.2 Hallmarks of AD neuropathology 

Currently a definitive diagnosis of A D requires the fulfilment of criteria for 

probable AD in combination with postmortem histopathological evidence of AD lesions 

(McKhann et al, 1984). Diagnosis of A D from histopathological analysis is based on 

N I N C D S - A D R D A criteria (McKhann et al, 1984). 

1.2.2.1 Gross morphology 

As pathology progresses in the A D brain, widespread atrophy appears which, 

although generalised, occurs more markedly in selected regions. This is evidenced by 

narrowing of the gyri and widening of the sulci as well as dilation of the ventricular 

system (especially of the temporal and parietal-occipital horns) (Brun, 1983; 

Underwood, 1996). Severe selective atrophy in particular brain regions (such as those 

involved in memory and language functions) is illustrated in Figure 1.1 A. Areas of the 

brain exhibiting the most severe histological changes include the temporal lobe, 

particularly its basal, medial limbic portion (hippocampus and amygdaloid nucleus), the 

post-central parietal region, and to a lesser extent the frontal lobes (Brun, 1983). 

Structural neuroimaging (computed tomography or magnetic resonance imaging, M R I ) 
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is now a routine part of diagnostic evaluation. Such scans can help to determine the 

extent of atrophy and quantitative volumetric measurements can increase diagnostic 

accuracy (Hecker, 1998). More sophisticated imaging through the use of positron 

emission tomography (PET) can help to visualize areas of diminishing brain glucose 

utilization (de Leon et al, 2001) as highlighted in Figure LIB, as well as more recently 

the actual deposition of A p in the brain during life (Bacskai et al, 2001; Bacskai et al, 

2002b; Bacskai et al, 2003a). 

Figure 1.1 Atrophy and functional deterioration in the A D brain: (A) Coronal 
sections of a control and A D brain illustrating regions of intense atrophy, in particular 
widening of sulci and ventricles and narrowing of gyri. Areas most severely affected 
include those involved in memory and language functions such as the hippocampus and 
temporal cortex (modified from American Health Assistance Foundation, 2005). (B) 
P E T scans of a normal and A D brain showing diminished functioning in the AD brain. 
Red indicates areas of normal functioning, green denotes areas of neurological 
deterioration, while blue highlights dead brain matter (modified from Anderson Orr, 

2003). 
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1.2.2.2 Histopathological lesions 

The hallmark histopathological lesions of A D are the neurofibrillary tangles 

(NFTs), essentially composed of paired helical filaments of a hyperphosphorylated 

version of the protein tau (Goedert et al, 1988; Goedert et al, 1996), and senile plaques 

(SP) that contain at their core aggregates of a small peptide termed beta-amyloid (AP) 

(Masters et al, 1985). A p is also found deposited in cerebral blood vessels as 

congophilic amyloid angiopathy (CAA) (Glenner and Wong, 1984b). Though these 

lesions can also be found in some cognitively normal elderly individuals they are 

markedly more abundant in A D brains (Knopman et al, 2003). Diagnostic staging of 

severity of disease progression is performed according to Braak and Braak (1991, 1998) 

who describe six distinct stages of disease severity based on neurofibrillary changes 

(Braak and Braak, 1991; Braak and Braak, 1998). Quantification of the abundance of 

A p plaques is performed according to C E R A D criteria (Morris et al, 1989; Mirra et al, 

1991). 

1.2.2.2.1 Neurofibrillary tangles 

NFTs are insoluble filamentous accumulations first described by Alzheimer in 

1906 (see Figure 1.2A) and are found in degenerating neurons within the neuronal cell 

bodies and dendrites and in dystrophic neurites (Alzheimer et al, 1991; Cras et al, 

1991). Cloning and sequencing and immunochemical techniques have demonstrated 

that the major component of NFTs is the microtubule associated protein tau (Goedert et 

al, 1988; Kondo et al, 1988; Wischik et al, 1988). Electron microscopy further 

revealed that NFTs are composed of paired helical filaments of tau (Goedert, 1996; 

Lovestone and Reynolds, 1997). Tau normally binds to microtubules and serves to 

regulate their state of polymerization in order to stabilize the cell cytoskeleton. 

However, in A D hyperphosphorylation of tau leads to self-aggregation accompanied by 

microtubule depolymerisation and degeneration of neuronal dendrites and (Goedert, 

1996; Lovestone and Reynolds, 1997; Tilley et al, 1998). 

Tau is phosphorylated through the actions of a number of kinases including 

Ca2+/calmodulin-dependent protein kinase II (CaCaMKII) (Brion, 1992; Litersky et al, 

1996). A definitive reason for why hyperphosphorylation of tau occurs in A D remains 

to be established. One possibility is that sulphated glycosaminoglycans (such as heparin 

or heparan sulphates) may play a role in tau hyperphosphorylation since their presence 

was shown to induce non-phosphorylated tau to form paired helical filaments in vitro 
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and prevented tau from binding to microtubules (Goedert et al, 1996). In addition, 

glycosaminoglycans have been shown to coexist with tau in nerve cells during early 

stages of NFT pathology (Goedert et al, 1996). Altered tau glycosylation has also been 

observed in the AD brain and may be linked to abnormal phosphorylation of tau and 

paired helical filament formation (Sparkman et al, 1990; Liu et al, 2002a; Liu et al, 

2002b; Robertson et al, 2004). Oxidative stress may also be linked to tau 

hyperphosphorylation in AD. Specifically, it has been demonstrated that in the AD 

brain tau may be affected by the reactive carbonyl, 4-hydroxy-2-nonenal (HNE) (Liu et 

al, 2005b). 

Figure 1.2 Hallmarks of A D pathology: (A) High power view of A D neurofibrillary 
tangles (yellow arrow heads) and (B) Amyloid (neuritic) plaques (red arrow heads) 
stained by Bielschowsky's silver stain method adapted to paraffin sections (modified 

from Okazaki and Scheithauer, 1988 p.220). (C) Cerebrovascular A p deposits or 
congophilic amyloid angiopathy (CAA) fluoresce under polarized light when stained 
with Congo Red (dark blue arrow heads) (modified from Rubin and Farber, 1988, p. 
1172). 

1.2.2.2.2 Senile plaques 

Classic senile plaques (SP, see Figure 1.2B) are extracellular, roughly spherical 

structures of up to several hundred micrometers in diameter, consisting of a central 

amyloid core surrounded by a corona composed of argyrophilic rods and granules, 
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microglial cells and astrocytes (Brun, 1983). There are several forms of plaques that 

can be generally described as diffuse, neuritic or compact (burnt out) based on their 

appearance upon histochemical (silver) staining or immunohistochemical (AP) 

labelling. (Terry et al, 1999; Dickson and Vickers, 2001). 

Almost 80 years after Alzheimer's descriptions of "a peculiar substance" 

deposited in senile plaques, another milestone breakthrough was made when the 

amyloid component was purified and sequenced from C A A lesions of A D and Down's 

Syndrome (DS) brains (Glenner and Wong, 1984a; Glenner and Wong, 1984b). 

Similarly, the same 4 kDa amyloid peptide with around 40 amino acid residues was also 

isolated from SP cores in A D and D S brains (Masters et al, 1985). Subsequently, this 

peptide was found to be part of a much larger parent molecule, the amyloid precursor 

protein (APP) that resembled a cell-surface receptor (Kang et al, 1987). A p is a 39- to 

43- residue peptide that can self-assemble into a fibrillary structure with P-sheet 

conformation that shows apple green birefringence upon staining with Congo Red 

(Kominos, 1995; Shen and Murphy, 1995; Sisodia and Price, 1995). T w o major A p 

species are found in plaques and C A A in A D and D S brains. These are the shorter, 40 

amino acid long, Ap40, and the two amino acid longer and more amyloidogenic species, 

AP42. Immunohistochemical examination of amyloid deposits has shown that within 

these lesions the longer form of the peptide is the predominant species (Miller et al, 

1993; Roher et al, 1993; Iwatsubo et al, 1995a; Iwatsubo et al, 1995b; Lemere et al, 

1996a). 

Studies investigating correlation of senile plaque numbers and distribution with 

severity of dementia (Braak and Braak, 1991) or degree of cognitive decline 

(Cummings and Cotman, 1995) have produced conflicting findings. However, more 

recent studies have shown that a more valid approach may consist of assaying soluble 

A p levels or assessing total A p burden in the brain rather than focusing on the insoluble 

plaque cores (McLean et al, 1999; Fonte et al, 2001). Total levels of A p 4 0 and A p 4 2 in 

the brain have been shown to strongly correlate with cognitive decline (Naslund et al, 

2000). Insoluble A p (as found deposited in plaques) was a poor correlate of synaptic 

loss, overt symptoms of dementia (Lue et al, 1999) and disease severity (McLean et al, 

1999). However, soluble levels of A p showed a high correlation with markers of 

disease severity (McLean et al, 1999), represented a robust predictor for synapse 

change, and could differentiate between A D cases and cognitively normal individuals 

whose brain tissue exhibited histopathological signs of A D (Lue et al, 1999). 
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1.2.2.2.3 Congophilic amyloid angiopathy 

Another prominent feature in A D and D S pathology, C A A (Figure 1.2C), results 

from vascular deposition of A p in the blood vessel walls (Glenner and Wong, 1984a; 

Gray et al, 1990; Premkumar et al, 1996). C A A can occur in the normal elderly but is 

much more prominent in A D (Premkumar et al, 1996). Very recently it has been 

demonstrated in transgenic mice that the presence of Ap 4 2 (not just Ap40) may be 

required for C A A to develop (McGowan et al, 2005). While up to around 8 0 % of A D 

cases present with amyloid deposits in their brain vasculature, resultant intracerebral 

haemorrhage is relatively rare in these sporadic forms of A D . Conversely, intracerebral 

haemorrhage is a prominent feature in some inherited forms of C A A , as reviewed in 

(Castellani£tfa/.,2004). 

1.2.3 Additional pathological changes encountered in AD 

1.2.3.1 Loss of neurons and synapses 

A prominent pathological feature in A D brains is the loss of neurons and 

synapses. One morphometric analysis reported a 4 0 % loss of large neurons in the A D 

frontal cortex and 4 6 % in the temporal region (Terry et al, 1981). Layers III and V in 

prefrontal and inferior temporal cortices show selective loss of a subset of large 

pyramidal neurons (Hof et al, 1990). Loss of neurons in regions of the prefrontal 

cortex as well as the superior, middle and inferior frontal and temporal cortices was 

found to correlate with and possibly exceed neurofibrillary changes in the AD brain 

(Mountjoy et al, 1983; Hof et al, 1990; Gomez-Isla et al, 1997). Neuronal loss is 

particularly evident in the C A 1 area of the hippocampus (Kril et al, 2004; Zarow et al, 

2005). The nucleus basalis of Meynert is also affected with significant degeneration of 

large, putative cholinergic neurons which may underlie the loss of cholinergic activity 

(see Section 1.2.3.2.) observed in A D brains (Whitehouse et al, 1982; Vogels et al, 

1990). Numerous mechanisms of neuronal cell death are possible. Various forms of 

programmed cell death may be involved with cytoskeletal protein aggregations or A p 

toxicity as the most likely triggers of these events. Mitochondrial vulnerability to A p 

induced oxidative stress, as well as neuronal cell cycle re-entry associated with A p 

pathology, are two plausible mechanisms, as reviewed by (Jellinger, 2001; Copani et 

al, 2002; Eckert et al, 2003). 

Quantitative morphometric and immunohistochemical analyses of A D brains 

have demonstrated synapse loss in the hippocampus, in layers III and V of the frontal 
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cortex and layers II, III and V of the temporal cortex (Davies et al, 1987; Scheff et al, 

1990; Honer et al, 1992) with one study reporting synaptic loss in excess of neuron loss 

(Davies et al, 1987). Synaptic loss correlated with the severity of cognitive decline in 

A D (DeKosky and Scheff, 1990; Terry et al, 1991; Scheff and Price, 2003). Loss of 

synapses may be the final stage in a series of progressive synaptic pathological events 

(Masliah et a/., 1991) and it has been hypothesized that loss of synaptic contacts may be 

a result of abnormalities in the reactive plasticity response in A D neurons (Scheff, 

2003). 

It has been shown that synaptic plasticity may be disrupted in AD through 

inhibition of long-term potentiation (LTP) by the presence of oligomeric A p (Walsh et 

al, 2002; Rowan et al, 2004). Another mechanism by which L T P can be influenced is 

through the interaction of reelin with receptors of apolipoprotein E (ApoE) (Weeber et 

al, 2002). Since immunohistochemical analysis has co-localized reelin with A p 

plaques in a mouse model of A D (Wirths et al, 2001), the current study will explore the 

role of reelin as a potential novel marker of A D pathology (see Chapter 4). 

1.2.3.2 Abnormal cholinergic function and current treatment 

approaches 

In A D , a loss of cholinergic, noradrenergic and serotonergic innervation to the 

cortex occurs in the early stages, while GABAergic interneurons become increasingly 

affected at later stages, whilst dopaminergic innervation remains largely intact. Loss of 

cholinergic neurons was found to correlate with severity of dementia and may be a 

major contributor to impairments in cognitive function, as reviewed by (Palmer, 1996). 

A reduction in activity of choline acetyltransferase (ChAT, the enzyme involved in 

acetylcholine (ACh) production) and a decline in synthesis of the neurotransmitter A C h 

itself have been measured in A D brain tissue in regions such as the hippocampus and 

nucleus basalis of Meynert (Sims et al, 1980; Gottfries et al, 1983; Araujo et al, 

1988). A decline in cortical activity of the acetylcholinesterase (AChE) enzyme that 

hydrolyzes A C h (Herholz et al, 2005) and relative preservation of cholinergic neurons 

(Gilmor et al, 1999), as well as hippocampal and frontal cortex up-regulation of C h A T 

activity (DeKosky et al, 2002) in studies on individuals with M C I , suggest that in the 

very early stages of A D , the brain may be capable of initiating compensatory actions in 

response to cholinergic dysfunction. Such actions may not be sustainable during 

progression of disease severity. 
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The loss of cholinergic activity with progressive AD (Drachman and Leavitt, 

1974) underlies the rationale of treatment approaches that employ supplementation with 

dietary precursors of A C h (Mohs and Davis, 1980) and application of cholinergic 

receptor (muscarinic and nicotinic) agonists (Newhouse et al, 1994; Bodick et al, 

1997). However, the most common current treatment approaches are based on 

inhibition of acetylcholinesterase (to minimize the break-down of ACh). The aim is to 

achieve stabilization (albeit temporary) of A C h levels until underlying neuronal loss 

becomes too prominent and A C h levels and cognitive function continue to decline. For 

informative recent reviews on cholinergic mechanisms and pharmacological actions of 

A C h E inhibitors see (Racchi et al, 2004; Ellis, 2005; Silman and Sussman, 2005). For 

a brief description of some common A C h E inhibitors currently prescribed by clinicians 

see Table 1.1. 

Table 1.1: Selected A C h E inhibitors for the treatment of A D . 

Drug 

Galantamine 
(Reminyl) 

Rivastigmine 
(Exelon) 
Donepezil 
(Aricept) 

Tacrine 
(Cognex) 

First 
introduced 

2000 

1998 

1997 

1993 

Inhibitory 
action on 
AChE> 
BuChE 
AChE + 
BuChE 

AChE (highly 
selective for) 
AChE + 
BuChE 

Tolerated by 
patients 

Intermediate 
tolerability 

Lower 
tolerability 

High 
tolerability 
Lower 

tolerability 

C o m m o n adverse 
effects 

GITP 

GITP, headaches, weight 
loss dizziness, fatigue 

GITP 

GITP, Hepatotoxicity 

A C h E = Acetyl cholinesterase, 
B u C h E = Butyryl cholinesterase, 
GITP = Gastrointestinal problems 
Sources of information: (Jones, 2003; Chang and Silverman, 2004) 

1.2.3.3 Inflammation in the AD brain 

Reports of reactive microglia expressing various immunologically relevant 

receptors, enhanced cytokine expression as well as detection of complement proteins in 

hallmark A D lesions such as A p plaques, led a Canadian research group to hypothesize 

that an immune-mediated auto-destructive process may be occurring in A D brains 

(McGeer and Rogers, 1992). Such a process could provide the basis for A D therapy 

with anti-inflammatory drugs (McGeer and Rogers, 1992). In order to test their 

hypothesis McGeer and colleagues conducted a meta-analysis of ten case-control and 

seven population-based studies of arthritis or direct use of anti-inflammatory agents. 

13 



Chapter 1 (Biological Markers inA<D: Review of the Literature 

The outcome of this analysis provided strong epidemiological evidence for a protective 

role of steroidal and in particular non-steroidal anti-inflammatory drugs (NSAIDs) 

against A D (McGeer et al, 1996). Subsequently an independent study provided 

evidence to suggest that long-term N S A I D use may reduce AD risk, however no 

beneficial effects were detected after onset of A D pathology (Zandi et al, 2002). 

In the A D brain, the inflammatory process is thought to involve a locally 

induced, non-immune mediated, chronic inflammatory response (Eikelenboom and 

Veerhuis, 1996). A p plaques are surrounded by activated glial cells such as astrocytes 

and microglia which display a hypertrophied phenotype and release a variety of pro-

and anti-inflammatory molecules, such as complement components, cytokines, 

chemokines, secreted proteases, growth factors and reactive oxygen / nitrogen species. 

For a comprehensive review see (Akiyama et al, 2000). A p can act as a trigger for pro

inflammatory reactions (Paris et al, 2002). However, pro-inflammatory cytokines can 

also stimulate increased production of A p (Blasko et al, 2000). Thus, once 

inflammatory reactions occur and / or excess A p is generated, a vicious cycle may be 

initiated that could perpetuate inflammation and A p production and enhance neuronal 

stress. 

Microglia are the macrophages of the central nervous system (CNS) (van Furth, 

1982) and as such perform phagocytic functions such as clearance of A p deposits, 

which may be mediated through secretion of metalloproteases (Qiu et al, 1997). In cell 

culture, interference with the phagocytosis of A p can occur through the presence of 

complement proteins which bind to A p and may block important epitopes (Webster et 

al, 2000). Presence of nitric oxide (NO) can also interfere, suggesting a role for 

inducible nitric oxide synthase (iNOS) in microglial regulation (Kopec and Carroll, 

2000). Astrocytes can release proteoglycans that, when deposited in plaques, appear to 

inhibit microglial attack (Shaffer et al, 1995; DeWitt et al, 1998). This indicates that 

A p accumulation in the AD brain may be aided by impaired clearance mechanisms. In 

addition, chronic gliosis in animal models of A D can trigger altered expression of the 

AD associated proteins APP, apoE and PSI (Martins et al, 2001) and can promote 

similar processing of A P P as observed in human A D pathology (Bates et al, 2002). 

Apart from the glial cells, neurons (Breder et al, 1993; Yan et al, 1995) and 

brain endothelial cells (Suo et al, 1998) are also capable of producing inflammatory 

mediators. The major classes of cytokines are the interleukins (lis), tumor necrosis 

factors (TNFs), colony stimulating factors (CSFs) and interferons (IFNs). M a n y of 
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these cytokines have been detected in senile plaques and may be secreted by glial cells 

as a response to A P toxicity and / or may act to promote A p production and deposition 

in plaques. For a summary of the cellular source and role of selected, c o m m o n 

inflammatory cytokines involved in A D pathology, see Table 1.2. 

Table 1.2: Selected cytokines and their putative associations with A D pathology. 

Marker 

IL-1 

TGF-p 

Cellular 
source 

Microglia, 
Astrocytes, 

BECs 

Microglia, 
Astrocytes, 
Neurons 

Potential pro-inflammatory roles in A D 

- Found in microglia surrounding plaques 

- Found in diffuse non -neuritic A p deposits + fetal 
brains and young children with D S 

- M a y promote synthesis + processing of A P P & lead 

to increased A P production + deposition in plaques 

- Activates astrocytes + 

induces expression of a-antichymotrypsin & ApoE 
& complement component C3 

-Promotes S100P expression in astrocytes which may 
lead to dystrophic neurite outgrowth and neuritic 
plaques 

- Increases A C h E m R N A and enzyme activity 

- Increased in A D serum, CSF and detected in 
plaques 

- M a y induce glial hypertrophy 

- M a y induce production of extracellular matrix 
proteins, proteases & protease inhibitors that can be 

found in A p deposits 

- M a y increase expression of cyclo-oxygenase 
(COX) in astrocytes and neurons 

- M a y increase risk for C A A 

- M a y affect A P accumulation, re-distribution and 
clearance 

- M a y increase A P P expression 

- M a y promote apoE production 

References 

(Griffin etal, 1995) 
(Griffin et al, 1998) 

(Griffin et al, 1995) 
(Griffin et al, 1989) 

(Goldgaberefa/., 1989) 
(Buxbaumefa/., 1992) 

(Giulian et al, 1988) 

(Das and Potter, 1995) 

(Barnume?a/., 1996) 

(Shengefa/., 1996) 
(Griffin et al, 1998) 

(Lie? al, 2000b) 

(Chao etal, 1994) 
(van der Wale? al, 1993) 

{Chao etal, 1992) 

(Fillit and Leveugle, 
1995) 
(Finch etal, 1993) 
(Kisilevsky, 1994) 

(Luoe/a/., 1998) 

(Wyss-Coray etal, 
2000b) 
(Wyss-Coray etal, 
2000a) 
(Wyss-Coray et al, 1997) 

(Frautschye?a/., 1996) 
(Harris-White etal, 1998) 

(Gray and Patel, 1993) 
(Monningef al, 1994) 

(Ueberhame?a/.,2005) 
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Table 1.2: Selected cytokines and their putative associations with A D pathology 

(continued). 

Marker 

IL-6 

T N F a 

Cellular 
source 

Microglia, 
Astrocytes, 
BECs and 
Neurons 

Microglia 

Potential pro-inflammatory roles in A D 

- Strongly induced in C N S pathology 

- Co-localizes with diffuse plaques lacking neuritic 
pathology in A D frontal, temporal & parietal cortex 
& hippocampus (but not compact plaques) 

- May modulate APP synthesis 

- Through complex with sIL-6R may enhance APP 
transcription & expression 

- Increased in A D serum, CSF & brain cortex 

- Potent stimulator of nuclear factor-KB ( N F - K B ) 
(transcription factor that increases expression of pro
inflammatory factors such as C O X ) 

- Transgenic mice expressing T N F a in astrocytes or 
neurons can show signs of severe inflammation, 
encepalopathy & neurodegeneration 

References 

(Vallieres and Rivest, 
1997) 

(Bauer et al, 1991) 
(Hull etal, 1996) 

(Vandenabeele and Fiers, 
1991) (review) 

(Ringheimefa/., 1998) 

(Fillitef a/., 1991) 
(Tarkowskiefa/., 1999) 

(Yamamotoefa/., 1995) 
(Pariaetal, 2003) 
(Messer etal, 1990) 

(Akassoglou et al, 1997) 
(Probert etal, 1995) 
(Stalderefa/., 1998) 

Note: Above listed markers represent a selection of some of the commonly investigated 
markers in A D inflammatory events. Some of the putative characteristics listed above 
may also be interpreted as protective functions as discussed in (Akiyama et al, 2000). For 
a comprehensive review on inflammatory processes in A D see (Akiyama et al, 2000). 

BECs = Brain endothelial cells 

In addition, promoter polymorphisms in pro-inflammatory markers such as IL1, 

IL6 and TNFA have been explored extensively for a potential link with A D . Extensive 

investigation of the ILIA -889 C/T (*l/2) polymorphism has resulted in two meta

analyses which evaluated the putative association of the ILIA -889 T/T or *2/2 

genotype with increased risk for A D . Both studies used random effects models for their 

analyses. One study (combining data from five separate studies) reported a significant 

association of this genotype with E O A D (< 65 years of age) with an Odds ratio (OR) of 

2.32 and confidence interval (CI) of 0.99-5.43 at p = 0.05 (Combarros et al, 2003). N o 

significant association was detected for L O A D (> 65 years of age) using data from ten 

separate studies (Combarros et al, 2003). Another study published the following year 

reported an overall significant association of the ILIA -889 T/T genotype with overall 

increased risk for A D (OR 1.51 for T/T compared to C/T and O R 1.49 for T/T 

compared to C/C) as determined using data combined from eleven independent studies 

16 



Chapter 1 (Biological Markers in A®: Review of the Literature 

(Rainero et al, 2004). However, no significant association of this polymorphism with 

either E O A D or L O A D was detected in the same study. While there was some overlap 

in the data used by both meta-analyses there were also some differences in the studies 

included. Population differences in the two meta analyses could account for the 

discrepancies between the studies, as could potential differences in analytical methods. 

However, in combination these two studies suggest that the ILIA -889 T/T genotype 

may represent a risk factor for early-onset A D . Recently, a significant association 

between the ILIA -889 T/T genotype and L O A D risk was reported in for an Australian 

population (Hedley et al, 2002). A potential functional role for the ILIA -889 

polymorphism was demonstrated by one study that associated the C (*1) allele with 

accelerated cognitive decline in A D (Murphy et al, 2001). 

The IL1B +3953 C/T and IL1B -55 C/T polymorphisms have also been 

investigated for association with A D in a number of populations with conflicting 

outcomes and variable apparent physiological effects (Ehl et al, 2003; M a et al, 2003; 

Sciacca et al, 2003; Craig et al, 2004; Licastro et al, 2004; Rosenmann et al, 2004). 

A significant association for the IL1B +3953 T/T genotype with increased risk for 

L O A D has been reported for an Australian cohort (Hedley et al, 2002). Various 

polymorphisms in the pro-inflammatory IL6 (Pola, et al, 2002; Shibata, et al, 2002; 

Licastro, et al, 2003; Depboylu, et al, 2004; Bagli, et al, 2003) as well as the anti

inflammatory IL10 (Lio et al, 2003; Arosio et al, 2004; Scassellati et al, 2004; M a et 

al, 2005) have also been explored for potential association with A D pathology with 

variable outcomes in different populations. More studies need to be conducted in order 

to allow for meta-analyses to explore overall effects. 

A number of studies have investigated TNFA polymorphisms in A D , including 

the -308 G/A and -238 G/A (Perry et al, 2001; Alvarez et al, 2002; Culpan et al, 

2003; Zhang et al, 2004a) and the -850 C/T single nucleotide polymorphisms (Terreni 

et al, 2003; M a et al, 2004). Recently, the TNFA -850 T allele was significantly 

associated with increased risk for A D (only in association with the A P O E s4 allele) and 

was also associated with altered CSF AP42 levels suggesting a potential functional effect 

in A D (Laws et al, 2005). Transforming growth factor-pi (TGF-pi) (Araria-Goumidi 

et al, 2002; Hamaguchi et al, 2005) and interferon-y (IFN-y) (Scola et al, 2003) have 

also been investigated in A D cases in Europe and Japan. However, the number of 

studies conducted to date is insufficient to allow meta-analytical comparison. 

Another potential biomarker of interest is a gene not previously linked to A D 

pathology. The gene product, H L A - B associated transcript 1 (BAT1) has been 
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identified as a potential negative regulator of a number of pro-inflammatory cytokines 

such as interleukins IL-1, IL-6 and T N F a (Allcock et al, 2001a; W o n g et al, 2003), all 

of which are associated with AD. A particular BATl promoter polymorphism (BATI -

22*2, G->C) is part of a conserved ancestral haplotype (HLA-A1, B8, T N F A -308*2, 

D R 3 , D Q 2 ) associated with an increased risk for a number of autoimmune disorders 

(Wong et al, 2003). Therefore, B A T l could represent a valuable target for modulating 

inflammatory responses as a therapeutic approach to ameliorate A D pathology. 

1.2.3.4 Oxidative stress in the AD brain 

The discovery of increased glucose-6-phosphate dehydrogenase activity in AD 

brains was the first report to indicate that oxidative stress may play an important role in 

A D (Martins et al, 1986). More recently, oxidative damage has been described as the 

earliest phenomenon in A D pathology (Nunomura et al, 2001), a notion that is 

substantiated by signs of increased oxidative stress in the brains of M C I cases (Pratico 

et al, 2002; Keller et al, 2005) and similar changes in peripheral antioxidant markers 

for both A D cases and subjects with M C I (Rinaldi et al, 2003). Thus, oxidative 

damage appears to be a prime suspect in triggering subsequent AD pathological events 

(Smith et al, 2005). Oxidative stress is caused by reactive oxygen species (ROS) such 

as superoxide free radicals, hydrogen peroxide and singlet oxygen. Reactive nitrogen 

species (RNS) such as nitric oxide (NO) and its metabolite peroxynitrite are also 

implicated. Whenever the rate of generation of these reactive molecules is not matched 

by sufficient availability of anti-oxidant enzymes such as superoxide dismutase (SOD), 

glutathione peroxidase, glutathione reductase and catalase oxidative stress can occur. 

For detailed recent reviews on mechanisms of oxidative stress in the brain see (Chong et 

al, 2005a; Chong et al, 2005b). 

The brain is particularly vulnerable to oxidative insults. It is the organ with the 

highest rate of oxygen consumption and unlike other organs the brain derives its energy 

almost exclusively from oxidative phosphorylation within mitochondria. This increases 

the chances of higher exposure to free radicals generated as a result of leakage of high 

energy electrons from the mitochondrial transport chain (Coyle and Puttfarcken, 1993). 

This risk is further increased by the fact that the brain contains high amounts of 

unsaturated fatty acids that are susceptible to attack by R O S (Sastry, 1985). A n 

imbalance in levels of redox-active metals such as iron, copper and zinc have been 

detected in the A D brain (Deibel et al., 1996; Cornett et al., 1998) and elevated levels of 
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these metals have been found in rims of A D senile plaques (Lovell et al, 1998) which 

supports the notion that these metals may play key roles in oxidative stress generation in 

A D (Perry et al, 2002; Huang et al, 2004). 

Furthermore, increased levels of lipid peroxidation endproducts 

malondialdehyde ( M D A ) and 4-hydroxy-2-nonenal (HNE) have been detected in the 

A D brain (Palmer and Burns, 1994; Markesbery and Lovell, 1998) and plasma 

(McGrath et al, 2001; Polidori and Mecocci, 2002). Increased oxidative damage of 

mitochondrial and nuclear deoxyribonucleic acid ( D N A ) has been detected in A D brain 

tissue, CSF and peripheral tissues such as fibroblasts and lymphoid cells (Mullaart et 

al, 1990; Boerrigter et al, 1992; Mecocci et al, 1994; Lovell et al, 1999; Wang et al, 

2005). Oxidative damage to ribonucleic acid (RNA) has also been observed in A D 

(Honda et al, 2005). R O S can also lead to protein modifications through introduction 

of carbonyl groups (aldehydes and ketones) into protein side-chains by site-specific 

mechanisms or through glycation or reactions with glycoxidation and lipid peroxidation 

products (Aksenov et al, 2001). Oxidative modification of proteins in A D has been 

extensively documented in the literature (Hensley et al, 1995; Smith et al, 1996; Lyras 

et al, 1997; Aksenov et al, 2001). Advanced glycation end products (AGEs) also form 

part of the oxidative modifications observed in A D brains (Smith et al, 1994; Munch et 

al, 1997), and may be implicated in further oxidative stress generation as reviewed by 

Munch and colleagues (Munch et al, 1997). 

1.2.3.4.1 Potential mechanisms of oxidative stress generation in AD 

Several studies on different antioxidant enzyme activities and levels in AD have 

reported variable findings (Marklund et al, 1985; Kato et al, 1991; Balazs and Leon, 

1994; Gsell et al, 1995; Marcus et al, 1998; Karelson et al, 2001). There is no overall 

consensus indicating decreased antioxidant levels or activities in A D brains. This 

suggests that an imbalance between pro-oxidant and antioxidant agents in the A D brain 

does not necessarily result from a tilt of the balance towards lower levels of antioxidant 

enzymes per se. Rather oxidative stress in A D may involve a shift towards increased 

generation of oxidative stress causing molecules. A number of hypotheses have been 

proposed to explain cell death through a myriad of complex mechanisms triggered by 

oxidative stress. 

Perhaps the most common postulate of oxidative stress generation in A D 

revolves around the A p peptide. Mass spectrometry and electron paramagnetic 

resonance spin trapping has been used to demonstrate that A p can generate free radicals 
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in aqueous solution that can in turn inactivate creatine kinase and glutamine synthetase 

enzymes (Hensley et al, 1994). A p generation of free radicals was shown to correlate 

strongly with the neurotoxic properties of this peptide (Harris et al, 1995). It has been 

suggested that A p may be a redox metal ion carrier (for example for Felll / Fell) and 

facilitate Fenton-type chemistry at plasma membranes (Rottkamp et al, 2001). The 

single methionine residue at position 35 of A p appears to play a central role in this 

oxidative process (Yatin et al, 1999; Varadarajan et al, 2001; Butterfield and Kanski, 

2002; Kanski et al, 2002). It has also been demonstrated that A p can disrupt 

mitochondrial respiration and inactivate cytochrome c oxidase, a-ketoglutarate 

dehydrogenase and pyruvate dehydrogenase activities (Casley et al, 2002). In addition, 

evidence from transgenic mice (with targeted neuronal over-expression of mutant 

human APP) indicates that A p can progressively accumulate in mitochondria and is 

associated with diminished activity of mitochondrial respiratory chain complexes III 

and IV (Caspersen et al, 2005). Furthermore, A p may bind the mitochondrial enzyme 

Ap-binding alcohol dehydrogenase ( A B A D ) with deleterious effects for mitochondrial 

complex IV (Takuma et al, 2005; Yan and Stern, 2005). Potential mechanisms of A p 

associated lipid peroxidation and oxidative modification of proteins are discussed by 

Butterfield and colleagues (Butterfield et al, 2002; Butterfield and Lauderback, 2002). 

Yet the story becomes more complicated if one considers that under certain 

circumstances A P also possesses antioxidant and neurotrophic properties. It exhibits 

SOD-like activity and when present in low concentrations it can prevent apoptosis in a 

corpus luteum model (Chan et al, 1999). At high concentrations, on the other hand, it 

promotes apoptosis, which may be a consequence of excessive hydrogen peroxide 

production overwhelming the C N S capacity to neutralize it through peroxidase activity 

(Chan et al, 1999). This may account for reports of increased A p levels and AD-like 

pathology in brain tissue of victims of traumatic brain injury (Ikonomovic et al, 2004), 

as the initial generation of A p may be a protective response that only leads to 

neurotoxicity if excess A p creates an imbalance between the amount of free radicals 

generated and antioxidant capacity. In addition, animal studies showed that co-injecting 

A p with iron into the brain led to less cell loss than when iron was injected by itself, and 

human Ap 4 2 but not rat Ap 4 2 was capable of attenuating iron toxicity, suggesting that in 

humans A p may protect against iron induced oxidative stress (Bishop and Robinson, 

2000; Bishop and Robinson 2003). Furthermore, it has been shown that monomeric A p 

can inhibit neuronal death induced by redox active metals, while oligomeric or 
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aggregated A p does not exhibit such neuroprotective activity (Zou et al, 2002). Thus it 

has been proposed that depending on concentration and environmental conditions, A p 

can act as both a pro-oxidant and antioxidant as well as a potential chelating agent to 

neutralize redox active metals such as iron by sequestering them in plaques, as reviewed 

by (Atwood et al, 2003; Lee et al, 2004). 

Evidence for mitochondrial dysfunction in A D stems primarily from reports of 

deficiencies in mitochondrial enzymes such as pyruvate dehydrogenase, a-ketoglutarate 

dehydrogenase and cytochrome c oxidase, which has been extensively documented and 

reviewed in the literature (Kish, 1997; Shoffner, 1997; Gibson et al, 1998; Blass et al, 

2000a; Bubber et al, 2005; Sullivan and Brown, 2005), suggesting that mitochondria 

may be involved in triggering apoptotic mechanisms leading to neuronal death. 

Likewise, P E T studies have been a consistent source of evidence for defective energy 

metabolism in A D (Minoshima et al, 1997; de Leon et al, 2001). One hypothesis of 

mitochondrial dysfunction in A D involves a proposed "mitochondrial spiral" (Blass, 

2000b) characterized by reduced brain metabolism, oxidative stress, and calcium 

dysregulation. Another intriguing hypothesis advocates a primary role for mitochondria 

in A D related oxidative mechanisms, with involvement of redox metals, reduced 

neuronal microtubule density and hypoperfusion as key elements leading to the 

generation of R O S (Hirai et al, 2001; Cash et al, 2002; Castellani et al, 2002; Aliev et 

al, 2003a; Aliev et al, 2003b; Perry et al, 2003; Aliyev et al, 2005). 

Hypoxia has been linked to generation of oxidative stress and mitochondrial 

dysfunction (Peng et al, 2003) and single-photon emission computed tomography 

(SPECT) studies provide evidence linking cerebral hypoperfusion to cognitive deficits 

in A D (Bartenstein et al, 1997; Hirsch et al, 1997). Mutations in the mitochondrial 

genes encoding subunits I and II of cytochrome c oxidase have also been found to 

segregate with late-onset AD (Davis et al, 1997) and it has been suggested that 

polymorphic variations in certain mitochondrial and nuclear genes could determine a 

basal rate of R O S production, resulting in cumulative damage, eventually leading to 

L O A D pathology (Swerdlow and Khan, 2004). These reports suggest a potential 

primary role for mitochondria in the generation of oxidative stress in A D . 

Very recently, H N E modification of tau has been linked to conformational 

changes of this protein associated with formation of NFTs (Liu et al, 2005b). Earlier, 

carbonyl modifications were demonstrated in NFTs in A D brain tissue (Smith et al, 

1996). Furthermore, it has been proposed that A G E s present in paired helical filaments 

may induce oxidative stress (Yan et al, 1994) which has been substantiated by the 
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observation that glycated tau can generate oxygen free radicals, leading to activation of 

transcription (via N F - K B ) , increased levels of A P P and A p (Yan et al, 1995). 

Combined these data indicate that tau, once modified by oxidative stress itself, is 

potentially able to further promote oxidative stress mechanisms. 

Microglia are scavenger cells and become activated as A p plaques evolve into 

neuritic plaques from amorphous deposits (Sheng et al, 1997) and fibrillar A p can 

stimulate microglial release of T N F a and inducible nitric oxide synthase (iNOS) which 

may increase sensitivity of neurons to free radical exposure (Weldon et al, 1998; 

Combs et al, 2001). A poE can be linked to inflammatory processes mediated by glial 

cells through its ability to influence A p deposition (Holtzman et al, 1999). 

Interestingly, apoE can also influence microglial expression of certain inflammatory 

markers such as T N F a (Laskowitz et al, 1997) and nitric oxide (Laskowitz et al, 

1998). Microglial activation by various stimuli appears to be modulated in an apoE 

isoform dependent manner with the E4 isoform being particularly effective (Barger and 

Harmon, 1997; Lombardi et al, 1998). Estrogen has been shown to potentiate A P 

uptake by microglia (Li et al, 2000a). A G E s have been implicated in stimulation of 

iNOS production by microglia (Wong et al, 2001b), an effect that could be reversed by 

application of membrane permeable antioxidants including 17P-estradiol (Wong et al, 

2001a). Hypoperfusion and ischemic events have been shown to lead to activation of 

microglia in a wide range of in vivo and in vitro systems (McRae et al, 1995; 

Bernaudin et al, 1998; Li et al, 1998; Abraham et al, 2001; Gamier et al, 2001; 

Yenari and Giffard, 2001; Park et al, 2002; Kim et al, 2003; Farkas et al, 2004). Thus 

microglia also appear to play an important role in oxidative stress related events 

observed in the A D brain. 

Apart from its link to microglia, ApoE has also been implicated with oxidative 

mechanisms in A D in a number of different ways. ApoE has been shown to possess 

antioxidant activity in an isoform specific manner with E2 > E3 > E4 (Miyata and 

Smith, 1996; Tamaoka et al, 2000) and with the E4 isoform predisposing to greatest 

vulnerability to A p induced oxidative stress (Lauderback et al, 2002). A p o E deficiency 

can lead to increased oxidative damage in the brain as demonstrated in A p o E deficient 

mice (Shea et al, 2002). Furthermore, levels of lipid oxidation in frontal cortex tissue 

from A D cases carrying APOE s4 were higher than in A D cases without this allele or in 

control cases (Ramassamy et al, 1999). It has also been shown that the presence of 

apoE4 appears to alter patterns of borohydrate-reducible and pyrrole HNE-protein 
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adducts in A D brain tissue (Montine et al, 1997; Montine et al, 1998; Shea et al, 

2002). A study on synaptosomes from knock-in mice for the three most c o m m o n 

human isoforms of apoE showed that A p induced oxidative damage was greatest in the 

presence of the apoE4 allele (Lauderback et al, 2002). Synaptosomes from apoE 

deficient mice displayed increased levels of oxidative stress, mitochondrial dysfunction 

and caspase activation (Keller et al, 2000) and greater oxidative modification of 

proteins and lipids (Lauderback et al, 2001). Finally, ApoE4 also appears to modulate 

peripheral oxidative stress mechanisms, as evidenced by changes in peripheral plasma 

and erythrocyte oxidative stress markers in the presence of this allele (Fernandes et al, 

1999). The above studies provide evidence for a direct (endogenous antioxidant 

capacity) and indirect (for example through microglial activation and A p mediated 

effects) isoform specific modulatory effect of apoE on oxidative mechanisms in the A D 

brain. 

A recent study showed that among A D patients, female sufferers exhibited an 

up-regulation of S O D and glutathione peroxidase as well as higher levels of H N E 

(Schuessel et al, 2004). This gender difference in oxidative stress parameters suggests 

that sex hormones may play a role in oxidative mechanisms in A D . In vitro 

experiments with primary hippocampal neurons or organotypic slice cultures showed 

that estradiol could attenuate A p or FeS04 induced lipid peroxidation and oxidative 

damage caused by oxygen-glucose deprivation (Goodman et al, 1996; Gridley et al, 

1997; Keller et al, 1997; Cimarosti et al, 2005). The mechanism of free radical 

scavenging by estrogen appears to be estrogen receptor independent as inhibition of this 

receptor (by tamoxifen) did not abrogate this effect (Culmsee et al, 1999). 

Furthermore, not only 17P-estradiol but also its non-estrogenic stereoisomer, 17a-

estradiol as well as some estradiol derivatives were effective at preventing intracellular 

peroxide accumulation and neuron degeneration (Behl et al, 1997). It has been 

proposed that this estrogen receptor independent mechanism may be due to the presence 

of a hydroxyl group in the C3 position on the A ring of estradiol (Behl et al, 1997). 

Thus, decreased estrogen levels after menopause may contribute towards increased 

oxidative stress in the brain which may constitute a risk factor for the development of 

A D pathology. 

Evidence also exists to implicate dietary and lifestyle factors as contributors to 

oxidative stress in the brain. Homocysteine has been shown to potentiate A p toxicity in 

neuroblastoma cells and the effect can be reversed by the antioxidant vitamin E and the 

glutathione precursor Af-acetyl-L-cysteine ( N A C ) (Ho et al, 2001). Vitamin E was also 
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shown to attenuate lipid peroxidation and reduce the decrease in activities of antioxidant 

enzymes in a rat model in situations when the vitamin was administered both prior and 

subsequent to induction of stress caused by immobilization and deprivation of food and 

water (Zaidi and Banu, 2004). The antioxidant a-lipoic acid was shown to protect rat 

cortical neurons against A p and hydrogen peroxide induced cell death (Zhang et al, 

2001). It has also been demonstrated in a rat model that dietary supplementation of iron 

and copper can lead to increased levels of these metals in sub-cortical regions of the 

brain where the metals appear to be sequestered in astroglial mitochondria transforming 

them into "iron-laden, cytoplasmic inclusions" (Borten et al, 2004). This provides 

further evidence for involvement of mitochondria in oxidative stress generation in A D 

when redox metal concentrations are elevated in the brain (Deibel et al, 1996; Cornett 

et al, 1998; Lovell et al, 1998). 

T w o phenomena that can lead to neuronal death in A D and are linked to 

oxidative stress are loss of synaptic plasticity and neuronal re-entry into the cell cycle. 

Tubulin modification by quinines can lead to microtubule disruption, which would have 

a deleterious effect on long-term potentiation (LTP) and synaptic plasticity (Serrano and 

Klann, 2004; Santa-Maria et al, 2005). Cytoskeletal alterations can also be a sign of 

neuronal re-entry into the cell cycle. Signs of cell cycle induction in clinical specimens 

from A D cases include increased expression of cell cycle regulators PI6 and cyclin-

dependent kinase (CDK) 4 in the hippocampus (McShea et al, 1997), as well as 

expression of proliferating cell nuclear antigen (PCA), cyclins D and Bl and C D K 4 in 

various regions of the A D brain, specifically at sites of neuronal injury (Busser et al, 

1998). Recently, it has been proposed that a relationship between oxidative stress and 

mitotic abnormalities can provide a good model to explain AD neuropathology (Zhu et 

al, 2004). Cell cycling events can also be potentiated by the presence of A G E s (Satoh 

et al, 1997; Munch et al, 2003). Inflammation, oxidative stress, neuronal plasticity 

and cell cycle re-entry events in A D are of particular relevance for this project and a 

brief overview of the potential interplay between these mechanisms is provided in 

Figure 1.3. 
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Figure 1.3 Potential interplay between various mechanisms leading to oxidative 
stress in A D : Putative interactions between oxidative, inflammatory and 
environmental events contributing towards common manifestations of oxidative nucleic 
acid, lipid and protein modifications in A D and leading to neuronal damage and demise. 

25 



Chapter 1 (Biological Markers in A<D: Review of the Literature 

1.3 Molecular Biology of A D 

Most research into A D pathology has centered around the two hallmark 

histopathological lesions of A D , the NFTs and A p deposits. Both manifestations 

require equal consideration and careful investigation. Ultimately the complex etiology 

of A D (in particular for sporadic forms of the disease) cannot be satisfactorily explained 

by any hypothesis that neglects either of these two phenomena or the observed 

neurochemical changes, neuronal loss, inflammatory and oxidative mechanisms. To 

date, a number of genetic and environmental factors have been implicated in various 

forms of A D pathology. The current project has investigated both sporadic forms of 

A D and A D linked to inheritance of mutations in the gene coding for PSI. Thus both 

genetic and environmental factors are an important consideration in this study. 

1.3.1 Genes and proteins in AD pathology 

Twin (Raiha et al, 1996) and family studies (Heston et al, 1981; Heston, 1986; 

Heston and Morris, 1986; Heston, 1989; Raiha et al, 1996) as well as an apparent 

association between A D and D S (Heston, 1982; Heston, 1984; Cutler et al, 1985) 

revealed that genetic factors contribute towards the risk for development of AD. There 

are now four genetic loci that are established causative or risk factors for AD. As 

mentioned previously in Section 1.1.1 these are APOE (risk factor for A D ) and the APP, 

PS 1 and PS2 genes, mutations in which are linked to E O F A D . Collectively, E O F A D 

cases associated with mutations in APP, PS 1 and PS2 only make up approximately 5-

1 0 % of all A D cases (Haass, 1996; Lendon et al, 1997). The vast majority of A D cases 

are sporadic in origin or associated with APOE genotype. A brief summary of the 

effects of the different genes is provided in table 1.3 and individual genes and their 

protein products are discussed below. 
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Table 1.3: Established genetic factors in AD. 

Gene 

APOE 

APP 

PSI 

PS2 

Chromosomal 
Locus 

19ql3.2 

21q21 

14q24.3 

lq42.1 

*OMIM 
Citation 

107741 

104760 

104311 

600759 

Type of 
Defect 

Polymorphisms 
(isoforms / expression) 

Autosomal dominant 
mutations (>20) 

Autosomal dominant 
mutations (>140) 

Autosomal dominant 
mutations (>10) 

Age of 
AD onset 

>50 years 

40-65 years 

25-60 years 

45-84 years 

Major effects 
in AD 
t A P plaques 
+ CAA 

t total A p or 

tAp42 

tAp42 

tAp42 

* O M I M = Online Mendelian Inheritance in M an 
(John Hopkins University, http://www.ncbi.nlm.nih.gov/entrez/query/fcgi?db=OMIM) 

Mutations of APP, PSI and PS2 genes can be found listed in the Alzheimer Disease & 
Frontotemporal Dementia Mutation Database ( A D & F T D M D ) , maintained by Marc 
Cruts and Roos Rademakers, at http://www.molgen.ua.ac.be/ADMutations/ 

Table was modified from Selkoe, 1999, p 301 and Veurink, et al. 2003, p 641. 

1.3.1.1 Apolipoprotein E 

APOE allelic polymorphism remains the most prevalent risk factor associated 

with late-onset A D and some familial forms of AD with up to 5 0 % of the risk for A D 

attributed to APOE genotype (Strittmatter et al, 1993a). The APOE gene has been 

mapped to position ql3.2 of chromosome 19 (Lin-Lee et al, 1985; Das and Potter, 

1995). Isoelectric focusing and two-dimensional electrophoresis (2DE) experiments 

explored and defined the polymorphic nature of apoE to reveal three major isoforms in 

humans denoted as apoE2, apoE3 and apoE4 which are products of the s2, E3 and s4 

alleles respectively at the single gene locus on chromosome 19 (Utermann et al, 1980; 

Zannis and Breslow, 1981). Amino acid sequence analysis of the three major isoforms 

determined that single amino acid substitutions at positions 112 and 158 (arginine vs 

cysteine) accounted for their differences in structure and functional properties, such as 

differential preferences in lipoprotein binding (Rail et al, 1982a; Rail et al, 1982b; 

Weisgraber, 1994). ApoE2 is the rarest isoform and contains cysteine residues at both 

sites, while the most common isoform, E3, has a cysteine at position 112 and arginine at 

158, and the E4 isoform contains arginines at both positions (see Figure 1.4). 
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• Gene: 19ql3.2, 3597 base pairs (bp) 
. mRNA: 1163 bp 
• Protein: 299 amino acids (aa) 

f 
5' 

44 bp 760 bp 66 bp 1092 bp 
Exon 1 Intron 1 Exon 2 Intron 2 

193 bp 582 bp 
Exon 3 Intron 3 

ApoE2 

ApoE3 

ApoE4 I 

Figure 1.4 Apolipoprotein E gene (APOE): APOE gene structure and coding position 
for two amino acids (aa) distinguishing three different AD-related isoforms (modified 
from Pericak-Vance and Haines, 1995). 

The mature secreted apolipoprotein E (apoE) protein (299 amino acids, 34.2 

kDa) is synthesized in a number of organs, with the largest source being the liver and 

the second largest concentration of apoE found in brain tissue (Driscoll and Getz, 1984; 

Elshourbagy et al, 1985; Paik et al, 1985; Williams et al, 1985; Lin et al, 1986). 

ApoE transports lipids (in particular cholesterol) around the body, for example from 

sites of synthesis to sites of excretion (liver). It also plays an important role in 

redistribution of lipids locally within a tissue during normal cholesterol homeostasis and 

particularly during events of injury and repair. For a review on apoE function see 

(Mahley, 1988). Clearance of lipoproteins by the liver is mediated by apoE interaction 

with the low-density lipoprotein (LDL) family of receptors such as the L D L receptor 

(Hui et al, 1986; Lalazar et al, 1988), very low density lipoprotein (VLDL) receptor 

(VLDLR) (Ruiz et al, 2005), apoE receptor 2 (apoER2) (Kim et al, 1996) and the L D L 

receptor-related protein (LRP) (Beisiegel et al, 1989). 

In the C N S , apoE is mainly produced and secreted by astrocytes (Boyles et al, 

1985; Pitas et al, 1987a), but apoE expression has also been reported in microglia 

(Nakai et al, 1996). Apart from being detected in the brain apoE is also a major 

apolipoprotein in CSF (Pitas et al, 1987b). ApoE receptors such as the L R P receptor 

(Bu et al, 1994) have been detected in the brain, with apoER2 showing predominant 

expression in the C N S (Kim et al, 1996). A recent study on apoE knock-out mice and 
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mice with human apoE isoforms showed that both levels of the apoE protein and APOE 

genotype markedly affected sulfatide levels in the brain cortex and CSF (Han et al, 

2003). Combined with the observation that apoE can affect neurite outgrowth (Nathan 

et al., 2002) and astrocyte generation of this protein is transiently increased after acute 

brain injury (Mouchel et al, 1995) these findings suggests that apoE may be involved in 

C N S lipid homeostasis, and may thus play an important role in neurite outgrowth and 

repair and re-organization of the cytoskeleton for maintenance of synaptic plasticity. 

Numerous lines of evidence link ApoE to A D pathology. The APOE c4 allele is 

over-represented, and thus associated with increased risk, in both familial and sporadic 

A D (Poirier et al, 1993; Saunders et al, 1993; Strittmatter et al, 1993a; Martins et al, 

1995a). For a meta-analysis of APOE genotype and allele frequencies in A D and from 

various ethnic populations see (Farrer et al, 1997). A gene dosage effect on A D risk 

and age of onset has also been detected, whereby homozygosity for APOE e4 leads to a 

greater risk and earlier onset of the disease than heterozygosity, which in turn confers a 

greater risk and earlier age of onset than complete absence of the c4 allele (Corder et al, 

1993). Several studies have reported an increase in amyloid plaque density (Rebeck et 

al, 1993; Schmechel et al, 1993; Zubenko et al, 1994) and C A A (Greenberg et al, 

1995; Premkumar et al, 1996) correlating in a gene dosage dependent manner with the 

APOE e4 allele. Immunohistochemical analysis has shown that apoE can co-localize 

with both senile plaques and NFTs in human A D brains (Namba et al, 1991). 

In A D mouse models the presence of ApoE was shown to be of importance for 

A p plaque formation, with the E4 isoform resulting in highest plaque density (Bales et 

al, 1997; Bales et al, 1999; Holtzman et al, 2000). Initial investigation of apoE 

binding to A P revealed that delipidated apoE4 purified from human plasma quickly 

formed S D S stable complexes with A p (within five minutes of incubation time) while 

apoE3-AP complex formation required an incubation of at least two hours (Strittmatter 

et al, 1993b). However, an independent analysis showed that delipidation and 

denaturation could alter apoE binding behaviour (LaDu et al, 1995). Native apoE2 and 

E3 isoforms bound A P better than the E4 isoform (LaDu et al, 1995; Yang et al, 

1997), which is in line with the notion that apoE4 may have impaired A p clearance 

capability, thus increasing the risk for A D development (Yang et al, 1997; Yang et al, 

1999). 

ApoE4 has also been shown to reduce neurite outgrowth and neuronal 

microtubule numbers and promote microtubule polymerisation (Nathan et al, 1995), as 
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well as promoting tau hyperphosphorylation in a transgenic mouse model (Tesseur et 

al, 2000). This may lead to aberrant synaptic remodelling and may underlie the 

tendency for higher fatality rates in E 4 individuals suffering traumatic brain injury 

(Horsburgh et al, 2000). Furthermore, apoE is involved in oxidative and inflammatory 

events, exhibits antioxidant properties and capability to activate microglial cells (with 

the E4 isoform showing least antioxidant capacity and highest propensity for microglial 

activation) as discussed in Sections 1.2.3.4.1. and 1.2.3.3. 

Elevated levels of apoE, independent of APOE genotype have also been 

observed both in the periphery (Taddei et al, 1997) and brain tissue (Pirttila et al, 

1996; Laws et al, 2002a) of A D cases and may be implicated in A D pathology. It is 

possible that in some instances these observations may be attributable to the presence of 

polymorphisms in the promoter region of the APOE gene. One example (of several 

promoter polymorphism investigated by a number of studies) includes the APOE -

491A/T promoter polymorphism. The A/A genotype has been associated with 

increased risk for A D in Caucasian populations from Spain, the U S A and Australia 

(Bullido et al, 1998) Another study showed that the APOE -491 A/A genotype was 

associated with A D as well as with raised plasma apoE levels in an Australian cohort 

(Laws et al, 1999). Thus, both APOE genotype and apoE levels appear to play 

important roles in the development of A D pathology. 

1.3.1.2 Amyloid Precursor Protein 

A P P is the parent molecule that gives rise to the A p peptide (see Section 

1.2.2.2.2) and mutations in the A P P were also the first to be associated with E O F A D . 

The 19-exon gene coding for A P P is mapped to chromosome 21 which may account for 

increased A p deposition and development of early-onset A D forms in D S cases with 

trisomy 21 (where that particular region of the gene occurs in triplicate) (Patterson et 

al, 1988; Rumble et al, 1989). A P P is a type I transmembrane glycoprotein with a 

large ectodomain, small cytoplasmic region and a transmembrane domain. The 

extracellular domain is further subdivided into a glycosylated domain (with a growth 

promoting and heparin-binding region), a cysteine domain (with binding sites for 

heparin and zinc) and an acidic domain (rich in glutamate, aspartate and threonine 

residues ) (Kang et al, 1987). Complex post-translational modification takes place, 

including N- and O-linked glycosylation, phosphorylation and sulfation (Selkoe et al, 
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1988; Weidemann etal, 1989; Oltersdorf etal., 1990; Selkoe, 1993; Hung and Selkoe, 

1994; Walter etal, 1997). 

Alternate splicing of exons seven, eight and fifteen leads to the generation of at 

least six different isoforms of A P P (see Figure 1.5). The 770 amino acid full-length 

A P P (APP77o) as well as APP75i and APP714 (lacking exon 8 and 7 respectively) are 

predominant in glial cells, while APP695 that lacks both exons 7 and 8 is the major form 

of A P P produced by neurons (Kitaguchi et al, 1988; Ponte et al, 1988; Rohan de Silva 

et al, 1997). The 56 amino acid sequence encoded by exon 7 (that is lacking in APP695) 

represents a domain homologous to the Kunitz family of serine protease inhibitors 

(KPI). A P P species containing the KPI group include APP770, APP75i and APP7i4 

(Kitaguchi et al, 1988; Ponte et al, 1988). A P P isoforms are expressed in a wide 

variety of tissues with the KPI + forms (also known as protease nexin-2) abundant in 

brain and platelets (Van Nostrand et al, 1991a; Van Nostrand et al, 1991b). Altered 

expression of different isoforms in various brain regions has been reported in A D 

(Johnson et al, 1988; Palmert et al, 1988; Tanzi et al, 1988). This may be of interest 

as it has been hypothesized that the KPI domain may exert an auto-regulatory function 

on A P P processing by controlling proteolytic events near the cell membrane (Li et al, 

1995). 

APPs domain / Ectodomain 

Cysteine Acidic 
Domain Domain 

N 

Spliced Exons 

Izinc Binding Domain (Within Exon 5) 

I Copper Binding Domain (Within Exon 4) 

Heparin Binding Domain (Within Exons 3 & 9) 

Exon 7 

KPI Domain 

Exon 8 

MRC OX-2 

TM = Transmembrane Domain 

CD = Cytoplasmic Domain 

Figure 1.5 Schematic illustration of the A P P structure and its domains: The A P P 
molecule has three major domains, the ectodomain, transmembrane domain (TM) and 
cytoplasmic domain (CD). The ectodomain is further subdivided into a cysteine rich 
domain, which contains binding sites for heparin, zinc and copper, as well as an acidic 
domain and a glycosylated domain that also contains a heparin-binding site. Different 
A P P isoforms are generated by the alternative splicing of exons 7, 8 and 15. (Modified 

from Boyt et al., 2000; Figure 1). 
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A P P processing is a highly regulated event involving specific protease action. 

T w o major proteolytic pathways for A P P metabolism have been extensively studied and 

both occur under normal physiological conditions, but in A D an imbalance between the 

two pathways may contribute towards A p overproduction and deposition. These 

include the amyloidogenic pathway that leads to liberation of the A p peptide and the 

non-amyloidogenic pathway that precludes A p generation. The latter can occur at the 

cell surface or within intracellular secretory pathways and involves the action of two 

proteases. First, A P P is cleaved by a protease termed a-secretase at residue 16 within 

the A P domain, releasing the soluble ectodomain (sAPPct). Subsequently, the 

remaining 83 amino acid fragment (a-C83 stub) is further cleaved by y-secretase at the 

C-terminal end of the A p domain to yield the non-amyloidogenic p3 and p7 fragments. 

In contrast, the amyloidogenic pathway involves cleavage of full-length A P P by P-

secretase at position one of the A p domain which generates a truncated version of the 

soluble ectodomain (sAPPp) as well as the 99 amino acid 'P-C99 stub'. The p-C99 stub 

contains the intact A p domain, which is liberated through the action of y-secretase that 

also releases the A P P intracellular domain (AICD). The two most c o m m o n forms of 

AP, Ap 4 0 and the more amyloidogenic (and major constituent of senile plaques) Ap42, 

are generated through cleavages at positions 40 and 42 of the A p domain respectively. 

These A P P processing events are illustrated in Figure 1.6. 

A n enormous body of research has contributed towards elucidating the above 

summarized proteolytic cleavage mechanisms, including (but not limited to) the 

following selection of early studies: (Esch et al, 1990; Sisodia et al, 1990; Haass et al, 

1992; Sambamurti et al, 1992; Seubert et al, 1992; Shoji et al, 1992; Haass et al, 

1993; Seubert et al, 1993). Several reviews also comprehensively illustrate the 

mechanisms involved (Haass and Selkoe, 1993; Selkoe, 1993; Storey and Cappai, 1999; 

Boyt et al, 2000; Racchi and Govoni, 2003; Verdile et al, 2004a). 
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A I C D = A P P intracellular domain sAPPot = secreted a-secretase cut APP fragment 

TM = Transmembrane domain sAPPP = secreted p-secretase cut APP fragment 
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Figure 1.6 APP processing by secretases and Ap generation: APP is mainly 
processed by two competing proteolytical pathways. (A) The non-amyloidogenic 

pathway precludes A P generation. Processing occurs via a-secretase, which cleaves 

within the A P domain (red) of A P P (blue) to release secreted A P P fragments (sAPPa) 

and prevent formation of intact Ap. The C-terminal proteolytic products are further 

cleaved by y-secretase to yield non-amyloidogenic fragments (p3 and p7). (B) The 
alternative pathway is amyloidogenic. In this scenario BACE-1 cleaves near the N-

terminus of the A p domain to generated sAPPp. This is followed by liberation of the 

intact A P peptide (ending at residue 40 or 42) by y-secretase cleavage at the C-terminal 

end of the A p domain. In A D , the major forms of the A p peptide in plaques are the 42, 
followed by 40 amino acid residue species. 28 of these residues are extracellular while 

the rest reside within the transmembrane (TM) domain. A p has a tendency to self-
aggregate and polymerize which is thought to be potentiated by a run of hydrophobic 
amino acids (bracket with arrows) within the T M domain region of this peptide. 
Enzymatic cleavage sites are indicated by arrows (Part of this schematic is adapted from 
Martins et al, 1991, Figure 1). 

There are at least two plausible candidates for the role of a-secretase. Both are 

members of the disintegrin and metalloprotease ( A D A M ) family and include its 

prototypal member, the T N F a converting enzyme (TACE, A D A M - 1 7 ) (Buxbaum et al, 

1998) as well as A D A M - 1 0 (Buxbaum et al, 1998; Lammich et al, 1999; Skovronsky 

et al, 2000; Kojro et al, 2001). More recently, the enzyme initiating amyloidogenic 

cleavage of APP, originally referred to as p-secretase, has been isolated, cloned and 

sequenced by a number of research groups. It has been identified as an aspartic protease 

and has been termed beta site A P P cleaving enzyme (BACE-1, also known as Asp 2 and 

Memapsin 2) (Hussain et al, 1999; Sinha et al, 1999; Vassar et al, 1999; Yan et al, 

1999; Lin et al, 2000). A homologue of BACE-1, BACE-2, has also recently been 

identified and mapped to chromosome 21 (Yan et al, 1999; Solans et al, 2000), 

however its binding kinetics and putative role in A P P processing remain to be clarified. 

O n the other hand, y -secretase activity requires an interaction of at least four proteins: 

PSI, nicastrin, APH-1 and PEN-2, as reviewed by (De Strooper, 2003; Edbauer et al, 

2003) and discussed further in Section 1.3.1.4.1. Interestingly, a presence of the y-

secretase complex was recently reported in mitochondria (Hansson et al, 2004) which 

led to suggestions that A p may have may have physiological function in antioxidant 

defence mechanisms (Teng and Tang, 2005), see also Section 1.2.3.4. 

Different A P P isoforms may have a variety of functions based on their 

individual structures and molecular domains. With respect to that, proposed functions 

include a role in metal ion homeostasis, neuroprotection, regulation of neurite 

outgrowth and synaptic plasticity as well as cell proliferation, differentiation and 
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survival, and for the KPI isoforms, serine protease inhibition may indicate a regulatory 

role in blood coagulation as reviewed by (Storey and Cappai, 1999; Boyt et al, 2000). 

Mutations in A P P are associated with E O F A D . Linkage analysis for a number 

of families with early onset A D pointed towards chromosome 21, and several mutations 

were discovered in the A P P gene (Chartier-Harlin et al, 1991; Goate et al, 1991; 

Murrell et al, 1991). Over 20 F A D linked mutations have been detected in the A P P 

gene so far. Mutations are listed in the A D & F T D M D B , maintained by Marc Cruts and 

Roos Rademakers, and information can be viewed online at 

http://www.molgen.ua.ac.be/ADMutations/. Most A P P mutations are located in regions 

flanking the A P peptide, leading to increased overall production of A P or specific 

increase in Ap42. However, mutations in A P P are comparatively rare, accounting for 

only around 1-3% of E O F A D (Haass, 1996). 

In sporadic A D forms where mutations are not at the origin of increased A P 

production, complex mechanisms of more subtle regulation of A P P levels deserve 

consideration. A range of molecular mechanisms contributes to the regulation of APP. 

While normal cellular metabolism includes processing of A P P to produce both A P and 

sAPPa (Haass et al, 1992; Seubert et al, 1992; Shoji et al, 1992), a range of other 

molecular mechanisms can contribute to the regulation of A P P with possible 

implications for A p generation. Phosphorylation events (of A P P processing enzymes) 

and intracellular signalling pathways involving various kinase systems such as cyclic 

AMP-dependent protein kinase, tyrosine kinase, mitogen-activated protein kinase and 

phosphatidyl inositol 3 kinase have been implicated in altered levels of A P P metabolic 

fragments, in particular the sAPPa species. Cholinergic factors as well as steroid 

hormones, luteinizing hormone (LH), insulin, cholesterol, various cytokines and growth 

factors have been shown to affect these signalling cascades and alter A P P processing 

and levels of A P generation. For detailed reviews on regulation of A P P processing 

through phosphorylation and other mechanisms see (Rossner et al, 1998; Racchi and 

Govoni, 2003). 

1.3.1.3 The Ap peptide 

The 4 kDa A p molecule with a propensity for self-aggregation, has been the 

focus of intense research ever since its identification. Observations that mutations in 

genes linked to E O F A D lead to increased generation of Ap, and the presence of A p 

deposits in D S brains with trisomy 21, gave rise to one of the leading hypotheses of A D 
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pathology, "the amyloid cascade hypothesis", which implicates an imbalance between 

A p generation and clearance as a major cause of neuronal dysfunction and death in A D , 

as reviewed by (Racchi and Govoni, 2003; Verdile et al, 2004a). Effects of A p on 

microglial activation and release of pro-inflammatory cytokines, A p induced 

mitochondrial disturbances and generation of oxidative stress are hypothesized to lead 

to tau hyperphosphorylation and aggregation culminating in neuronal loss, as discussed 

in Sections 1.2.3.3. and 1.2.3.4 and reviewed in (Verdile et al, 2004a). 

However, under certain conditions, A p also exhibits antioxidant and 

neuroprotective properties (see Section 1.2.3.4). Therefore, the role of A P in A D 

pathology is by no means unequivocally determined. Further investigation is necessary 

to fully elucidate which species of A p (monomers, soluble oligomers, fibrils, deposited 

aggregates) have physiologically beneficial vs toxic functions, and whether 

overproduction may be the key initiator of pathological events or a beneficial product of 

defence mechanisms (at least for sporadic A D cases) that may become 'an irritant' and 

exacerbate the underlying condition when present in too high doses. It is likely that 

pharmacological intervention targeting A p will provide some answers to clarify whether 

decreasing brain A p levels can improve cognitive function, whether such intervention 

will exacerbate A D pathology, or whether stringent control of A P production, 

aggregation and clearance mechanisms (potentially through combinations of therapeutic 

approaches) may offer the greatest benefit. 

1.3.1.4 The presenilins 

Since A P P mutations were found to account for only a small percentage of 

E O F A D cases, the search for additional loci continued. Linkage analysis on E O F A D 

pedigrees and positional cloning led to the discovery of mutations in the gene coding for 

presenilin 1 (PSI, originally termed SI82), located on chromosome 14 (Sherrington et 

al, 1995). A second candidate E O F A D gene was discovered in a Volga German group 

of related kindreds, this time on chromosome 1, and it was termed presenilin 2 (PS2, 

initially known as S T M 2 ) (Levy-Lahad et al, 1995a; Levy-Lahad et al, 1995b; Rogaev 

et al, 1995). The PSI and PS2 gene structures are similar, with both genes comprising 

13 exons, exons 3-12 of which are coding exons, and both genes undergo alternate 

splicing (Clarke et al, 1995; Prihar et al, 1996). The presenilin proteins show 

approximately 6 3 % overall amino acid sequence identity (Levy-Lahad et al, 1995a; 

Levy-Lahad et al, 1995b; Rogaev et al, 1995; Sherrington et al, 1995). PSI and PS2 
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consist of 467 and 448 amino acids (-45 kDa and -55 kDa) respectively. Both are 

predicted to contain 8-10 hydrophobic domains (with up to 95% amino acid sequence 

conservation between PSI and PS2), at least 8 of which are proposed transmembrane 

domains (TM), with TM6 and TM7 connected through an acidic loop of relatively low 

conservation and variable length (Rogaev et al, 1995; Sherrington et al, 1995; Doan et 

al, 1996; Li and Greenwald, 1996; Li and Greenwald, 1998). For an illustration of the 

PSI protein see Figure 1.7. 

Figure 1.7 Presenilin 1 protein structure: Proposed structure of presenilin 1 protein 
with eight transmembrane domains and the N-terminus, C-terminus and hydrophilic 
loop residing within the cytoplasm. Red residues indicate point mutations, insertions or 
deletions linked to familial A D (FAD). Large yellow amino acids depict two aspartic 

acid residues that may be of importance for y-secretase activity. Red residues with 
green frame highlight those F A D mutations found in Australian pedigrees. Amongst 
these are PSI mutations Q222H and M233T, which are two of the PSI mutations 
investigated in the current study. The site of proteolytic cleavage by presenilinase is 
indicated by the arrow. The schematic was modified from Brunkan and Goate, 2005 

(Figure 1.3, page 772). 

Both holoproteins undergo endoproteolysis within the acidic loop by a putative 

enzyme called presenilinase. This creates separate N-terminal (NTF) and C-terminal 

(CTF) fragments (NTF for PSI = 27-28 kDa, for PS2 = 35kDa; C T F for PSI = 17-18 

kDa, for PS2 = 20 kDa) that both become integrated in a stable heterodimeric complex 
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(Rogaev et al, 1995; Sherrington et al, 1995; Doan et al, 1996; Li and Greenwald, 

1996; Mercken et al, 1996; Thinakaran et al, 1996; Ward et al, 1996; Capell et al, 

1997; Hendriks et al, 1997; Podlisny et al, 1997; Ratovitski et al, 1997; Capell et al, 

1998; Thinakaran, 2001). This complex is thought to contain the functional moieties of 

PSI or PS2, since mutation of two conserved aspartate residues abrogates both PSI 

cleavage and y-secretase activity (Yu et al, 2000a). It has recently been shown that 

cleavage of the presenilins may involve the y-secretase complex constituent PEN-2 

directly, and Aph-1 in a regulatory fashion (Luo et al, 2003). 

Apart from the brain, the presenilins also appear to be expressed in a wide 

variety of peripheral tissues such as heart, liver, kidneys, lung, pancreas, skeletal muscle 

and testes as determined by Northern and Western blot analyses (Levy-Lahad et al, 

1995a; Rogaev et al, 1995; Sherrington et al, 1995; Levy-Lahad et al, 1996; Rogaev 

et al, 1997). In the brain presenilins are predominantly expressed in neurons with some 

expression also observed in glial cells (Cook et al, 1996; Kovacs et al, 1996; Lah et 

al, 1997). Intracellular localization includes primarily the endoplasmic reticulum (ER), 

as well as Golgi apparatus and ER-Golgi intermediate compartment (ERGIC) (Cook et 

al, 1996; Kovacs et al, 1996; Walter et al, 1996; Culvenor et al, 1997; D e Strooper et 

al, 1997). 

Over 140 pathogenic missense mutations have so far been reported for PSI and 

more than 10 for PS2 (a current list of PSI and PS2 mutations can be 

viewed at the A D & F T D M D , curators Marc Cruts and Roos Rademaker, 

http://www.molgen.ua.ac.be/ADMutations/). PSI is considered the major locus for 

E O F A D with around 5 0 % of cases attributed to mutations in this gene (Hutton et al, 

1996). Unlike PS2 mutations which show incomplete penetrance, pathogenic mutations 

in PSI show almost 100% penetrance (Tanzi et al, 1996; Lendon et al, 1997). 

Incidentally, Auguste D (Dr Alzheimer's landmark case that marked the beginning of 

research into this disease) was shown to have an APOE genotype of e3/ e3 (Graeber et 

al, 1998). With an age of onset in the early fifties and rapid progression of the disease, 

it is, therefore tempting to speculate that she may have been suffering from a familial 

form of AD caused by either APP or PSI mutations. A family history would provide 

clues with regard to the likelihood of E O F A D . 

PSI mutations tend to lead to earlier ages of onset and smaller age ranges 

compared to PS2 mutations (Lendon et al, 1997) (also see Table 1.4). One PSI 

mutation (Tyr256Ser) in a Swiss E O F A D patient led to an age of onset of 25 years (and 

age at death of 28 years), which is among the earliest ages of onset reported to date 
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(Miklossy et al, 2003). T w o mutations detected in Australian pedigrees and 

characterized by our research group are the Q 2 2 2 H and M 2 3 3 T mutations, with ages of 

onset generally in the low to mid forties and at below 35 years of age respectively 

(Kwok et al, 1997; Miklossy et al, 2003). Mutations with particularly early ages of 

onset and rapid progression of pathology emphasize the importance of the role of 

presenilins (particularly PSI) in A D . The Q222H and M 2 3 3 T mutations, among others, 

are included in studies of the current project. While the majority of PSI mutations are 

missense mutations (single amino acid substitutions), one mutation involves the loss of 

exon 9 (due to destruction of a splice acceptor site) resulting in removal of the protease 

cleavage site and absence of N- and C-terminal fragments (Perez-Tur et al, 1995; 

Thinakaran et al, 1996). This mutation, termed delta 9 (A9), and the R278T mutation 

have been associated with a variant form of A D that includes signs of spastic 

paraparesis (Kwok et al, 1997; Verkkoniemi et al, 2000). 

PSI and PS2 mutations have functional consequences as pathogenic mutations 

in both genes result specifically in elevated levels of the longer and more amyloidogenic 

form of Ap, Ap42. Since functional overlap has been observed for PSI and PS2, with 

PSI being essential and PS2 showing redundancy for certain functional attributes 

(Herreman et al, 1999), further discussion will focus mainly on PSI. Increased levels 

of A p were first reported for fibroblasts from patients with the PSI mutation A246E 

(Martins et al, 1995b). Subsequently, an increased ratio of Ap42/Ap40 was established 

through numerous studies using in vitro cell culture experiments (Borchelt et al, 1996; 

Xia et al, 1997a; Citron et al, 1998; Murayama et al, 1999) and in vivo studies in 

transgenic mouse models (Borchelt et al, 1996; Duffed al, 1996; Borchelt et al, 1997) 

or human brain (Lemere et al, 1996b; Ishii et al, 1997) as well as plasma from 

individuals affected by PSI mutations and conditioned media from their fibroblasts in 

culture (Scheuner et al, 1996). In addition, PSI mutations lead to decreased processing 

of A P P via the non-amyloidogenic (a-secretase) pathway (Ancolio et al, 1997; 

Marambaud et al, 1998). The mechanism of action of these phenomena has still not 

been fully elucidated. 

1.3.1.4.1 The ^secretase complex 

Using peptidomimetic probes and molecular modelling it has been estimated 

that the y-secretase is likely to be an intramembrane-cleaving aspartyl protease (Wolfe 

et al, 1999a). Several lines of evidence indicate that PSI is intimately linked to y-
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secretase function. The possibility that PSI and A P P m a y interact directly has been 

investigated by a number of studies with some providing evidence for (Waragai et al, 

1997; Xia et al, 1997b; Pradier et al, 1999) and some against (Kim et al, 1997; 

Thinakaran et al, 1998; Y u et al, 1998) this hypothesis. The discrepancy in these 

findings may be due to different methodological approaches and requires further 

clarification. 

One elegant approach to address this problem involved inhibition of the 

otherwise rapid degradation of the P-C99 stub using specific protease inhibitors in order 

to facilitate easier detection of any potential complexes formed between this direct 

substrate for y-secretase cleavage and PSI (Verdile et al, 2000). Glycerol gradient 

centrifugation in combination with immunoprecipitation and Western blotting using 

specific antibodies provided evidence for a direct interaction between PSI and the P-

C99 fragment (Verdile et al, 2000). In addition PSI deficiency lead to prevention of 

A p generation, with accumulation of P-C99 fragments indicating that PSI mediates y-

secretase activity specifically (De Strooper et al, 1998; Saftig and de Strooper, 1998). 

Furthermore, it was demonstrated that two conserved transmembrane aspartate residues 

of PSI and PS2 (Asp 257 and Asp 385) were important for y-secretase cleavage, since 

mutation of these aspartates inhibited presenilin endoproteolysis and resulted in reduced 

A p generation and accumulation of A P P C-terminal fragments (Wolfe et al, 1999b; 

Kimberly et al, 2000; Y u et al, 2000a). Potent inhibitors of y-secretase directed to the 

active site of an aspartyl protease were successfully employed in photoaffinity labelling 

of both PSI and PS2 (Li et al, 2000d). The above studies provide substantial evidence 

for a critical role for PSI (and PS2) in y-secretase activity. 

However, PSI was shown to be part of a y-secretase activity exhibiting 

macromolecular complex that is substantially larger than the PSI heterodimer alone (Li 

et al, 2000c), thus suggesting that additional protein constituents may be involved. One 

other essential component was discovered by co-immunoprecipitation experiments 

which demonstrated co-localization of nicastrin (NCT), a glycosylated, -130 kDa, 

single-pass transmembrane glycoprotein, with PSI and PS2 in high molecular weight 

fractions (Yu et al, 2000b). The same study demonstrated that N C T bound A P P C T F 

and that mutations or deletions in a certain region of N C T affected the generation of Ap. 

A requirement of N C T for PSI mediated transmembrane cleavage (such as for A P P 

processing) was confirmed in Drosophila (Chung and Struhl, 2001). Regulation of 

nicastrin inclusion into the y-secretase complex appears to be tightly controlled via 
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formation of mature nicastrin through AMinked glycosylation which requires the 

presence of presenilin (Kimberly et al, 2002). Another study demonstrated that 

presence of PSI was a requirement for N C T maturation and accumulation at the cell 

surface (Leem et al, 2002). Furthermore, one study reported that down-regulation of 

N C T led not only to decreased A p production but also de-stabilized PSI (lowering 

levels of the high molecular weight PSI complex), while absence of PSI decreased the 

levels of mature N C T (Edbauer et al, 2002b). These observations indicate that binding 

of PSI and N C T may be a requirement for migration of both proteins from the 

endoplasmic reticulum to the cell surface. 

Genetic screening studies in C. elegans, using a partial loss of function 

phenotype to identify candidates that may interact with presenilin revealed a novel 

candidate gene, termed aph-1. The protein product, APH-1 (a -30 kDa multipass 

membrane protein) appears to be required for transport of PS1/NCT to the cell surface 

since both inactivation of PSI or mutation of aph-1 lead to disturbances in this process 

(Goutte et al., 2002). A further novel candidate was identified in an independent study 

screening for presenilin enhancers in a strain of C. elegans deficient of presenilin. The 

gene product was a small (-12 kDa) membrane protein termed PEN-2, which was 

shown to be important for y-secretase secretase activity and presenilin endoproteolysis 

(Francis et al, 2002). These observations were confirmed in studies using R N A 

interference, where it was also shown that PEN-2 was required for y-secretase complex 

formation and for maturation of N C T (Steiner et al, 2002; Luo et al, 2003; Takasugi et 

al., 2003). Furthermore, it was shown using Chinese hamster ovary (CHO) cells that 

the presence of all four constituent proteins was required and sufficient for elevated 

presenilin heterodimer formation, full maturation of N C T and enhanced y-secretase 

activity, thus suggesting that presenilins, N C T , APH-1 and PEN-2 comprise the limiting 

components for the y-secretase complex and in assembly make up the active form of 

this enzyme (Kimberly et al, 2003) as illustrated in Figure 1.8. For recent, 

comprehensive reviews on y-secretase components and assembly see also (De Strooper, 

2003; Iwatsubo, 2004; Brunkan and Goate, 2005). 
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Figure 1.8 Proposed ynsecretase complex: B A C E cleavage of full-length APP, 

followed by y-secretase cleavage of the P-C 99 stub. This final step in the generation 

of A P is proposed to be the result of concerted action from at least four separate 
proteins: Presenilin 1, nicastrin, PEN-2 and APH-1. The schematic was modified from 
Haass and Steiner, 2002 (Figure 1, page 556). 

1.3.1.4.2 Additional functions of presenilins and the y-secretase complex 

Apart from liberating A P from the A P P P-C 99 stub, it has also been widely 

confirmed that y-secretase is involved in the processing of Notch (De Strooper et al, 

1999; Struhl and Greenwald, 1999; M u m m et al, 2000; Okochi et al, 2002; Verdile et 

al, 2004b). This is of interest in light of the importance of Notch signalling in cell fate 

decisions during development (Schweisguth, 2004), suggesting that altered y-secretase 

activity (for example due to presenilin mutations) could potentially lead to altered gene 

expression affecting cell development and survival. However, Notch is not the only 

other y-secretase substrate reported. O n the growing list of reported candidates a wide 

range of other type I transmembrane proteins can be found, including ErB-4, a tyrosine 

kinase receptor for neuregulins involved in regulating cell proliferation and 

differentiation (Ni et al, 2001; Lee et al, 2002) and C D 4 4 which is the major adhesion 

molecule for the extracellular matrix components (including hyaluronic acid) and is 

implicated in a wide variety of physiological and pathological processes such as tumor 

cell growth and metastasis (Murakami et al, 2003). Additional y-secretase substrates 

may include LRP, a multifunctional cell surface receptor involved in cellular signalling 

(May et al, 2002), "deleted in colorectal cancer" (DCC) which performs dual roles as 
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both a cell surface receptor that modulates intracellular signalling pathways and a 

transcriptional co-activator with nuclear translocation of the cytoplasmic domain 

(Taniguchi et al, 2003) and p75 neurotrophin receptor, a multifunctional receptor that 

promotes neurotrophin-induced neuronal survival and differentiation by forming a 

heteromeric co-receptor complex with the Trk receptors (Jung et al, 2003; Kanning et 

al, 2003). This suggests a much wider and more general role for the y-secretase 

complex components in the regulation of a wide variety of cellular signalling 

mechanisms and gene transcription. 

Another link for presenilins to cellular signalling events has been revealed 

through the discovery that presenilins interact with members of the armadillo proteins 

including p-catenin (Yu et al, 1998; Levesque et al, 1999) which is involved in both 

stabilizing cell contacts through connection of cadherin to actin as well as playing a 

pivotal role in the J'Fwf-signalling pathway which mediates developmental events such 

as segmentation, C N S patterning and control of symmetric cell division (Wodarz and 

Nusse, 1998). Presenilins may be involved in stabilization of P-catenin as mutations in 

PSI have been shown to destabilize p-catenin leading to increased degradation of this 

protein in brain tissue from both transgenic mice and A D patients with PS 1 mutations 

(Zhang et al, 1998). Furthermore, reduction in nuclear translocation of P-catenin as a 

result of defective intracellular trafficking may be another effect of PSI mutations 

(Nishimura et al, 1999). Additional examples of presenilin-interacting proteins are 

discussed in (Thinakaran and Parent, 2004). 

Over-expression of presenilins or mutations in PSI or PS2 have been associated 

with enhancement of apoptosis (Deng et al, 1996; Guo et al, 1996; Wolozin et al, 

1996; Janicki and Monteiro, 1997; Chan et al, 2002). This may be mediated through 

imbalances in calcium homeostasis (Guo et al, 1996; Chan et al, 2002). In addition, an 

interaction has been observed between presenilins and Bcl-2 using a yeast two-hybrid 

interaction system, by co-immunoprecipitation, and by cross-linking experiments 

(Alberici et al, 1999). Bcl-2 promotes cell survival by reducing formation of 

mitochondrial permeability transition pores and the release of calcium stores and 

apoptotic protease activators from mitochondria (Vander Heiden et al, 1997; Yan and 

Shi, 2005). It has recently been shown that decreased levels of PSI are associated with 

apoptosis in a corpus luteum model (Verdile et al, 2004b). In combination with other 

studies, this suggests that PSI may be an important factor for promotion of cell survival, 

but over-expression and mutations may abrogate this function and elicit the opposite 

effect. 
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Thus presenilins play important roles in a variety of cellular events, from cell 

development, differentiation and survival to cell death mechanisms. Modulation of 

gene transcription in a manner that distinguishes A D caused by PSI mutations from 

other forms of familial and sporadic A D may have implications for the discovery of 

biomarkers specific for particular forms of A D . It is, therefore, important to investigate 

F A D cases with specific mutations as a separate category to sporadic A D cases since 

otherwise specific, but potentially subtle, biomarkers for this subset of A D may not 

emerge as significant. The diversity of presenilin functions is also an important 

consideration when selecting targets for pharmaceutical intervention strategies. 

1.3.2 Additional potential genetic and non-genetic risk factors 

for A D 

Age remains the most robust non-genetic risk factor for A D and, while the exact 

mechanisms of this association are not fully understood, contributing factors may 

include an age dependent imbalance between R O S generation and antioxidant defence 

mechanisms ("free radical theory of ageing") as well as chronic inflammatory 

processes, as reviewed by (Finch, 2005; Mariani et al, 2005) and discussed in Sections 

1.2.3.3 and 1.2.3.4. Traumatic brain injury has also been associated with AD like 

pathology in both human and animal studies (Iwata et al, 2002; Blasko et al, 2004; 

Ikonomovic et al, 2004; Jellinger, 2004a; Jellinger, 2004b; Olsson et al, 2004) and 

severity of pathological signs may be associated with the presence of the APOE s4 

allele (Horsburgh et al, 2000; Hartman et al, 2002) underlining the importance of apoE 

in neuronal remodelling and repair mechanisms (see also Sections 1.2.3.4.1 and 

1.3.1.1). 

Several promoter polymorphisms in pro-inflammatory cytokines and APOE 

have been associated with increased A D risk (see Sections 1.2.3.3 and 1.3.1.1). 

Genome-wide linkage or linkage disequilibrium analysis on L O A D have provided 

evidence to support the existence of multiple putative genes for A D on several 

chromosomes, with strongest evidence on chromosomes 12, 10, 9 and 6, as discussed by 

(Kamboh, 2004). Candidate genes include (amongst others), a-2 macroglobulin (A2M) 

and LRP1 (chromosome 12), insulin degrading enzyme (IDE) and C h A T (chromosome 

10), V L D L R (chromosome 9) and TNFA (chromosome 6). LRP, V L D L R , TNFA and 

C h A T have been discussed previously in various sections of this chapter. A 2 M , a large 

plasma protein produced primarily by the liver and ligand for LRP, has been detected in 
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senile plaques by immunohistochemical analysis (Rebeck et al, 1995). However, a 

population-based study of A 2 M polymorphisms (A2M-I/D and A2M-Ilel000Val) in 

E O A D and L O A D cases in the Netherlands in combination with a meta-analysis of data 

from previous studies did not find an association between these polymorphisms and 

L O A D in Caucasian or mixed populations, but found that A2M-1000Val may be 

associated with increased risk for E O A D in absence of the APOE e4 allele and A 2 M - D 

was significantly under-represented amongst Asian A D cases (Koster et al, 2000). 

As well as degrading insulin, IDE also catabolizes A p (Qiu et al, 1998; 

Vekrellis et al, 2000) and A P P CTF substrates for y-secretase cleavage (Edbauer et al, 

2002a). Since it was observed in human subjects that elevation of insulin levels can 

increase A p levels in CSF (Watson et al, 2003), it has been suggested that insulin may 

compete with A p for degradation by IDE. A recent study performed a large-scale 

examination of 18 single nucleotide polymorphisms (SNPs) in and around the IDE gene 

in multiple datasets but found only weak associations and did not replicate findings 

from previous studies, overall suggesting that the IDE markers examined were not 

major risk factors for L O A D (Nowotny et al, 2005). Thus, a potential association 

between IDE polymorphisms and various forms of A D remains to be clarified in future 

studies. 

Given the link between IDE and A p it is not surprising that type II diabetes has 

been associated with dementia and A D , although a unanimous consensus on the 

existence and nature of this association remains to be attained (Leibson et al, 1997; 

Strachan et al, 1997; Hoyer, 1998; Ott et al, 1999; Hassing et al, 2002; Hoyer, 2002; 

den Heijer et al, 2003; Grossman, 2003; Arvanitakis et al, 2004; X u et al, 2004). A 

recent study demonstrated that A p could decrease the affinity of insulin binding to the 

insulin receptor in a manner independent of insulin receptor concentration indicating 

that A P is a direct competitive inhibitor of insulin binding (Xie et al, 2002). The notion 

that impaired insulin signal transduction mechanisms may have a direct and indirect 

impact on A D is gathering momentum (Hoyer, 2002; Watson and Craft, 2003; Hoyer, 

2004; Steen et al, 2005). Aberrant insulin signalling could lead to impaired glucose 

metabolism, elevation in oxidative stress and production of AGEs, which all feature in 

A D pathology, as reviewed by (Hoyer, 1998; Grossman, 2003). Effects of impaired 

insulin signalling may also be modulated by APOE genotype with the APOE s4 allele 

associated with increased pathology or least benefit obtained from therapeutic 

intervention (Craft et al, 1998; Messier, 2003). 
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Other conditions that can be affected by poor nutrition and lifestyle and have 

been linked to A D include risk factors for vascular disease such as atherosclerosis 

(Newman et al, 2005), hypertension (Kivipelto et al, 2001; Skoog and Gustafson, 

2003; Luchsinger and Mayeux, 2004), obesity (Gustafson et al, 2003; Jeong et al, 

2005; Kivipelto et al, 2005a) and hypercholesterolaemia in human and animal studies 

(Sparks et al, 1994; Streit and Sparks, 1997; Howland et al, 1998; Refolo et al, 2000; 

Simons et al, 2001; Smith et al, 2001; Schonknecht et al, 2002; Shie et al, 2002; 

Sparks et al, 2002; Pappolla et al, 2003; George et al, 2004; Sabbagh et al, 2004), 

although not all studies report this association (Tan et al, 2003; Li et al, 2005). A 

recent study exploring a potential relationships between B M I and percentage body fat 

with plasma levels of A p in non-elderly (mean age 36.4 years), non-demented adults, 

provided the first report of a significant positive correlation between not only B M I and 

Ap 4 2 but also percentage body fat and Ap 4 2 levels (Balakrishnan et al., 2005). In 

addition, a transgenic mouse model of A D (co-expressing human mutant A P P and PSI 

genes) showed decreased cerebral A p levels and deposits when housed in an "enriched" 

environment (large cage with running wheels, colourful tunnels and assorted toys) and 

an even greater reduction in amyloid burden was observed in particularly active animals 

(Lazarov et al, 2005). A plethora of studies investigating nutrition and lifestyle 

associations with dementia have been performed and a number reviews compiled 

expounding beneficial effects of antioxidant supplementation (including vitamin E, 

beta-carotene, folate, vitamin B12, polyphenols and others) as well as dietary 

restrictions and exercise to reduce risk of A D development (Mattson, 2000; Reynish et 

al, 2001; Mattson, 2003a; Mattson, 2003b; Salerno-Kennedy and Cashman, 2005). 

Since not all reviews agree about benefits of certain factors, such as vitamin E (Evans et 

al, 2004) further research into dietary and lifestyle risk factors for A D is warranted. 

A D prevalence is higher in women than in men (Jorm et al, 1987), suggesting 

that lower levels of estrogen after menopause may contribute to the risk for 

development of A D . Neurotrophic or other beneficial effects of estrogen administration 

have been observed in in vitro studies (Arimatsu and Hatanaka, 1986; Brinton et al, 

1997; Beyer, 1999; Audesirk et al, 2003) as well as in animal models (Simpkins et al, 

1997; Alkayed et al, 1998; Azcoitia et al, 1998; Dubai et al, 1998; Bimonte and 

Denenberg, 1999; Fader et al, 1999; Rusa et al, 1999; Leranth et al, 2000) and in 

some human epidemiological studies on hormone replacement therapy (HRT) 

(Henderson et al, 1994; Paganini-Hill and Henderson, 1996; Resnick et al, 1998; Costa 

et al, 1999; Maki et al, 2001). Reported benefits of estrogen administration include 
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neurotrophic effects (Toran-Allerand et al, 1992; Gibbs, 1999; Singh et al, 1999; 

Jezierski and Sohrabji, 2000; Ivanova et al, 2001; Jezierski and Sohrabji, 2003), 

antioxidant effects (Behl et al, 1995; Goodman et al, 1996; Gridley et al, 1997; Keller 

et al, 1997; Sawada et al, 1998; Culmsee et al, 1999), anti-inflammatory effects (Ito et 

al, 2001; Matejuk et al, 2001; Liao et al, 2002), protection against A p induced 

toxicity (Goodman et al, 1996; Hosoda et al, 2001; Marin et al, 2003; Guerra et al, 

2004; Zhang et al, 2004b) and inhibition of apoptosis (Dubai et al, 1999; Alkayed et 

al, 2001; Jover et al, 2002; Bagetta et al, 2004; W u et al, 2005). 

Testosterone has also been attributed neurotrophic effects as well as androgen 

receptor mediated antioxidant and anti-apoptotic effects, and it was shown to attenuate 

A P induced neurotoxicity and decrease neuronal A p generation and tau 

hyperphosphorylation (Morse et al, 1992; Pouliot et al, 1996; Papasozomenos, 1997; 

Tirassa et al, 1997; Ahlbom et al, 1999; Gouras et al, 2000; Ahlbom et al, 2001; 

H a m m o n d et al, 2001; Pike, 2001; Papasozomenos and Shanavas, 2002; Zhang et al, 

2004b). Reduced levels of total serum testosterone have been associated with A D 

(Hogervorst et al, 2001; Hogervorst et al, 2003b; Hogervorst et al, 2004; Moffat et 

al, 2004) and chemical castration for treatment of prostate cancer led to increased 

serum A p levels (Gandy et al, 2001; Gillett et al, 2003; Almeida et al, 2004) and was 

associated with cognitive decline (Almeida et al, 2001; Almeida et al, 2004; Okun et 

al, 2004), the latter effect not being supported by all studies (Hogervorst, et al, 2005). 

More recently imbalances in the hypothalamic-pituitary-gonadal axis (HPGA) 

hormones have been implicated in A D with observations that gonadotropins such as L H 

and follicle stimulating hormone (FSH) showed elevated levels in A D patients 

compared to controls (Bowen et al, 2000; Short et al, 2001). In addition, elevated 

levels of L H were detected in the cytoplasm of pyramidal neurons from A D compared 

to control brains (Bowen et al, 2002) and it was subsequently shown that L H could 

modulate generation of the A p peptide in cell culture experiments (Bowen et al, 2004), 

indicating a role for gonadotropins in A D pathology. For recent reviews on estrogen, 

testosterone and gonadotropins in A D see (Amantea et al, 2005; Bates et al, 2005; 

Casadesus et al, 2005; Hogervorst and Moffat, 2005; Webber et al, 2005a). 

1.4 Future directions for AD treatment and diagnosis 

While currently available AD treatments provide temporary relief from some of 

the cognitive symptoms (see Section 1.2.3.2), research is continuing to open up novel 
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avenues for treatment strategies that address underlying pathological mechanisms. The 

aim is to prevent disease onset, halt progression of pathology or reverse existing 

damage. It is likely that various combinations of a number of approaches might provide 

best therapeutic results for different forms of A D , while combinations of a range of 

prophylactic treatments may work in synergy to offer higher protection against the 

development of the disease. A selection of strategies currently under consideration is 

discussed below. 

1.4.1 Prophylactic strategies 

1.4.1.1 Hormone therapy 

While a number of studies have reported beneficial effects of estrogen on 

cognition (see Section 1.3.2) two meta-analyses of the literature found no overall 

conclusive evidence for benefits of hormone replacement therapy (HRT) on cognitive 

function in A D (Hogervorst et al, 2002b) or in healthy postmenopausal w o m e n 

(Hogervorst et al, 2002a). However, the authors draw attention to important 

considerations that may affect study outcomes, including the type of menopause 

(surgical or natural), age at treatment and dosage and duration as well as type of 

preparation (for example estradiol alone or in combination with progestagen) and mode 

of delivery (for example transdermal, oral or intramuscular) (Hogervorst et al, 2002b; 

Hogervorst et al, 2002a). Interestingly, recent findings from the Women's Health 

Initiative Memory Study ( W H I M S ) , a large scale, randomized, placebo-controlled trial 

of H R T effects on cognitive function in w o m e n aged 65-79 years, indicated an 

increased dementia risk associated with hormone replacement (Rapp et al, 2003; 

Shumaker et al, 2003; Espeland et al, 2004; Shumaker et al, 2004). This surprising 

outcome has prompted numerous discussions of various factors that may have 

contributed towards discrepancies between previous observational studies and W H I M S 

findings (Ancelin and Berr, 2003; Brinton, 2004; Henderson, 2004; Kopernik and 

Shoham, 2004; Maki, 2004; Brinton, 2005; Craig et al, 2005; Gleason et al, 2005a; 

Gleason et al, 2005b; Henderson et al, 2005; Maki, 2005; Pinkerton and Henderson, 

2005; Sherwin, 2005a; Sherwin, 2005b). These factors will be further discussed in 

subsequent chapters. 

The modest number of small clinical trials conducted to determine effects of 

testosterone replacement on cognitive ability has provided some initial evidence to 

suggest that testosterone replacement may improve quality of life and be of some 
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benefit for selective cognitive functions in healthy aged individuals and subjects with 

M C I and clinical A D (Janowsky et al, 1994; Janowsky et al, 2000; Cherrier et al, 

2001; Li et al, 2003; Tan and Pu, 2003; Cherrier et al, 2005). However, large-scale, 

placebo-controlled, randomized studies will be required to evaluate the potential merit 

of androgen replacement therapy in prevention of cognitive decline and to determine 

safety and effectiveness of long-term treatment with androgens. 

A double-blind, placebo-controlled study into potential benefits of gonadotropin 

modulation (Antigonadotropin-leuprolide in Alzheimer's Disease Drug FNvestigation or 

A L A D D I N ) is also currently underway. The multi-centre, phase III clinical trial 

commenced in September this year and will assess cognitive effects of administration of 

the drug leuprolide acetate (VP4896), that decreases L H levels, on cognition in A D 

(Gregory and Bowen, 2005). For more information visit the U.S. National Institutes of 

Health clinical trials website: http://www.clinicaltrials.gov/ct/show/NCT00231946 or 

the Alzheimer Research Forum: http://www.alzforum.org/dis/tre/drc/default.asp. 

1.4.1.2 Anti-Inflammatory drugs 

Inflammation plays an important role in A D pathology (Section 1.2.3.3) and 

N S A I D s have been associated with protective (reduced risk and delayed onset) effects 

against the development of A D (Breitner et al, 1994; Rich et al, 1995; McGeer et al, 

1996; Beard et al, 1998; in t' Veld et al, 2001; Etminan et al, 2003a). NSAIDs may 

exert their protective effects through modulation of y-secretase to reduce A p production 

(Eriksen et al, 2003; Weggen et al, 2003; Gasparini et al, 2004) and attenuation of 

activation of microglia to prevent release of pro-inflammatory cytokines following 

exposure to A p (Combs et al, 2000). Inhibitors of C O X - 2 are of particular interest 

since they are not associated with undesirable side-effects such as gastrointestinal 

disruptions, as reviewed by (Lehmann and Beglinger, 2005). However, the C O X - 2 

inhibitor, rofecoxib (Vioxx) did not demonstrate significant therapeutic benefits for A D 

patients in a recent randomized, double-blind, placebo-controlled clinical trial (Aisen et 

al, 2003) and large, randomized, double-blind, placebo-controlled clinical trials for 

other candidates such as Vioxx, Naproxen and celecoxib (Celebrex) were prematurely 

terminated as an increased risk for cardiovascular disease and stroke was associated 

with prolonged use of some of these drugs, as reviewed by (Konstantinopoulos and 

Lehmann, 2005). 
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Indomethacin was shown to slow cognitive decline in a controlled clinical trial 

with mild to moderately impaired A D patients (Rogers et al, 1993). Regrettably, a 

recent study testing over 300 compounds for their effects on A p production in cell 

culture showed that certain N S A I D s (for example celecoxib and ester and amide 

modifications of indomethacin) can raise levels of Ap 4 2, possibly through allosteric 

modulation of the y-secretase complex (Kukar et al, 2005). Therefore, further studies 

are required to establish in vivo effects of these drugs and evaluate which N S A I D 

candidates m a y provide effective options for delaying age of onset, preventing 

development of A D or slowing cognitive decline in the presence of existing A D 

pathology. 

1.4.1.3 Antioxidants 

In A D , oxidative stress plays a prominent role (see Section 1.2.3.4). 

Antioxidants have, therefore, been evaluated for potential beneficial effects in AD. 

Observational studies have reported a decreased risk for A D associated with vitamin E 

and vitamin C intake (Engelhart et al, 2002; Morris et al, 2002a; Zandi et al, 2002), 

although this is not supported by all investigations (Luchsinger et al, 2003). In 

particular, vitamin E has been associated with protection against cognitive decline in 

older subjects from a population-based study and in a multicentre randomized, 

controlled, clinical trial on A D subjects (Sano et al, 1997; Morris et al, 2002b). This 

vitamin may also be of benefit when administered in combination with donepezil 

(Klatte et al, 2003). The antioxidant a-lipoic acid (essential co-factor in mitochondrial 

dehydrogenase reactions) afforded some protective effect against cognitive decline in 

AD in a small non-randomized study (Hager et al, 2001). 

Beneficial effects of flavonoids (such as found in wine, tea, fruits and 

vegetables) have been associated with neuroprotection and decreased risk for dementia 

(Commenges et al, 2000; Kang et al, 2005). Dietary administration of the phenolic 

yellow curry pigment, curcumin, to aged Tg2576 mice resulted in decreased A p levels 

and plaque burden (Yang et al, 2005). Consumption of flavonoid-rich dark chocolate 

(but not milk chocolate) has been associated with increased antioxidant capacity in 

plasma (Serafini et al, 2003) and a recent randomized, controlled clinical trial has 

shown that consumption of dark chocolate may have protective effects for the 

cardiovascular system (Vlachopoulos et al, 2005). It is, therefore, tempting to 

speculate that the protective effects of dark chocolate could also extend to other systems 
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and m a y affect cognitive function. Antioxidants are clearly showing promise as 

therapeutic and particularly prophylactic agents in the prevention or delay of A D . 

Further, larger scale clinical trials are warranted to explore their protective capacities. 

1.4.1.4 Lipid profile modulation 

Population-based cohort studies have reported an association between obesity or 

high serum cholesterol (total cholesterol and low density lipoprotein, L D L ) and A D 

(Kivipelto et al, 2005a; Sabbagh et al, 2004), also see Section 1.3.2. Polymorphisms 

in several genes linked to cholesterol biochemistry (such as cholesterol 24 hydroxylase, 

acyl-CoA:cholesterol acetyltransferase, and the cholesterol transporter A B C A 1 ) have 

been associated with increased A p levels in A D as reviewed by (Wolozin et al, 2004). 

A recent meta-analysis of several observational studies reported that statins significantly 

reduced the risk of developing cognitive impairments (Etminan et al, 2003b). Recent 

randomized, placebo-controlled, double-blind clinical trials demonstrated that statins 

(simvastatin and atorvastatin) could slow the progression of cognitive decline in 

clinically diagnosed AD (Simons et al, 2002; Sparks et al, 2005a; Sparks et al, 

2005b). It has been observed that simvastatin and atorvastatin can stimulate a-

secretase processing of A P P (Parvathy et al, 2004; Pedrini et al, 2005). However, it is 

unclear whether modulation of A p levels is the mechanism responsible for the observed 

cognitive benefits in human studies, as several clinical studies, including randomized, 

controlled trials have reported very mild or no overall changes in plasma or C S F A p 

peptide levels following statin (simvastatin and pravastatin) therapy (Simons et al, 

2002; Ishii et al, 2003; Hoglund et al, 2004; Hoglund et al, 2005). Since statins also 

exhibit anti-inflammatory, antioxidant and antithrombogenic properties and can 

improve endothelial function it has been suggested that these neuroprotective 

characteristics (independent of A p modulation) could contribute towards their beneficial 

effects on cognition (Cucchiara and Kasner, 2001; Kivipelto et al, 2005b). 

1.4.2 Targeting Ap under conditions of existing AD pathology 

1.4.2.1 Metal chelation 

Redox-active metal ions such as C u and Fe play important roles in A D 

pathology as they can enhance the generation of R O S , promote A p aggregation and 

increase A p mediated toxicity (Deibel et al, 1996; Cornett et al, 1998; Lovell et al, 

51 



Chapter 1 (Biological Markers in AO: Review of the Literature 

1998; Perry et al, 2002; Huang et al, 2004), also see Section 1.2.3.4. Application of 

metal chelators can help solubilize A p in vitro to facilitate extraction from tissues 

(Fonte et al, 2001). Administration of chelating agents for the treatment of A D is a 

plausible strategy but a number of considerations must be taken into account, such as 

specificity of the chelating agent as well as undesirable side-effects and dangers of 

systemic depletion of Fe, Cu, Zn, Ca, M g , M n and other metals important for various 

physiological processes. For a review on metal chelation therapy in A D see (Gnjec et 

al, 2002). Desferoxamine (DFO), a relatively non-specific metal ion chelator 

approved for treatment of iron overload, was found to significantly slow rate of decline 

of daily living skills in subjects with moderate A D , as observed in a small placebo-

controlled, single-blind clinical trial (Crapper-MacLachlan et al, 1991). However, 

several serious side-effects, including neurotoxicity, have been reported for D F O and its 

hydrophilic nature may hinder its ability to cross the blood brain barrier (BBB) (Blake 

et al, 1985; Porter and Huehns, 1989). 

More recently, a small phase II trial of the chelator clioquinol 

(iodochlorhydroxyquin or 5-chloro-7-iodo-8-hydroxyquinoline), which has higher 

affinity for Zn and C u than Ca and M n , showed that this agent could slow the rate of 

cognitive decline in moderately severe A D cases (Ritchie et al, 2003). This 

hydrophobic molecule has previously been used as an antimicrobial agent, but was 

withdrawn when it became associated with subacute myelo-optic neuropathy, in 

particular in the presence of vitamin B12 deficiency (Tateishi, 2000). Clioquinol may 

alter brain homeostasis of vitamin B12 (Yassin et al, 2000) and clioquinol zinc chelate 

may have toxic effects on mitochondria (Arbiser et al, 1998). A phase I clinical trial 

with concomitant administration of clioquinol, cyanocobalamin and folic acid reported 

no adverse systemic or neurological side-effects and a mild improvement in certain 

cognitive functions in patients with probable A D (Regland et al, 2001). Thus further 

investigation in larger studies is warranted. Covalent coupling of chelating agents to 

nanoparticles may overcome the toxic effects of certain lipophilic molecules and their 

inability to cross the blood brain barrier (Cui et al, 2005; Liu et al, 2005a). Other 

substances with metal chelating properties that have not currently been associated with 

severe detrimental side effects include the antioxidants curcumin (Baum and Ng, 2004) 

and a-lipoic acid (Ou et al, 1995). These properties m a y contribute towards their 

protective effects and should be further investigated. 
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1.4.2.2 Modulation ofsecretase action 

Strategies to prevent A P production include potentiation of a-secretase and 

inhibition of P- and y-secretase processing of APP. While M l muscarinic agonists, 

estrogen and statins may promote A p processing via the a-secretase (non-

amyloidogenic pathway) as reviewed by (Fisher et al, 2003; Smith and Levin-

Allerhand, 2003; Caballero and Nahata, 2004), p- and y-secretase inhibitors have also 

been developed and some are currently assessed in phase I and II clinical trials, as 

discussed by (Vardy et al, 2005). Since BACE-1 action constitutes the rate limiting 

step for A P production, BACE-1 inhibitors (Ghosh et al, 2001; Gruninger-Leitch et al, 

2002; Chang et al, 2004; Citron, 2004) would preclude the need for y-secretase 

inhibitors (that could also affect a number of other substrates such as Notch) and would 

eliminate the production of A P P C-terminal fragments, which themselves can incite 

inflammatory responses (Bach et al, 2001). However, BACE-1 inhibitors would have 

to be large enough to cover the long substrate binding site of the enzyme, which 

provides a challenge to also ensure adequate C N S penetration (Hussain, 2004). In 

addition, BACE-1 also counts amongst its substrates APP-like proteins (APLP1 and 

APLP2), sialyltransferase and L R P and the P subunit of voltage-gated sodium channels 

amongst others (Hussain, 2004; von Arnim et al, 2005; W o n g et al, 2005), thus 

modulation of P-secretase action poses similar problems as associated with y-secretase 

inhibition. Nonetheless, one recently developed y-secretase inhibitor that was shown to 

lower A p levels in vitro without affecting Notch cleavage is the Abl kinase inhibitor 

imatinib mesylate (Gleevec or STI671) (Netzer et al, 2003). It remains to be 

determined whether processing of other y-secretase substrates might be affected by this 

inhibitor. Further studies are clearly needed to establish long-term effects of secretase 

modulation and assess the suitability of different approaches in the treatment of A D . 

1.4.2.3 The A/5 vaccine 

Based on the amyloid cascade hypothesis, clearance of A p from the brain should 

provide a valid approach to attenuating A D pathology. Experiments in transgenic 

mouse models of A D and in non-human primates, employing both passive and active 

immunization against A p led to reductions in brain plaque burden (Schenk et al, 1999; 

Bard et al, 2000; Weiner et al, 2000; DeMattos et al, 2001; Bacskai et al, 2002a; 

Wilcock et al, 2003; Lemere et al, 2004) and amelioration of cognitive impairment 
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(Schenk et al, 1999; Bard et al, 2000; Janus et al, 2000; Morgan et al, 2000; Weiner 

et al, 2000; Arendash et al, 2001; DeMattos et al, 2001; Bacskai et al, 2002a; 

Wilcock et al, 2003; Lemere et al, 2004; Jensen et al, 2005). It has been hypothesized 

that the effect of passive immunization may be to provide a "peripheral sink" whereby 

removal of A p from the periphery results in plaque disintegration in the brain in order to 

maintain an equilibrium between CSF and plasma A p levels (DeMattos et al, 2002a; 

DeMattos etal, 2002b). 

However, subsequent phase I and II clinical trials on A D subjects were 

terminated prematurely due to development of meningoencephalitis in subsets of A D 

patients immunized with aggregated Ap 4 2 (AN1792) (Orgogozo et al, 2003; Ferrer et 

al, 2004). For recent reviews see (Selkoe and Schenk, 2003; Gelinas et al, 2004; 

Schenk et al, 2004; Bennett and Holtzman, 2005). These events may have been T-cell 

mediated (Monsonego et al, 2003; Nicoll et al, 2003). Nevertheless, an antibody 

response to active immunization was observed, as well as reductions in numbers of A p 

plaques and some reduction in the rate of cognitive decline (Hock et al, 2003; 

Monsonego et al, 2003; Nicoll et al, 2003; Bayer et al, 2005; Gilman et al, 2005; 

Masliah etal, 2005). 

Currently phase II trials are underway for passive immunization using a 

humanized A p monoclonal antibody (AAB-001) while a novel A p related active 

immunization approach (ACC-001) is currently in the late preclinical discovery phase 

(Elan Corporation, 2001-2004). Strategies are being explored to promote B-cell (rather 

than T-cell) mediated immune responses by targeting highly specific epitopes for active 

immunization and using antibodies directed against the N-terminus of A p for passive 

immunization (Bacskai et al, 2002a; McLaurin et al, 2002; Horikoshi et al, 2004; 

Manea et al, 2004; Agadjanyan et al, 2005; Brown et al, 2005; Solomon, 2005). 

Furthermore, potential beneficial effects of administration of a-lipoic acid during A p 

immunization (Jesudason et al, 2005) as well as the possibility for development of a 

safe oral A p vaccine (Hara et al, 2004) are also currently under investigation. A 

concern remains that depletion of A p may result in withdrawal of the trophic effects 

provided by this peptide (as discussed in 1.2.3.4.1). However, targeting A p directly 

through a variety of approaches will allow for numerous avenues to put the amyloid 

cascade hypothesis to the test. Clinical intervention trials are likely to yield data that 

will shed illumination on the long-debated question of the role of A p in A D pathology. 
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1.4.3 Strategies and biomarkers for earlier diagnosis 

While guidelines for clinical criteria to diagnose A D may afford diagnostic 

accuracy of over 8 0 % (compared to postmortem histopathological analysis) (Larner, 

2004), there is still room for improvement, in particular with regard to developing 

accurate and standardized means of determining rates of conversion to A D in M C I 

cohorts (Chong and Sahadevan, 2005). Identification of peripheral biomarkers that can 

discriminate AD from controls and distinguish AD from other forms of dementia is an 

important task to allow for better diagnostic accuracy, identification of subjects at high 

risk for development of AD (for example in M C I cohorts) and for monitoring 

pharmacological and biological effects of drugs (Pratico, 2005). With novel treatment 

approaches on the horizon, the need for better diagnostic biomarkers has led researchers 

to explore a number of directions. 

The most extensively studied and currently most promising A D biomarkers 

include measurements of total tau (t-tau), phosphorylated tau (p-tau) and A p 4 2 levels in 

CSF. A significant increase of t-tau levels was detected in A D patients and was found 

to correlate with N F T pathology and to show a high sensitivity (93%) and specificity 

(86%) for differentiating A D from normal ageing and depression (Vandermeeren et al, 

1993; Tapiola et al, 1997; Andreasen et al, 1999b). While t-tau levels were also 

elevated with age, a strong correlation was found between increased levels of t-tau and 

clinical progression of A D (Kanai et al, 1998; Sjogren et al, 2001a) indicating a need 

for establishment of "normal control" reference ranges for this marker (Sjogren et al, 

2001b). Different forms of p-tau have yielded even more promising data, as they have 

been shown to correlate with cognitive decline in M C I (Buerger et al, 2002a) and the 

presence of NFTs (Herrmann et al, 1999) as well as showing high specificity and 

sensitivity (in some studies above 90%) in discriminating not only between A D and 

normal control cases but also between A D and other dementias and neurodegenerative 

disorders such as vascular dementia, dementia with Lewy bodies, frontotemporal 

dementia, Parkinson's disease (PD) and depressive pseudodementia (Blennow et al, 

1995; Ishiguro et al, 1999; Itoh et al, 2001; Sjogren et al, 2001a; Buerger et al, 

2002b; H u et al, 2002; Hampel et al, 2004a). In a recent study examining p-tau in 

M C I subjects, elevated p-tau levels were linked to possession of the APOE s4 allele, 

suggesting that APOE genotype may require consideration when evaluating p-tau forms 

as biomarkers for M C I and AD (Buerger et al, 2005). 
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Declining levels of CSF A p 4 2 have been found useful in predicting M C I 

progression to A D (Andreasen et al, 1999a; Andreasen et al, 1999c; Vanderstichele et 

al, 2005). Combining measurements of elevated CSF t-tau, p-tau and decreased CSF 

Ap 4 2 levels resulted in high sensitivity and specificity for diagnosis of A D as well as for 

predicting conversion of M C I cases to A D (Kanai et al, 1998; Andreasen et al, 1999c; 

Andreasen et al, 2003a; Andreasen et al, 2003b; Hampel et al, 2004c; Schoonenboom 

et al, 2004). A meta-analysis of 17 studies of CSF A p and 34 studies of CSF tau 

reported a 9 2 % sensitivity and 8 9 % specificity for a combination of CSF tau and Ap 4 2 

level cut-off values for distinguishing A D from normal controls (Sunderland et al, 

2003). For recent reviews on CSF biomarkers for A D and M C I see (Andreasen et al, 

2003a; Blennow, 2004a; Blennow, 2004b; Hampel et al, 2004b; Maccioni et al, 2004). 

However, detection of robust sensitive and specific biomarkers in more peripheral 

tissues such as plasma is desirable, as it would minimize the need for invasive and 

potentially expensive and time-consuming procedures. 

Several cross-sectional and longitudinal studies have evaluated plasma A p 4 2 and 

Ap4o as biomarkers in A D diagnosis, but overall, plasma A p measures do not appear to 

be sensitive or specific markers for A D diagnosis as reviewed by (Irizarry, 2004). 

Additional candidates for diagnostic (or risk assessment) biomarkers that can be isolated 

from peripheral tissues may well be found amongst the biochemical risk factors 

discussed in Section 1.3.2 (for example, genetic polymorphisms that can be detected in 

D N A from peripheral leukocytes, plasma levels of homocysteine, cytokines, oxidized 

proteins, antioxidant levels, plasma lipid profiles, hormone levels and others), also 

reviewed by (Flirski and Sobow, 2005). Serum levels of A G E s have also been 

nominated as potential promising biomarkers for early detection of A D (Yamagishi et 

al, 2005). However, it has been suggested that current candidate plasma biomarkers 

lack reproducibility, sensitivity, specificity and discriminatory power (Solfrizzi et al, 

2005). Therefore, further research using sophisticated screening methods is required. 

Another promising diagnostic avenue involves structural and functional imaging 

of the brain. Volumetric analyses (such as M R I ) and measurement of water diffusivity 

have revealed that atrophy in certain regions of the brain, particularly the hippocampus 

and entorhinal cortex can help predict progression from M C I to A D (Dickerson et al, 

2001; Killiany et al, 2002; Visser et al, 2002; deToledo-Morrell et al, 2004; 

Dickerson et al, 2004; Korf et al, 2004; Nestor et al, 2004; Barnes et al, 2005; 

Kantarci et al, 2005). Structural imaging has already become so popular in the 

diagnosis of A D that over-reliance on this technique has recently been partially blamed 
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for being a contributing factor in misdiagnosis of A D (Larner, 2004). P E T studies have 

associated A D with impaired glucose metabolism in the brain and have emerged as 

sensitive screening tests for early-onset A D and conversion to A D from M C I (Azari et 

al, 1993; Minoshima et al, 1997; Arnaiz et al, 2001; de Leon et al, 2001; Chetelat et 

al, 2003b; Dickerson et al, 2004; Scheurich et al, 2005). Cognitive decline was 

shown to correlate with grey matter atrophy and impaired glucose metabolism (Miller et 

al, 1987; Chetelat et al, 2003a). Measurement of regional cerebral blood flow 

(perfusion) using S P E C T showed that hypoperfusion of the A D brain may be linked to 

cognitive deficits and proved useful in identifying subjects converting from M C I to A D 

as well as differentiating between different forms of neurodegenerative disorders such 

as A D , P D and Lewy body dementia (Bartenstein et al, 1997; Hirsch et al, 1997; 

Cabranes et al, 2004; Nestor et al, 2004; Mito et al, 2005). 

One of the most intriguing new developments has been the prospect of directly 

visualizing A P plaques in the living brain, thus enabling non-invasive monitoring of 

disease progression and treatment effects. The principle of this technology relies on the 

observation that A P plaques contain significantly elevated levels of metal ions which 

allows them to be traced as foci of decreased intensity on T2*-weighted magnetic 

resonance microscopy. Furthermore, A p plaques can also be visualized using contrast 

agents that specifically bind to plaques to allow them to stand out on M R I (Benveniste 

et al, 1999; Bacskai et al, 2001; Christie et al, 2001; Kimchi et al, 2001; Bacskai et 

al, 2002b; Poduslo et al, 2002; Shoghi-Jadid et al, 2002; Bacskai et al, 2003a; 

Bacskai et al, 2003b; Klunk et al, 2003; Wadghiri et al, 2003; Wadghiri et al, 2005). 

This exciting development could provide the means of monitoring progression of plaque 

dissolution in treatments designed around the amyloid cascade hypothesis. It may thus 

help find answers with regard to the role of A p in A D pathology. For recent reviews on 

neuroimaging in AD see (Kantarci and Jack, 2003; Kantarci and Jack, 2004; Kantarci, 

2005). 

It is likely that combinations of neuropsychological tests (particularly for 

attention, learning and memory, executive functioning, processing speed and language) 

and functional neuroimaging, for volume loss, cerebral blood flow or metabolic changes 

(Cabranes et al, 2004; Twamley et al, 2006), as well as CSF markers tau and A p will 

contribute towards more accurate early diagnosis of A D . However, these tests are 

invasive, expensive and time-consuming, thus making them less suitable for multiple 

repeats that are necessary for monitoring of treatment progression. Establishment of 

profiles of peripheral biomarkers (for example from plasma or peripheral white blood 
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cells) could provide a relatively non-invasive and inexpensive complementary approach. 

Biochemical assays of plasma constituents could be repeated more frequently than 

neuroimaging and CSF marker assessment, thus providing valuable data from additional 

time-points that could greatly aid in the establishment of treatment efficacy or identify 

potential problems and counter indications earlier. 

Powerful technological platforms for effective identification of novel biomarkers 

include two-dimensional electrophoresis (2DE) and various protocols have been 

designed to optimize visualization of brain tissue proteomes (Fountoulakis, 2004; Kim 

et al, 2004), in particular the human (Edgar et al, 1999; Yang et al, 2004) and rat 

(Fountoulakis et al, 2005) hippocampal proteomes have been explored by 2DE. 

Microarray analysis of c D N A , on the other hand, allows a high throughput approach 

useful in screening for differences in "transcriptome" profiles between A D and control 

case tissues (Loring et al, 2001). Proteome and microarray analyses are thus two 

techniques that complement one another to enhance opportunities for biomarker 

discovery in A D (Ho et al, 2005). 

One advantage of "proteomics" over "transcriptomics" is that not only levels of 

the translated protein products are compared directly, but also that proteomic analysis 

can be extended to examine post-translational changes in proteins, including 

phosphorylation, glycosylation and oxidation. Butterfield and colleagues have 

optimized an assay system that allows for proteomic comparison of protein carbonyls, 

based on reaction of carbonyl groups with 2,4-dinitrophenylhydrazine ( D N P H ) to form 

2,4-dinitrophenylhydrazone (DNP-hydrazone) (Levine et al, 1994; Nakamura and 

Goto, 1996) for 2 D E comparison of profiles of oxidized proteins in A D brain tissue 

(Butterfield, 2004). Comparison of DNPderivative profiles by 2 D E followed by 

Western blotting with antibodies specific to the 2,4-Dinitrophenyl moiety have led to 

the identification of several oxidized proteins in the A D brain, including creatine kinase 

BB, glutamine synthase, ubiquitin carboxy-terminal hydrolase L-l (UCHL-1), 

dihydropyrimidinase-related protein 2, a-enolase and heat shock cognate 71 (Loring et 

al, 2001; Castegna et al, 2002a; Castegna et al, 2002b). Incorporation of a number of 

different markers, including levels of assorted candidate proteins in plasma and CSF, as 

well as consideration of post-translational changes in these proteins m a y be a better 

strategy to create robust biomarker profiles for different forms of AD. 
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1.5 Summary 

A D is a multifactorial neurodegenerative disorder and the most c o m m o n form of 

dementia. Current means of clinical diagnosis include neuropsychological assessments 

of cognitive function as well as neuroimaging tests. However, to date a definitive 

diagnosis can only be made after death upon examination of the brain to assess the 

presence and quantity of characteristic hallmark lesions, such as the NFTs and A p 

plaques. Additional prominent pathology observed in the A D brain includes loss of 

neurons and synapses and cholinergic function as well as inflammatory changes and 

signs of oxidative stress. One hypothesis, "the amyloid cascade postulate", implicates 

over-production of A p as the central event triggering subsequent pathological changes. 

However, pathological events could also be triggered by oxidative stress generated by 

imbalances in metal ion homeostasis in the brain, mitochondrial dysfunction and 

chronic activation of glial cells. A number of genetic, biological and environmental risk 

factors such as various genetic polymorphisms, sex hormone depletion, high cholesterol 

levels and traumatic brain injury could contribute towards or exacerbate these 

pathogenic processes. 

In sporadic, late-onset forms of the disease, which make up over 9 0 % of all A D 

cases, as well as in some familial forms of A D , the major genetic risk factor is the e4 

allele of the APOE gene. A p o E is involved in lipid transport in the brain and may play 

a role in A p clearance. In a small percentage of early onset cases, development of A D 

is linked to inheritance of autosomal dominant mutations in the gene coding for the A p 

parent molecule, A P P and the two presenilin genes, PS 1 and PS2 that are implicated in 

processing of the A P P molecule to generate Ap. Mutations in PSI account for over 

5 0 % of familial early onset A D cases. Mutations in A P P or the presenilin genes lead to 

increased production of A p , in particular the longer and more amyloidogenic form, 

Ap42. Extensive research into the metabolism of A P P has been conducted with the aim 

of elucidating pathological mechanisms of A D and revealing suitable targets for 

pharmaceutical intervention. 

Novel treatment approaches are under investigation and include modulation of 

sex hormones, anti-inflammatory and antioxidant therapy and treatment of 

hypercholesterolaemia. Other strategies include modulation of enzyme activities to 

manipulate metabolism of A P P towards non-amyloidogenic processing, metal chelation 

to prevent and/or reverse A P aggregation and toxicity as well as active and passive 

immunization with the A p peptide or anti-Ap antibodies. Concomitant to novel 
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treatment approaches, more sophisticated diagnostic approaches are being developed. 

These include, apart from clinical cognitive assessments, biochemical assays of CSF 

markers such as A p and tau as well as advanced neuroimaging techniques. However, 

with the advent of more effective treatment strategies, an urgent need arises for 

establishment of additional peripheral biomarkers, the assessment of which should 

ideally be cost-effective, should not involve repeated invasive procedures and should be 

easy to perform on a routine basis. 

1.6 Project Rationale 

The focus of the current project was the search for candidate markers that may 

aid in advancing the knowledge of underlying pathological mechanisms and potentially 

provide novel targets for therapeutic intervention. In addition, such markers m a y in 

future become integrated into biomarker profiles for diagnostic purposes, risk 

assessment strategies and methods for monitoring of disease progression and treatment 

efficacy. 

In order to elucidate underlying mechanisms of pathology in different forms of 

A D , this project compared known A D associated proteins as well as novel candidate 

markers in A D brain tissue and plasma from cases with and without mutations in PSI. 

Separating these two forms of A D aimed to identify changes specific to a particular 

subgroup of A D in order to distinguish which diagnostic markers / therapeutic targets 

were explicit to that group. Techniques employed were Western immunoblotting, 

genotyping, m R N A quantitation and polyclonal antibody production. 

Furthermore, novel biomarkers were sought by comparison of protein levels in 

brain tissue extracts and plasma from A D and control cases. This was performed using 

two-dimensional electrophoresis (2DE) for comparison of protein patterns. This 

approach also allowed for exploration of post-translational modifications of proteins, 

such as differential protein oxidation and glycosylation patterns, when combined with 

Western immunoblotting techniques. Finally, two mouse models of A D were used to 

examine potential changes in protein patterns and oxidative modifications after sex 

hormone deprivation and supplementation. The combination of exploring different 

tissues and involving both human and mouse models ensured a better chance of 

discovery of novel biomarkers and provided more avenues for validation of candidates 

discovered. 
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1.6.1 Hypotheses 

This project explores two general hypotheses. These are as follows: 

1. Novel markers of AD pathology can be discovered and validated through 

examination of human AD brain tissue and plasma and brain tissue from 

mouse models of AD. 

2. Altered levels of sex hormones (estrogen /testosterone) lead to alterations in 

protein patterns and oxidative modification of proteins in the brain. 

1.6.2 Objectives 

This project employs five separate approaches to investigate known A D proteins 

and novel biomarkers as detailed in the five chapters to follow. The overall objectives 

for each approach are presented below. These are broken down into specific aims in the 

individual chapters. 

1. To compare levels of known AD associated proteins in human brain tissue from 

cases with and without PSI mutations in order to explore changes specifically 

associated with each form of A D (Chapter 3). 

2. To measure reelin protein levels in AD brain tissue and plasma for evaluation as 

potential novel diagnostic marker of A D pathology (Chapter 4). 

3. To explore the relationships of promoter polymorphisms in TNFA and BATl 

with AD pathology and examine expression levels of the novel candidate B A T l 

for evaluation as potential biomarkers of AD pathology (Chapter 5). 

4. To search for novel biomarkers by comparison of protein profiles and 

differential protein oxidation / glycosylation patterns in brain and plasma from 

A D cases with and without PSI mutations (Chapter 6). 

5. To search for novel biomarkers by exploring the effects of sex hormone 

(estrogen / testosterone) deprivation or supplementation on protein patterns and 

oxidative modification of proteins in A D (Chapter 7). 
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Chapter 2 

Materials and Methods 

2.1 Materials and tissue samples 

2.1.1 Antibodies and lectins 

PSI mouse monoclonal antibody, NT1, specific for amino acid residues 41-49 of 

human PSI, was kindly donated by Dr. Paul Mathews (Nathan Kline Institute, N Y , 

USA). The mouse monoclonal antibodies 1E8, raised against amino acid residues 18-

22 of Ap, and W 0 2 , specific to amino acid residues 5-8 (Cherny et al., 1999) of the A p 

domain of APP (and used to detect both APP and A P in this study), were kindly 

provided by Professor Colin Masters (University of Melbourne, Vic, Australia). The 

mouse monoclonal antibody, 6E10, raised against residues 1-17 of Ap, was kindly 

supplied by Dr Dale Schenk from Athena Neurosciences (South San Francisco, CA, 

USA). Rabbit polyclonal antisera R208 (specific to human Ap40) and R226 (specific to 

human Ap42) as well as rabbit polyclonal antibodies specific to rodent Ap 4 0 and Ap 4 2 

were generously provided by Dr Pankaj Mehta (Institute for Basic Research in 

Developmental Disabilities, N Y , USA). Mouse monoclonal antibody, 4G8, directed 

against A p residues 17-24 was obtained from Signet Laboratories, Inc. (Dedham, M A , 

USA). The rabbit polyclonal antibody, N C T Affi, directed against residues 691-701 of 

nicastrin, was obtained from Research Genetics (AL, USA). Mouse monoclonal anti-

human ApoE antibody, clone 9-H8, recognizing human ApoE N-terminal domain, was 

purchased from Perlmmune Inc. (Rockville, M D , USA). 

Rabbit polyclonal B A T l antibody, 9802, raised against a peptide with the 

following BATl amino acid sequence: ' G M P Q E E R L S R Y Q Q F K D F Q ' , as well as the 

peptide itself were kindly donated by Associate Professor Patricia Price (School of 

Pathology and Surgery, U W A , W A , Australia). Rabbit polyclonal SOD1, raised against 

a recombinant protein corresponding to residues 1-154 (full-length protein) of human 

SOD1, was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). 

Mouse monoclonal anti-bovine mitochondrial ATP-synthase P-subunit antibody, clone 

3D5, was purchased from Molecular Probes (Eugene, Oregon, USA). Mouse 

monoclonal antibody directed against a synthetic peptide corresponding to the 21 

carboxy-terminal residues 128-148 of bovine calmodulin was procured from Upstate 
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Biotechnology (Lake Placid, N Y , USA). Mouse monoclonal anti-reelin antibody, clone 

142, raised against a fusion protein with an epitope between residues 164 and 189 of 

reelin, was very generously supplied by Professor Andre Goffmet (Unite de Genetique 

du Developpement, Brussels, Belgium). Mouse monoclonal anti-dystrophin antibody, 

clone Dy8/6C5, reacting to carboxy-terminus amino acid residues 3669-3685 of human 

dystrophin, was kindly donated by M r Christopher Mann (Australian Neuromusclular 

Research Institute, U W A , Perth, W A , Australia), but can also be purchased from Novo 

Castra Laboratories Ltd (Newcastle upon Tyne, United Kingdom). Biotinylated 

Concanavalin A (ConA) and Wheat Germ Agglutinin ( W G A ) lectins were purchased 

from Sigma Chemical Co. (St. Louis, M O , USA). Streptavidin-HRP was obtained from 

(Amersham Biosciences, Little Chalfont, Buckinghamshire, U K ) , while NeutrAvidin™-

H R P was purchased from Pierce Biotechnology Inc. (Rockford, IL, USA). Sheep anti-

mouse and donkey-anti-rabbit IgG-HRP linked F(ab')2 fragments were purchased from 

Amersham Biosciences (Little Chalfont, Buckinghamshire, U K ) . Biotinylated sheep-

anti rabbit antibody was purchased from Dako Corporation (Carpinteria, CA, USA). 

2.1.2 Consumables and special reagents 

Chemicals used were, generally, of the highest purity grade and were largely 

purchased from Sigma Chemical Co. (St. Louis, M O , U S A ) , B D H Chemicals Australia 

Pty. Ltd. (Vic, Australia), BioRad Laboratories (Irvine, CA, U S A ) or Amersham 

Biosciences (Little Chalfont, Buckinghamshire, U K ) . Sources of reagents purchased 

are also indicated within the text and, for assorted reagents, also in Table 2.1. 

Preparation of various buffers, gels and stains is detailed in Appendices I - VII, pages 

A1-A7. 

2.1.2.1 Miscellaneous reagents and consumables 

Table 2.1: Assortment of miscellaneous reagents and consumables in alphabetical 
order by product name. 

Item 
Acrylamide (analytical grade) 
Agarose (high strength analytical 
grade) 

Aerosol resistant pipette tips 

Alw44l restriction enzyme 

Company 
BioRad 
BioRad 

Molecular Bio-
Products 
Promega 
Corporation 

Location 
Irvine, CA, U S A 
Irvine, CA, U S A 

San Diego, CA, U S A 

Madison, WI, U S A 
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Table 2.1: Assortment of miscellaneous reagents and consumables in alphabetical 
order by product name (continued). 

Item 

Amersham Hyperfilm-ECL film 

Ammonium persulfate (APS) 

AmpliTaq Gold (incl. lOx PCR 
buffer Gold and 2 5 m M MgCl2) 

Boric acid 

Bromophenol Blue 

Bovine serum albumin (BSA), 
chemical reagent grade 
Casein 

Colloidal Coomassie G250 

Dextran 

Diethylpyrocarbonate (DEPC) 

Dithiotreitol (DTT) 

D N A marker (100 base pairs) 
dNTPs (for use with AmpliTaq 
Gold) 
Dral 
Ethanol 

Ethylenediaminetetra-acetic acid 
(EDTA) 

Ficoll type-400 

G B X developer and replenisher 

G B X fixer and replenisher 

Glycerol 

Glycine 

Hhal restriction enzyme 
Hindi restriction enzyme 

Immobiline DryStrips (7cm, non
linear) 
Luminol enhancer and stable 
peroxide solutions 

Methanol 

Company 

Amersham 
Biosciences 

Roche Diagnostics 

Ajax Chemicals 

Sigma Chemical 
Co. 
ICN Biomedicals 
Inc. 

Sigma Chemical 
Co. 

Sigma Chemical 
Co. 
Sigma Chemical 
Co. 
Sigma Chemical 
Co. 
Sigma Chemical 
Co. 
Fisher Biotec 

Promega 
Corporation 
Fisher Biotec 
B D H Chemicals 
Australia Pty. Ltd. 
B D H Chemicals 
Australia Pty. Ltd. 
Sigma Chemical 
Co. 
Kodak Pty. Ltd. 
Kodak Pty. Ltd. 
ICN Biomedicals 
Inc. 
BioRad or Sigma 
Chemical Co. 

Fisher Biotec 
N e w England 
Biolabs 

Amersham 
Biosciences 

Pierce 
Biotechnology Inc. 
B D H Chemicals 
Australia Pty. Ltd. 

Location 

Little Chalfont, 
Buckinghamshire, U K 

Irvine, CA, U S A 
Branchburg, N e w Jersey, 
USA 
Auburn, NSW, Australia 
St. Louis, MO, USA 

Aurora, OH, USA 

St. Louis, MO, USA 

St. Louis, MO, USA 

St. Louis, MO, USA 

St. Louis, MO, USA 

St. Louis, MO, USA 

Perth, WA, Australia 
Madison, WI, USA 

Perth, WA, Australia 
Vic, Australia 

Vic, Australia 

St. Louis, M O , U S A 

Vic, Australia 

Vic, Australia 
Aurora, Ohio, U S A 

Irvine, CA, U S A or St. 
Louis, M O , U S A 
respectively 
Perth, W A , Australia 
Ipswich, M A , U S A 

Little Chalfont, 
Buckinghamshire, U K 
Rockford, IL, U S A 

Vic, Australia 
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Table 2.1: Assortment of miscellaneous reagents and consumables in alphabetical 

order by product name (continued). 

Item 
Micro Bicinchoninic acid (BCA) 
protein assay reagent kit 
Molecular weight (high and low) 

protein markers 
Ncol restriction enzyme 

Nitrocellulose membranes 
N TV' -methylene-bis-acrylamide 

(Bis) 
A W A W W - T e t r a -
methylethylenediamine (TEMED) 

Phosphate buffered saline (mixed 
powder) 

Platinum® Taq polymerase 

Polyoxyethylene (20) sorbitan 
monolaurate (Tween 20) 
Ponceau S 
Primers (for APOE and APOE -
491 and BATl -22 genotyping) 
Primers (for TNFA -308 and -850 
genotyping) 
Sodium chloride (NaCl) 
Sodium dodecylsulphate (SDS) 
TAQti polymerase 
Taq polymerase (incl. lOx 
Polymerase buffer, 2 5 m M MgCl2) 
Tricine 
Tris-(hydroxy methyl)-
methylamine (Tris) 
Urea (analytical grade) 

Xylene cyanol 

Company 
Pierce 

Amersham 
Biosciences 
N e w England 

Biolabs 

BioRad 

BioRad 

BioRad 

Fisher Biotec 

Invitrogen 
Corporation 
B D H Chemicals 
Australia Pty. Ltd. 

Acros Organics 
Genset Pacific Pty. 
Ltd 
Proligo Pty. Ltd. 

Ajax Chemicals 
BioRad 
Fisher Biotec 
Fisher Biotec 

BioRad 
B D H Chemicals 
Australia Pty. Ltd. 
B D H Chemicals 
Australia Pty. Ltd. 
Sigma Chemical 
Co. 

Location 
Rockford, IL, U S A 

Little Chalfont, 
Buckinghamshire, U K 

Ipswich, M A , U S A 

Irvine, CA, U S A 

Irvine, CA, U S A 

Irvine, CA, U S A 

Perth, W A , Australia 

Carlsbad, CA, U S A 

Vic, Australia 

N e w Jersey, U S A 

Lismore, N S W , Australia 

Lismore, N S W , Australia 

Auburn, N S W , Australia 
Irvine, CA, U S A 

Perth, W A , Australia 
Perth, W A , Australia 

Irvine, CA, U S A 
Vic, Australia 

Vic, Australia 

St. Louis, M O , U S A 

2.1.3 Human brain tissue samples 

Human frontal cortex (Fc) and cerebellum (Cb) brain tissue samples were 

obtained from subjects with histopathologically confirmed A D (with and without 

Presenilin 1 (PSI) mutations or APOE e4 genotype) and control cases without any A D 

pathology. Subjects with PSI mutations and a number of familial A D cases with APOE 

s4 genotypes were from local pedigrees and from the brain tissue bank at Drexel 

University College of Medicine (Philadelphia, PA, USA). Control brain tissue was 
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obtained locally and tissues were also received from the N S W Tissue Resource Centre, 

which is supported by The University of Sydney, Neuroscience Institute of 

Schizophrenia and Allied Disorders, National Institute of Alcohol Abuse and 

Alcoholism and N S W Department of Health. Classification of A D cases and 

identification of suitable controls was performed by a neuropathologist. Diagnosis was 

reached by standard means such as using N I N C S - A D R D A and D S M - I V criteria and 

following the nomenclature of Braak and Braak for classification of neurodegenerative 

and age-related changes in structure and function of the cerebral cortex (Braak and 

Braak, 1991). Autopsy was performed within 48 hours after death. Table 2.2 lists all 

brain samples used in the current study together with relevant details. Specific 

information about the particular brain samples used in the different chapters is provided 

in the Materials and Methods section of these chapters. 
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Table 2.2: P S l m , O A D and control cases: Relevant information 

Case Classification PMI Gender Mutation 

C1 Control 11 M 

C2 Control 48 F 

C3 Control 13 M 

C4 Control 10.5 F 

C5 Control 22 M 

C6 Control 24 M 

C7 Control 9 M 

C8 Control 5 F 

C9 Control 47 M 

C10 Control 13.5 M 

C11 Control 29 M 

C12 Control 15 M 

C13 Control 36 M 

C14 Control 30 M 

C15 Control 20 M 

C16 Control 9.5 F 

C17 Control NA F 

C18 Control NA F 

C19 Control 3.5 M 

| C20 Control 8 M 

OAD1 AD NA M * 

OAD 2 AD NA M * 

OAD 3 AD NA F * 

OAD 4 AD NA M * 

OAD5 AD NA F * 

OAD6 AD NA F * 

OAD 7 AD NA F * 

OAD 8 AD NA M * 

OAD9 AD NA F * 

OAD10 AD NA M * 

OAD 11 AD NA M * 

PS1m 1 PS1 mutation 42.5 M M233T 

PS 1m 2 PS1 mutation NA M M233T 
PS 1m 3 PS1 mutation NA F M233T 

PS1m4 PS 1 mutation NA F Q222H 

PS1m 5 PS1 mutation 19-19.5 M Q222H 

PS1m6 PS 1 mutation 18 M A246E 

PS1m7 PS1 mutation NA F A246E 

PS1m 8 PS1 mutation 12 M A246E 

PS 1m 9 PS1 mutation 19 F A246E 

PS1m 10 PS1 mutation 3.5 F A246E 

PS1m 11 PS1 mutation NA F M146L 

PS1m 12 PS1 mutation NA F M146L 

PS1m 13 PS1 mutation 4 M M146L 

PS1m 14 PS1 mutation 9 y C410Y 
PSlm = Case with mutation in the gene coding for Presenilin 1 (PSI) 
OAD = "Other AD case", case with AD not caused by a mutation in PSI 
Control = Case without notable AD neuropathology used as control for AD cases 
Fc = Frontal cortex, Cb = Cerebellum 
*No indication to suspect familial AD caused by PSI, PS2 or APP mutations 

Brain tissue 
region 

Age at death Fc Cb 

37 

42 

43 

46 

68 

61 

62 

46 

47 

38 

50 

18 

26 

54 

59 
52 

74 

76 

74 

74 

72 

76 

77 

65 

71 

87 

88 

75 

96 

66 

72 

50 

44 
39 

50 

53 

70 

56 

51 

67 

66 

NA 

50 

51 

57 
NA = 
PMI 

. 

V V 
7 V 
V V 
7 V 
7 V 
V V 
NA V 

NA V 

V NA 

V NA 

V NA 

V NA 

V NA 

V NA 

V NA 

V V 
V V 
7 V 
V V 

V V 

V V 
V V 

V V 
7 V 

V V 

V V 

V V 

V V 

V V 
V NA 

V V 
V 7 
V V 
NA V 

V V 
V V 
V NA 

V NA 

7 NA 

7 NA 

V NA 

V V 
V V 

Not available 
= Postmortem inten 
(in hours) 

I 

/al 
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2.1.4 Human blood samples 

The majority of plasma samples used for this study were from patients recruited 

from a memory clinic at Hollywood Private Hospital (HPH) in Perth, W A , Australia 

(226 A D cases and 165 controls) or from family members of a local pedigree with A D 

caused by the PSI M 2 3 3 T mutation. The remainder of patients were participants in the 

Sydney Older Persons Study; a random sample of community-dwelling people aged 75 

and over at recruitment. Patients were diagnosed as probable cases or controls by 

experienced clinicians using criteria from the Diagnostic and Statistical Manual of 

Mental Disorders - 4th Edition (DSM-IV, American Psychiatric Association, 1994). 

Probable A D was established following N I N C D S - A D R D A criteria (McKhann et al, 

1984). Blood samples were generally collected in the morning, usually between the 

hours of 8.00am and 11.00am. Blood samples were collected during the lifetimes of the 

participants, with no blood samples collected postmortem. Individual samples used for 

different analyses are further described in the respective thesis chapters. 

2.1.5 Animal sources 

Breeding pairs of PS1M146VKI mice and their background strain were 

generously donated by Professor Mark Mattson (National Institute on Aging (NIA), 

Laboratory of Neurosciences, Gerontology Research Center, Baltimore, M D , U S A ) and 

Professor George Martin (Director, Alzheimer's Disease Research Center, University of 

Washington, Seattle, Washington, U S A ) . Work on these mice was conducted in 

collaboration with these two laboratories. Animals were imported into Australia and re-

derived to specific pathogen free status at the Animal Resources Centre (Perth, W A , 

Autsralia). Tg2576 mice were bred from a colony housed at the A block animal care 

unit at the University of Western Australia ( U W A , Perth, W A , Australia). N e w Zealand 

white rabbits were obtained from the B S A U animal care unit at U W A (Perth, W A , 

Australia). 
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2.2 Methods 

2.2.1 Animal work 

University of Western Australia ( U W A ) or Edith Cowan University (ECU) 

animal ethics committee approval was obtained for all procedures conducted on animals 

in this project. 

2.2.1.1 Procedures performed on mice and tissue collection 

2.2.1.1.1 Sex hormone manipulation (and ageing) study 

Two animal models for A D were used in the current study: The PS1M146VKI, a 

PSI knock-in mouse with the endogenous PSI modified to include the human mutation 

M l 4 6 V (Guo et al, 1999a) as well as the A P P 6 9 5 S W E or Tg2576 mouse, a human 

mutant A P P transgenic mouse (Hsiao et al, 1996). As a PSI and A P P wild-type 

counterpart, the C57BL/6 background strain from which the PS1M146V mouse was 

created was used (Guo et al, 1999a). Animals were housed at the A Block and L Block 

animal housing units at U W A (Perth, W A , Australia). T w o studies were set up. 

The first was designed to study potential effects of PSI mutations on gene 

expression in the brain and peripheral organs throughout adult life and ageing. For this 

purpose groups of 16 male and 16 female PS1M146VKI mice and background strain 

wild-type animals were aged to 4, 6, 8, 10, 12, 14, 16 and 18 months of age (with a 

number of ex-breeders also reaching ages of up to 24 and 30 months). Animals were 

kept on a 12 hour light/dark cycle with free access to water and food. N o diet 

modifications were made and animals were not manipulated in any surgical or non

surgical manner during their lives. At present all animals have been sacrificed and their 

tissues collected for exploration by two-dimensional electrophoresis (2DE) and m R N A 

microarray analysis. However, due to time limitations for this project, the experimental 

examination of these tissues will occur in future studies. 

The second project involved characterisation of the effects of ovariectomy and 

castration, as well as sex hormone supplementation. To study this effect male and 

female mice from all three above mentioned strains were used. They were divided into 

groups consisting of approximately 16 animals per group that either received no 

treatment (control groups), ovariectomy or orchidectomy (castration) to study effects of 

sex hormone deprivation or gonadectomy followed by long-term depletion of sex 

hormones (six months on phytoestrogen free diet from Glen Forrest Stockfeeders, Glen 
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Forrest, W A , Australia) and subsequent supplementation of estradiol or testosterone. 

Gonadectomies were performed by Dr David Gardner, an experienced veterinary 

surgeon. Hormones were either supplemented through addition to food pellets (both 

hormones from Sigma Chemical Co., St. Louis, M O , U S A ) , or through insertion of 

subcutaneous slow-release pellets (Innovative Research of America, Sarasota, FL, 

U S A ) . For further information on these animal models and hormone study details see 

Chapter 7, (sections 7.1 and 7.2). 

2.2.1.1.2 Insertion of subcutaneous pellets 

Subcutaneous implantation of slow release pellets (Innovative Research of 

America, Sarasota, FL, U S A ) containing 17|3-estradiol was performed for a number of 

ovariectomized animals (see Chapter 7 section 7.2). Pellets contained lOOpg to 125pg 

of 17 [3-estradiol (depending on mouse weight) and the slow release mechanism 

occurred over a period of 30 days. Subcutaneous pellet implantation was performed 

using a stainless steel reusable precision trochar (Innovative Research of America, 

Sarasota, FL, U S A ) with regular medical point needle and rounded stylet protruding 

1/8" from needle point. Pellets were implanted into the lateral side of the neck between 

the ears and the shoulder. Mice were anaesthetized with 3 % Fluothane in oxygen (for 

induction) and anaesthesia maintained with 1.5% Fluothane in oxygen. Using this 

method there was no requirement for any initial incisions prior to direct pellet insertion. 

Animals recovered immediately as the gaseous anaesthetic wore off, did not bleed and 

required no suturing. 

2.2.1.1.3 Sacrifice and organ collection 

All mice were weighed prior to sacrifice. For sacrifice animals were deeply 

anaesthetized with 3 % Fluothane in oxygen. The maximum available blood volume 

was drained via heart puncture through the chest cavity. Blood was left to clot for a 

minimum of 30 minutes prior to separation of serum. Serum was collected after tubes 

were centrifuged at 10,000 rpm in an Eppendorf 5810 R centrifuge for 15 minutes (full 

brake applied). Samples were stored at -80°C until required for analysis. 

Under deep anaesthesia and drained of blood the animals were sacrificed by 

decapitation. The brain was then extracted from the cranium. Left brain hemispheres 

were snap frozen and stored at -80°C until biochemical analysis. The right brain 

hemisphere of half the number of animals were stored in RNAlater® (Ambion, Inc., 
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Austin, TX, U S A ) for R N A preservation, while the remaining right hemispheres were 

placed in 1 0 % buffered formalin for subsequent histopathological analysis. Organs that 

may play a role in the metabolism and clearance of A D relevant proteins (for example 

liver and kidneys) were also extracted. These tissues will be used to assess distribution 

of novel biomarkers in peripheral organs. Uteri were collected for female mice and 

prostates for male animals for weight determination and /or histochemical analysis of 

effects of hormone treatment / deprivation. They were stored in 1 0 % buffered formalin. 

2.2.1.2 Polyclonal BAT1 and DDXL antibody production in rabbits 

2.2.1.2.1 Preparation of peptide conjugates for immunization 

In order to be able to measure both BATl and D D X L levels accurately it was 

necessary to produce specific antibodies for both proteins that did not cross-react 

inappropriately. This project was conducted in collaboration with Professor Pankaj 

Mehta and Professor David Miller (Institute For Basic Research In Developmental 

Disabilities, Staten Island, N e w York, USA), who provided practical help and expert 

advice. Using the human BATl and D D X L sequences Professors David Miller 

designed three peptides each for both BATl and D D X L within optimal sequence 

regions for greatest likelihood of immunogenicity as well as least likelihood for cross-

reactivity between the antibodies. All peptides were manufactured by Auspep Pty. Ltd 

(Parkville, Vic, Australia) and sequences are provided below: 

1. BATla = TAB1 (res 179-191): (cys)-LARNKSLNLKHIK(NH2) 

2. D D X L a = L X D 1 (res 178-190): (cys)-LVRNRSFSLKNVK(NH2) 

3. BATlb = T A B 2 (res 400-413): LNDVQDRFEVNISE(NH 2 ) 

4. D D X L b = L X D 2 (res 399-412): L N H V Q D R C E V N V A E ( N H 2 ) 

5. BATlc = T A B 3 (res 419-428): DISSYIEQTR 

6. D D X L c = L X D 3 (res 418-427): DISTYIEQSR 

In order to ensure optimal conditions for maximum conjugation of peptides to 

the carrier proteins all peptides were checked to make sure S H groups remained in a 

reduced state using Ellman Reagent [5,5'-Dithiobis(2-nitro-benzoic acid)] from Sigma 

Chemical Co. (St. Louis, M O , USA) as per published procedure (Janatova et al, 1968). 
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Peptides (1 mg) were dissolved in 400 pi sterile filtered phosphate buffered saline (PBS, 

7 m M sodium phosphate, containing 0.14 M NaCl and 2 m M KC1), p H 7.6. Protein 

assays were performed (as described in Section 2.2.8) in order to ascertain accurate 

protein content. The carrier protein used for immunization was mariculture Keyhole 

Limpet hemocyanin (mcKLH). Imject® Maleimide Activated m c K L H (Pierce, 

Rockford, IL, U S A ) was coupled to the two peptides with N-terminal cysteines (TAB1 

and TAB2) as per manufacturer's instructions. The maleimide activated m c K L H was 

dissolved in 1 ml sterile ddH 20 (to a concentration of 10 mg/ml). Equal amounts (1 

mg) of m c K L H preparation (-100 pi) and peptide solutions (-100 pi) were mixed and 

rotated at room temperature (RT) for two hours. mcKLH-peptide conjugates were 

stored at 4°C overnight for use the following day. "Left-over" conjugate was stored at -

20°C. 

Peptides without N-terminal cysteines (TAB2, TAB3, L X D 2 and L X D 3 ) were 

coupled to m c K L H using gluteraldehyde as per published protocols (Huet, 1998). 

Briefly 40 m g of Imject® m c K L H (Pierce, Rockford, IL, U S A ) was reconstituted with 1 

ml ddH 20 (to a concentration of 40 mg/ml). The m c K L H was passed through 

previously prepared 10ml columns packed with Sephadex G50 beads (Amersham 

Biosciences, Little Chalfont, Buckinghamshire, U K ) and blocked with albumin. 

Fractions were collected and protein assays performed on each fraction. Most of the 

m c K L H was spread over four to five 0.5 ml fractions as expected after passing an 

original volume of 1ml through a 10 ml Sephadex G50 beads column. These fractions 

were pooled and a protein assay performed to determine overall protein content. 

Peptides were then mixed with m c K L H at a ratio of 1:4 (for example 1 m g peptide to 4 

m g mcKL H ) . The final volumes were made up to 800 pi with PBS and conjugates 

mixed by rotation at 4°C. Aliquots (4 times 20 pi) of 1 % gluteraldehyde (diluted with 

ddH 20 from a 2 5 % gluteraldehyde stock from Sigma Chemical Co., St. Louis, M O , 

U S A ) were added to the mcKLH-peptide mixtures over a period of 30 minutes. 

Conjugates where then left to rotate at 4°C overnight. The following day residual 

gluteraldehyde was scavenged by addition of 120 pi of 208 m M DL-lysine monohydro-

chloride (Sigma Chemical Co., St. Louis, M O , USA). Protein precipitation occurred 

after addition of lysine and was broken up to a fine suspension by pipetting and passing 

conjugates through a syringe needle. Conjugates were stored at 4°C overnight prior to 

use. "Left-over" conjugate was stored at -20°C as well as residual peptide solution and 

uncoupled K L H were stored at -20°C. 
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2.2.1.2.2 Procedures performed on rabbits and immunization protocol 

Prior to immunizations, rabbits were first bled to obtain some pre-immune 

serum. They were bled from the ear vein using only a Vacutainer® needle (22 gauge, 

Greiner bio-one G m b H , Kremsmunster, Austria). The animals were placed into a 

restrainer. The ear was prepared by shaving some of the hair off and by tapping the 

vein and applying 7 0 % ethanol along its length to disinfect the skin and keep the vein 

dilated. The needle was inserted into the rabbit vein at a very low angle almost parallel 

and along the length of the vein. The serum Vacutainer® collection tube (uncapped) 

was held underneath the other end of the needle to collect the blood. Bleeding from the 

ear was stopped by applying cotton wool to the vein with compression for a few 

minutes. Rabbit ears were then cleaned up with 7 0 % ethanol. Blood was left to clot 

overnight in the fridge before aliquoting the serum the following day and storing it at -

80°C. Additional bleeds were performed at appropriate times after the initial 

immunization and boosters in order to collect immune serum. 

For immunization, rabbits were prepared by shaving fur from the flanks of the 

animal (both left and right side). Inoculations were performed immediately after mixing 

one part of mcKLH-peptide conjugate with one part of Freund's complete adjuvant 

(FCA, Sigma Chemical Co., St. Louis, M O , U S A ) . For booster immunizations 

Freund's incomplete adjuvant (FIA, Difco Laboratories, Detroit, Michigan, U S A ) was 

used instead of FCA. For that purpose 2 or 3 ml glass luer-lock syringes (Micro-Mate 

2cc and 3cc Lock tip Interchangeable Hypodermic syringes, Popper & Sons Inc., N e w 

Hyde Park, N Y , U S A ) were used and peptide was drawn up using one syringe (with a 

normal blood collection needle) while adjuvant was drawn up using another syringe 

(again with a normal blood collection needle). For the gluteraldehyde-conjugated 

peptides, volumes of up to around 400 pi to 500 pi of conjugate were mixed with the 

equal volumes of adjuvant. For the maleimide activated m c K L H conjugates, volumes 

of about 100 pi of the conjugates were diluted to 450 pi overall with sterile PBS, p H 

7.6. Equal volumes of adjuvant were added to them. 

Then the blood collection needles were carefully removed and an adaptor needle 

(18x2-7/8" Micro-emulsifying needle, Popper & Sons Inc., N e w Hyde Park, N Y , U S A ) 

was used to connect both syringes securely. The peptide conjugate / adjuvant 

preparation was mixed by expelling the contents of one syringe into the other syringe 

back and forth until the mixture thickened to a tough opaque emulsion. Prior to 

injection the area of skin was disinfected with 7 0 % ethanol. Rabbits were injected 

subcutaneously with 100 ug of peptide overall (corresponding to 200 pi of peptide / 
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adjuvant mix distributed in approximately 50 pi aliquots over four injection sites in 

total, two on each flank). After injection, the sites were disinfected with 7 0 % ethanol, 

excess remaining emulsion was discarded and syringes cleaned immediately. The 

immunization time-frame of events is summarized in Table 2.3. The protocol used in 

this study corresponds to one recommended at Monash University (Penney et al., 1998) 

and was approved by the E C U animal ethics committee. Dr David Gardner (veterinary 

surgeon) monitored the health of the rabbits during this project. 

Table 2.3: Rabbit immunization and blood collection schedule 

Week Number 

1 

4 

6 

8 

9 

12 

13 

16 

17 

Procedure 

Pre-bleed and Primary Immunisation 

Booster immunisation 1 

Test bleed 1 - 10 ml 

Booster immunisation 2 

Test bleed 2-10-20 ml 

Booster immunisation 3 (if required) 

Test bleed 3-10-20 ml 

Booster immunisation 4 (if required) 

Test bleed 4- 10-20 ml 

2.2.2 Plasma separation from whole blood 

Blood collection occurred through standard venipuncture techniques. Whole 

blood was collected into 9 ml Vacutainer®, heparin tubes (Interpath Services, West 

Heidelberg, Vic, Australia) pre-treated with 25 pi of a prostaglandin E (PGE) solution 

(40 pi of PGE1 stock (500 ug/ml) and 50 ml of 1 0 0 % ethanol) in order to minimize 

platelet activation. Blood tubes were centrifuged at 800-1000 rpm in an Eppendorf 

5810 R centrifuge for 10 minutes (no brake applied). Plasma was transferred to fresh 

tubes and further centrifuged for 15 minutes at 1500 rpm (full brake applied) for 

isolation of platelets. The platelet pellet remained undisturbed while plasma was 

transferred and aliquoted into microfuge tubes. The platelet pellet was washed with 

(and subsequently stored in a 500 pi volume of) T B S (10 m M Tris-HCl, p H 7.4, 
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containing 150 m M NaCl) at -20°C. Plasma samples were also stored at -20°C until 

further use. 

2.2.3 Genotyping 

2.2.3.1 DNA isolation 

D N A was isolated from peripheral leukocytes in the packed cell volume (PCV) 

recovered after separation of plasma. Approximately 4 ml of P C V was mixed with 

about 3 ml of sterile 0.9% (w/v) saline and 2 ml of dextran solution (for 1 litre of stock 

solution: 50 g dextran, 7 g NaCl, 0.02% w/v sodium azide) and the suspension was 

allowed to settle at R T for about 30 minutes. The top fraction was then separated into a 

fresh tube, centrifuged at 1000 rpm for five minutes and the resulting pellet of 

leukocytes washed twice with 0.9% (w/v) saline, prior to being resuspended in foetal 

calf serum (CSL Pty. Ltd., Parkville, Vic, Australia) containing 1 0 % (v/v) dimethyl 

sulphoxide (DMSO). In this format leukocytes were stored at -80°C until required for 

D N A extraction (or for creation of immortalized cell lines). 

For D N A extraction, leukocytes were thawed and centrifuged at 4000 rpm (three 

minutes), supematants were discarded and cells resuspended in 1 ml of 0.9% (w/v) 

saline followed by a second three minute centrifugation at 4000 rpm. Washes with 

0.9% (w/v) saline were repeated several times. After the final wash the pellet was 

resuspended in 0.5 ml TES buffer, p H 8.0 (0.30 g Tris, 1.461 g NaCl and 0.093 g E D T A 

made to 250 ml with ddH20). Furthermore, 60 pi of 2 0 % (w/v) SDS and 30 pi of 20 

mg/ml proteinase K was added to each tube and mixed by overnight slow-rotation at 

37°C. D N A was precipitated by addition of 50 pi of 3 M sodium acetate and 1 ml of 

100% ethanol, followed by mixing. Precipitated D N A was centrifuged at 13000 rpm 

for 15 minutes and the pellet was washed in 400 pi of 7 0 % ethanol. Following a further 

centrifugation at 13000 rpm (for five minutes), the D N A pellet was allowed to dry and 

was subsequently resuspended in 400 pi of ddH 2 0 for storage at -80°C until further 

use. 

2.2.3.2 APOE genotyping 

APOE genotyping and promoter polymorphism analysis was performed by Dr 

Simon Laws using polymerase chain reaction (PCR) and restriction enzyme digest 

protocols, as previously published (Hixson and Vernier, 1990; W e n h a m et al, 1991). 
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P C R amplification was performed in a total volume of 15 pi, containing 1.0 U of 

AmpliTaq Gold, 0.2 m M of each deoxyribonucleotide triphosphate (dNTP), 2 m M of 

MgCl2 and 1 0 % D M S O and took place over 37 cycles on an Eppendorf MasterCycler 

Gradient thermal cycler (Eppendorf South Pacific Pty. Ltd., North Ryde, N S W , 

Australia). Cycle parameters were set as follows: One cycle of 94°C for five minutes, 

65°C for 30 seconds and 70°C for 90 seconds; 35 cycles of 94°C for 30 seconds, 65°C 

for 30 seconds and 70°C for 90 seconds; one cycle of 94°C for 30 seconds, 65°C for 30 

seconds, 70°C for 10 minutes and 4°C for one minute. Oligonucleotide primers were as 

previously published (Wenham et al, 1991) and had following sequences: 

Upstream primer: 5'-TCCAAGGAGCTGCAGGCGGCGCA-3', and 

Downstream primer: 5'-ACAGAATTCGCCCCGGCCTGGTACACTGCCA-3'. 

The amplified product (244 base pairs) was digested for four hours at 37°C 

using 5.0 U of the Hhal restriction enzyme (with restriction sequence G A C G C ) from 

Fisher Biotec (Perth, W A , Australia). Restriction sites recognized by this enzyme also 

occur in four sites apart from those that distinguish the presence of 112 Arg (APOE s4 

only) from the presence of 158 Arg (present in both APOE s3 and c4). Digested 

product was separated on non-denaturing polyacrylamide gels as described in section 

2.2.3.4 

2.2.3.3 APOE-491 genotyping 

A two-stage P C R amplification was necessary for determination of the APOE -

491 A/T polymorphism. Genotyping was performed by Dr Simon Laws using 

previously published protocols (Bullido et al, 1998). Primers with following sequences 

were used: 

Upstream primer 1: (-1017) 5'-CAAGGTCACACAGCTGGCAAC-3', and 

Downstream primer 1: (+406) 5'-TCCAATCGACGGCTAGCTACC-3'; 

Nested primer 1: (-285) 5'-TGTTGGCCAGGCTGGTTTTAA-3', and 

Nested primer 2: (-512) 5'-CCTCCTTTCCTGACCCTGTCC-3'. 

PCR amplification was performed in a total volume of 20 pi (genomic), or 15 pi 

(nested), containing 1.0 U of Taq Polymerase, 0.2 m M of each dNTP, 1 m M of MgCl2 
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during 37 cycles on an Eppendorf MasterCycler Gradient thermal cycler. Cycle 

parameters were set as follows: One cycle of 94°C for five minutes; 35 cycles of 94°C 

for 30 seconds, 68°C for two minutes; one cycle of 94°C for 30 seconds, 68°C for 10 

minutes and 4°C for one minute. The amplified product of 229 base pairs (bp) was 

digested for four hours at 37°C using 5.0 U of the restriction enzyme Dral (with 

restriction sequence T T T A A A A ) from Fisher Biotec (Perth, W A , Australia). Product 

(which was only digested by Dral in the presence of the -491A allele) was separated on 

non-denaturing polyacrylamide gels as described in section 2.2.3.4. 

2.2.3.4 Non-denaturing PAGE for APOE genotyping and APOE -

491 promoter polymorphism determination 

Products from P C R and restriction enzyme digests for APOE genotyping and 

APOE -̂ 491 polymorphism determination were mixed with Ficoll D N A loading buffer 

and separated on a non-denaturing 8 % polyacrylamide gel in 1 x Tris borate E D T A 

(TBE) buffer. P A G E was performed either using the Hoefer Mini VE® system (Hoefer 

Pharmacia Biotech Inc., San Francisco, CA, U S A ) or the BioRad Mini Protean system® 

(BioRad, Irvine, CA, U S A ) at 110 V for one hour. Gels were subsequently stained with 

ethidium bromide (1.5 pi of 10 mg/ml ethidium bromide into 50 ml of ddH20) for up to 

five minutes, followed by destaining in ddH 20 for 5-10 minutes. D N A bands were 

visualized under U V light using a UVPinc U V transilluminator and photographed using a 

Polaroid GelCam to capture them onto Polaroid 667 (ISO 3000) film (St. Albans, 

Hertfordshire, England) for permanent record. Interpretation of band patterns for APOE 

genotyping and determination of APOE -491 polymorphism was performed according 

to previously published literature (Wenham et al, 1991; Bullido et al, 1998). More 

details about various buffers and gel mix preparations can be found in Appendix I, page 

Al. 

2.2.3.5 TNFA -308 and TNFA -850 genotyping 

Genotyping of TNFA promoter polymorphisms was performed by Dr Simon 

Laws, M r Ross Headley and M r Kelvin Balakrishnan. Genotyping procedures and 

primer sequences were as previously published (Laws et al, 2005). TNFA -308 alleles 

were determined via P C R amplification in a total volume of 20 pL, containing 0.6 U 

TAQti polymerase (Fisher Biotec, Perth, W A , Australia), 0.2 m M each dNTP, 1.5 m M 

MgCl2 and 0.5 mg/ml bovine serum albumin (BSA) amplified as follows: One cycle of 
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94°C for 2 minutes, 35 cycles of 94°C for 30 seconds, 63°C for 30 seconds and 72°C 

for 30 seconds, followed by one cycle of 72°C for five minutes on an Eppendorf 

MasterCycler Gradient thermal cycler. Primer sequences were as follows: 

Upstream primer: 5'-AGGCAATAGGTTTTGAGGGCCAT-3', and 

Downstream primer: 5'-TCCTCCCTGCTCCGATTCCG-3'. 

Primers were purchased from Proligo Pty. Ltd (Lismore, Australia). Amplicons 

were digested at 37°C using 3U Ncol (restriction sequence C A C A T G G ) , separated on 

5 % high resolution agarose gels at 280 V (12 minutes) and stained with ethidium 

bromide to reveal fragments with migration patterns specific for each allele (Allele 1 

(G) = 88 bp and 19 bp; Allele 2 (A) = 107 bp). 

TNFA -850 alleles were determined via P C R amplification, on an Eppendorf 

MasterCycler Gradient thermal cycler, in a total volume of 20 uL, containing 0.6U of 

TAQti polymerase (Fisher Biotec, Perth, W A , Australia), 0.2 m M each dNTP, 1.5 m M 

MgCl2 and 0.5 mg/ml B S A as follows: One cycle of 94°C for 3 minutes, 35 cycles of 

94°C for 45 seconds, 60°C for 30 seconds and 72°C for 45 seconds, followed by one 

cycle of 72°C for five minutes. Primers were as previously published (Laws et al, 

2005) and modified from those originally published (Kato et al, 1999): 

Upstream primer: 5'-TCGAGTATCGGGGACCCCCCGTT-3' (underline 

denotes mismatch), and 

Downstream primer: 5'-CCAGTGTGTGGCCATATCTTCTT-3'. 

Both primers were purchased from Proligo Pty. Ltd (Lismore, Australia). 

Amplicons were digested at 37°C using 3U Hindi (restriction sequence G T T ^ A A C ) , 

separated on a 5 % high resolution agarose gels at 280V (12 minutes) and stained with 

ethidium bromide to reveal D N A fragments with migration patterns specific for each 

allele (Allele 1 (C) = 105 bp and 23 bp; Allele 2 (T) = 128 bp) (Kato et al, 1999; Laws 

et al, 2005). 

2.2.3.6 BAT1 -22 genotyping 

BATl -22 alleles were determined by Katarzyna D'Costa using P C R 

amplification in a total volume of 20 uL, containing 1.0 U of Taq polymerase (Fisher 
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Biotec, Perth, W A , Australia), 0.2 m M each dNTP and 3.0 m M MgCl2, on a 

MasterCycler Gradient thermal cycler as follows: One cycle of 95°C for 5 minutes, 44 

cycles of 95°C for 30 seconds, 56°C for 35 seconds and 72°C for 40 seconds, followed 

by one cycle of 72°C for 10 minutes. Oligonucleotide primers with following 

sequences were purchased from Genset Pacific Pty. Ltd (Lismore, Australia): 

Upstream primer: 5'-CAACCGGAAGTGAGTGCA -3', and 

Downstream primer: 5'-CAGACCATCGCCTGTGAA-3'. 

Amplicons were digested at 37°C using 5 U Alw44I (restriction sequence 

G A T G C A C ) , separated on 8 % non-denaturing polyacrylamide gel at 110 V for 1.5 

hours and stained with ethidium bromide to reveal D N A fragments with migration 

patterns specific for each allele (Allele 1 (G) = 170 bp; Allele 2 (C) = 152 bp and 18 bp; 

see Figure 2.1. 

Figure 2.1: BATl -22 G/C promoter polymorphism genotyping: 
A representative -22C/G genotyping gel produced after digested P C R product was run 
on an 8 % non-denaturing P A G E gel. 

M = Marker (100 base pair marker - arrows represent 400, 200 and 100 base pair 
fragments). Black arrowheads correspond to allele fragments: -22 C = 152 base pairs 
and 18 base pairs, and -22 G = 170 base pairs 
Lane 1 = -22 C/C genotype 

Lanes 2, 4, 5, 7, 8, 9, 10 and 11 = -22 C/G genotype 
Lanes 3 and 6 = -22 G/G genotype 

2.2.4 A(3 immunohistochemistry 

Frontal cortex (Fc) and cerebellum (Cb) brain tissue samples were fixed in 1 0 % 

buffered formalin and processed by Keith Cole (Department of Pathology, Queen 

Elizabeth II hospital, Perth, W A , Australia) in an automated tissue processor (Tissue-
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Tek VIP 3000, Global Medical Instrumentation, Inc., Ramsey, Minnesota, U S A ) as 

follows: Immersion in buffered formalin (minimum of 60 minutes) and dehydration 

through immersion in two separate changes of 7 0 % ethanol (v/v) ethanol (60 minutes 

each), 9 5 % (v/v) ethanol (60 minutes), 100% (v/v) ethanol (90 minutes) and two 

successive 120 minute incubations in absolute ethanol. Next, tissues were immersed in 

ethanol chloroform (50:50) for 180 minutes, followed by a second immersion in fresh 

ethanol chloroform for eight hours and 40 minutes. Finally, tissues were impregnated 

with paraffin wax for three successive changes of wax (eight hours each) at 56°C. 

Tissues were then embedded in paraffin blocks and 6 p m sections cut using a Reichert 

Jung 2035 rotary microtome (Leica Microsystems Pty. Ltd., Gladesville, N S W , 

Australia). Sections were carefully floated in a water-bath (at 56°C) to remove creases, 

then mounted on glass slides and allowed to dry. Cutting of sections and 

immunostaining for A(3 were performed by M r Gerald Veurink and Dr Kristyn Bates. 

For immunohistochemical analysis with A p specific antibodies sections were 

first dewaxed and rehydrated by passing them through three changes of xylene (2 

minutes each change), followed by treatment with absolute ethanol (2 minutes), 9 0 % 

ethanol (2 minutes) and 7 0 % ethanol (2 minutes). After subsequent washing of sections 

in distilled water, antigen retrieval consisted of treating the sections with 8 0 % formic 

acid for five minutes at RT. Blocking of endogenous peroxidases was performed by 

treating sections with 3 % hydrogen peroxide at 22°C for five minutes (for 1E8 primary 

antibody) and 30 minutes (for W 0 2 primary antibody which is specific to residues 5-8 

of AP). Afterwards, sections were blocked with T B S T (10 m M Tris-HCl, p H 7.4, 

containing 150 m M NaCl and 0.05% (v/v) Tween 20) supplemented with 2 0 % (v/v) 

sheep serum for 30 minutes at 22°C. 

Antibody 1E8 (1:1 dilution in T B S T with 2 0 % (v/v) sheep serum) was applied 

to sections overnight at 4°C, while for W 0 2 antibody (1:10 dilution in TBST) sections 

were incubated for two hours at RT. For the 1E8 antibody, sections were then 

incubated for 30 minutes at R T with biotinylated sheep-anti-rabbit, diluted (1/500) in 

T B S T with 2 0 % (v/v) sheep serum, followed by incubation with streptavidin (1/1000 

dilution in T B S T with 2 0 % (v/v) sheep serum) for 30 minutes at RT. For the W 0 2 

antibody, sections were first incubated with the secondary antibody from the D A K O -

LSAB-2 System H R P kit ( D A K O Corporation, Carpinteria, CA, U S A ) at a 1:3 dilution 

in T B S T for 20 minutes at 37°C. Subsequently they were incubated in a 1:3 dilution of 

linking antibody (DAKO-LSAB-2 System H R P kit) in T B S T for 20 minutes at 37°C. 

For 1E8 staining, the streptavidin-HRP was detected by incubating the sections in T B S T 
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containing 6 ug/ml of diaminobenzidine (DAB) and 3 0 % hydrogen peroxide, for 5 

minutes at RT, while for W 0 2 staining slides were incubated in D A B substrate (Pierce, 

Rockford, IL, U S A ) at a 1:10 dilution in peroxidase buffer (supplied with kit) until the 

desired intensity of staining was obtained. All sections were counterstained with 

Mayer's haematoxylin (Sigma Chemical Co., Saint Louis, M O , U S A ) . After "blueing" 

of sections with Scott's tap water (Sigma Chemical Co., Saint Louis, M O , U S A ) for 30 

seconds, dehydration of sections was performed in two changes of absolute ethanol. 

After clearing in three changes of xylene the sections were mounted in DePex mounting 

medium (Chem-supply, SA, Australia). Images of A p tissue sections were taken using 

a Carl Zeiss Universal microscope with a top mounted M 3 5 3 5 m m camera and an M C 

63 exposure system under the direction of Dr Terry Robertson (Department of 

Pathology, U W A , Perth, W A , Australia). 

2.2.5 ELISA assessment of A(340 and A(342 levels and BAT1 and 

D D X L antibody titres 

2.2.5.1 Double-antibody sandwich ELISA for detection of Aj340 and 

AJ342 

Enzyme-linked immunosorbent assay (ELISA) for A p levels in human brain 

tissue was performed by M r Justin Fonte. Only brain tissue samples from selected 

subjects were examined by ELISA (due to tissue limitations, not all samples could be 

examined by both Western and ELISA). For A p extraction from the tissue in 

preparation for the ELISA procedure, 7 0 % formic acid was added to 550 ug of total 

protein homogenate (see Section 2.2.6.2) to a final volume of 100 pi. The sample was 

vortexed well up to five times during a 30 minute period. Subsequently, after a 15 

minute centrifugation at -14,000 rpm, 50 pi of the formic acid extract supernatant was 

added to 950 pi of equalisation buffer (1/20 dilution; 1 M Tris, 100 m M Betaine, 1 m M 

4-(2-ammoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 0.05% Tween; pH 

10.3). The equalized solution (10 pi) was further diluted 1/50 in dilution buffer [500 

uL; 5 m M ethylenediaminetetra-acetic acid (EDTA), 2 m M Betaine, 1 m M AEBSF, 1 % 

bovine serum albumin BSA, 0.05% Tween 20 in PBS buffer, pH7.4], and the samples 

were then aliquoted, snap frozen in liquid nitrogen and stored at -80°C until loaded onto 

plates for analysis. 

82 



Chapter 2 Materials and Methods 

Micro well plates (96 wells) were coated with capture antibody 6E10 (1/300 

dilution) in 50 m M carbonate buffer (see Appendix II, page A2) overnight at 4°C. 

Wells were washed three times with PBST (PBS with 0.05% (v/v) Tween 20) using a 

Microtech plate washer (BioRad, Irvine, CA, U S A ) and blocked with 200ul of 1 % 

(w/v) B S A in P B S T (see Appendix II, page A2) for one hour at RT. Plates were 

washed again with PBST (three times) and samples and standards (15.625 pg/ml to 1 

pg/ml) loaded into wells in duplicate volumes of 100 pi. Following a two hour 

incubation at RT, plates were stored at 4°C overnight. The next day, subsequent to three 

plate washes with PBST, the biotinylated detection antibodies (100 pi) were loaded 

diluted in 1 % (v/v) B S A in PBST and incubated at R T for 1.5 hours. Ap4o was detected 

with rabbit antiserum R208 (1/1000 dilution), and AP42 with rabbit antiserum R226 

(1/300 dilution). Plates were washed again three times and 100 pi NeutrAvidin™-HRP 

(1:10,000 dilution in PBST) added to each well. Plates were then incubated at R T for 

one hour, followed by addition of 100 pi of a 1:1 preparation of T M B Peroxidase 

Substrate and Peroxidase Solution B (TMB Microwell Peroxidase Substrate System 

from KPL, Gaithersburg, M D , USA). The reaction was allowed to develop in the dark 

and at desired intensity it was stopped by addition of 100 pi of H3PO4 per well. The 

optical density (OD) was measured at 450 n m using a BioRad Model 3550 (Irvine, CA, 

U S A ) microplate reader. Assessment of AP40 and AP42 levels in murine plasma and 

brain tissue was performed by M r Karl De Ruyck using human AP40 and AP42 specific 

antibodies for Tg2576 mice (with mutant human APP) as well as rabbit polyclonal 

antibodies specific to rodent AP40 or AP42 for measurement of murine endogenous A p 

levels in all three mouse species. Antibody 4G8 was used for A p capture. The above 

protocol was adapted from a previously published procedure (Mehta et al, 1998; Mehta 

et al, 2000; Mehta et al, 2001; Verdile et al, 2004b). 

2.2.5.2 ELISA for assessment of BAT 1 /DDXL antibody titres 

For assessment of BATl or D D X L antibody titres, M r Karl De Ruyck used a 

very similar method and largely the same buffers as described in Section 2.2.5.1. 

However, instead of using capture antibody, plates were coated with lOOpl of 1 pg/ml 

BATl or D D X L peptides in 50 m M carbonate buffer (see Appendix II, page A2). 

Furthermore, instead of blocking with 1 % (w/v) B S A plates were blocked with 1 0 % 

(v/v) normal sheep serum in PBS. Pre-bleed serum and immune sera were diluted in 

PBST containing 0.5% (w/v) B S A to dilutions ranging from 1:1000 to 1:625,000. 
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Following a two hour incubation at R T and three washes with P B S T donkey-anti-rabbit-

H R P linked F(ab')2 fragment was added to wells at a dilution of 1:12,000 in P B S T with 

0.5% (w/v) B S A and plates incubated for two hours at RT. Detection and O D 

measurement occurred as described in Section 2.2.5.1. 

2.2.6 Brain tissue extraction 

2.2.6.1 TRIzol® procedure for simultaneous extraction of both RNA 

and protein 

Fc brain tissue samples (200 mg) were subjected to TRIzol® (Gibco B R L , Grand 

Island, N e w York, U S A ) extraction based on manufacturer's instructions in order to 

obtain both protein and total R N A from the same sample. R N A extracts were used for 

m R N A quantitation while protein samples were used for 2 D E (see sections 2.2.7 and 

2.2.12). Brain tissue was homogenized in TRIzol® (1ml TRIzol® /100 m g brain tissue) 

using a hand-held Kinematica polytron homogenizer and was left to incubate at R T for 

five minutes. To each tube, 200 pi of chloroform per 1ml TRIzol® was added, tubes 

shaken vigorously by hand and left to stand at R T for up to three minutes prior to 

centrifugation of samples at -14,000 rpm and 4°C for 10 minutes. The supernatant 

containing the R N A was removed to a separate tube and R N A precipitated by addition 

of ice-cold isopropanol (0.5 ml/1 ml TRIzol®). After gentle mixing tubes were left at 

R T for 10 minutes, followed by a 10 minute centrifugation at -14,000 rpm and 4°C. 

Supernatant was then removed and the R N A pellet washed with 7 5 % (v/v) ethanol (1 

ml ethanol / 1 ml TRIzol®). After subsequent centrifugation at -9000 rpm and 4°C for 

five minutes, the supernatant was discarded and R N A pellets air-dried for several 

minutes, prior to dissolving the R N A pellet in RNAse free ddH 2 0 (Sigma Chemical 

Co., St. Louis, M O , USA). R N A concentrations were determined 

spectrophotometrically and R N A quality and quantity was also determined by M s 

Violet Peeva (Western Australian Institute for Medical Research Inc. ( W A I M R ) , Perth, 

W A , Australia) using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, 

CA, USA). R N A aliquots were stored at -80°C until further analysis. 

To extract protein from the same sample 1.5 ml isopropanol (per ml of 1 ml 

TRIzol®) was added to remaining phenol layer from the original 1 ml TRIzol® extract 

after removal of the R N A rich supernatant. Tubes were mixed, left for 10 minutes at 

R T and centrifuged at -14,000 rpm and 4°C for 10 minutes. The supernatant was then 
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removed and the pellets washed three times in 9 5 % (v/v) ethanol containing 0.3 M 

guanidine hydrochloride (2 ml/1 ml TRIzol®). A final wash was performed with 2 ml 

of ethanol. All washes were performed by vortexing the pellet in the wash solution, 

followed by a 20 minute incubation at R T and subsequent 10 minute centrifugation at 

9000 rpm and 4°C. The tough protein pellets were then redissolved in a urea rich buffer 

("Solution B", see Section 2.2.12.1.1 and Appendix III, page A3) by manually breaking 

up the pellets and rotating samples for two hours at R T and overnight at 4°C. The 

following morning, additional Solution B was added to maximize dissolving capacity. 

Tubes were then centrifuged at 14,000 rpm for 10 minutes and the supernatant 

transferred to a fresh tube. Pellets were stored at -80°C for further extraction if 

required. Total protein content in supernatants was assessed as described in Section 

2.2.8. Sample aliquots were stored at -80°C until further analysis. 

2.2.6.2 Total protein homogenate and sequential extraction 

procedure 

Fc and Cb brain tissue (-200 m g ) was homogenized in -600 pi of "Solution A " 

[20 m M Tris buffer, p H 7.4 containing a mixture of protease inhibitors (Complete™ 

Mini protease inhibitor cocktail tablets, Roche Diagnostics G m B H , Mannheim, 

Germany), see Appendix III, page A3]. Homogenization was performed using a 

Kinematica polytron homogenizer. Half the volume for each homogenate was then 

aliquoted and stored at -80°C until used for one-dimensional electrophoresis (IDE). For 

2 D E analysis the other half of the total homogenate was centrifuged for 30 minutes at 

-14,000 rpm and 4°C. Supernatants were collected, aliquoted and stored at -80°C until 

further analysis. These supernatants represented the soluble fraction of proteins in a 

sequential extraction of different protein sub-fractions. Pellets were subjected to more 

rigorous extraction by different means such as detergents and chaotropic agents in order 

to liberate and solubilize hydrophobic and membrane bound proteins (not included in 

this thesis). For a subset of supernatants some aliquots were further centrifuged in an 

air-driven ultracentrifuge (Beckman Airfuge™ S E R SP242, Beckman Coulter Inc., 

Fullerton, C A , U S A ) at 100,000 g (26 PSI) for 15 minutes. Supernatants were 

separated, aliquoted and stored at -80°C for subsequent analysis. Assessment of total 

protein levels in supernatants was performed as described in Section 2.2.8. 
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2.2.7 Real-time quantitative reverse-transcriptase PCR for BAT1 

and DDXL m R N A 

Total R N A was extracted from 200mg of Fc brain tissue using TRIzol® as 

described in section 2.2.6.1. For quantitative analysis of BATl m R N A , aliquots (1 ug) 

were reverse transcribed using the Omniscript™ Reverse Transcriptase Kit (QIAGEN; 

Vic, Australia). To assess expression of BATl m R N A as well as m R N A from the two 

housekeeping genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and fi-

ACTIN (for normalization of BATl m R N A levels), following primers were used: 

BATl (Forward primer): 5'-AGAGGCTCTCTCGGTATCA-3', 

BATl (Reverse primer): 5'-GCTGATGTTGACCTCGAAA-3', 

B-ACTIN (Forward primer): 5'-TGGAATCCTGTGGCATCCATGAAAC-3', 

B-ACTIN (Reverse primer): 5'-TAAAACGCAGCTCAGTAACAGTCCG-3', 

GAPDH (Forward primer): 5'-ACCACAGTCCATGCCATCAC-3', 

GAPDH (Reverse primer): 5'-TCCACCACCCTGTTGCTGTA-3' 

Primers were purchased from Genset Pacific Pty. Ltd (Lismore, NSW, 

Australia). GAPDH primers were as previously described (Allcock et al, 2001). 

Following reverse transcription, 5 pL c D N A samples were amplified in a 20 pL 

reaction on a LightCycler™ (Roche Molecular Systems Inc., Alameda, CA, USA). 

Each 20 uL PCR reaction contained 1.25 m M dNTP, 20 pmol of each primer, 0.25 

mg/ml BSA, 1.5 U Platinum® Taq polymerase and 0.5 x S Y B R Green (both from 

Invitrogen Corporation, Carlsbad, CA, USA). Amplifications of c D N A were performed 

as follows: Denaturation at 95°C for five minutes, followed by amplification with 44 

cycles at 94°C for 30 seconds, annealing (62°C for BATl, 64°C for J3-ACTIN, and 65°C 

for GAPDH) for 15 seconds and 72°C for 40 seconds. Amplicons were separated on 

1% TBE agarose gels and visualised by ethidium bromide staining. The quantification 

of cDNA was achieved with SYBR Green I dye (Sigma Chemical Co., St. Louis, M O , 

USA). 

Standard curves were generated using 10-fold dilutions of a previously purified 

bulk cDNA PCR product (stored at a concentration of 1 ng/uL) and analysed using a 'fit 

points' method with the LightCycler™ run software, version 4.0. Melting curve 

analyses were used to confirm the generation of a single product. This was further 

confirmed by agarose gel electrophoresis. The amplified BATl P C R products were 
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sequenced using big-dye terminator chemistry on an ABI automated D N A sequencer 

(ABI, Foster City, CA, U S A ) to confirm the specific amplification of BATl. The house 

keeping genes P-ACTIN and GAPDH were used for normalization of BATl m R N A 

expression. Statistical significance analysis was performed using the Mann-Whitney U 

test. Quantitative m R N A analysis was performed by Katarzyna D'Costa. 

2.2.8 Protein content quantification 

The Micro B C A Pierce protein assay kit was used to estimate the total protein 

concentration for each protein extract used in the current study. Standard solutions were 

made by diluting stock B S A solution (2 mg/ml ddH20) to a working dilution of 80 

pg/ml, from which working solutions of 6, 8, 10, 12, 14, 16, 18, 20, 40 and 80 pg/ml 

B S A were prepared. Blanks (100 pi of ddH20) as well as 100 pi duplicates of 

standards and samples (diluted 1:500 to 1:1000 in ddH20) were placed in a 96 well 

microtitre tray. The colourimetric reagent was prepared according to the manufacturer's 

instructions and 100 pi of this reagent was added to each well containing blanks, 

standards and samples. After incubation for 15 minutes at 60°C, the absorbance of the 

solution in each of the wells at 595 n m was estimated using a BioRad Model 3550 

Microplate reader (Irvine, CA, USA). Protein concentrations in the samples were 

determined by reference to a standard curve generated using Microplate manager P C 

version 4.0 (BioRad, Irvine, CA, USA). 

2.2.9 SDS-PAGE on total protein homogenates and supernatant 

fractions 

All IDE was performed using the Hoefer Mini VE® system (Hoefer Pharmacia 

Biotech Inc., San Francisco, USA). Total homogenates or supernatants (25-100pg total 

protein) were added to separate microfuge tubes, followed by addition of sample buffer 

(70 m M Tris-HCl, p H 6.8, containing 3.2% (w/v) SDS, 0.4 m M glycine, 6 M urea, 0.1 

M D T T and 0.01% (w/v) phenol red) to make a total volume of 20-40 pi. Samples were 

then either incubated at 37°C for 30 minutes (for PSI probing) or heated at 95°C for 

five minutes (for all other proteins) and then loaded onto discontinuous 8%-12% Tris 

Tricine SDS-PAGE gels (for most proteins) or 5 % gels for dystrophin and reelin (for 

gel preparation see Appendix IV, page A4). Molecular weight standards [High (RPN 

756) and L o w (RPN 755)] were obtained from Amersham Biosciences (Little Chalfont, 

Buckinghamshire, U K ) . Electrophoresis was performed at 80-120 V for 2-3.5 hours in 
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cathode buffer consisting of 1 M Tris-HCl, p H 8.25, containing 1 M tricine and 1 % 

(w/v) SDS and anode buffer consisting of 2 M Tris-HCl, p H 8.9. Electrophoretic 

transfer of proteins to nitrocellulose membranes was performed in 25 m M Tris, 

containing 200 m M glycine and 2 0 % (v/v) methanol using the Trans-Blot cell® 

apparatus (BioRad, Irvine, CA, U S A ) at a constant current of 250 m A with a starting 

voltage of 35 V, for 12-20 hours at 15°C. For efficient transfer of reelin and dystrophin 

(>400 kDa) to membranes changes in the transfer buffer were necessary and include 1 % 

instead of 2 0 % (v/v) methanol and addition of 0.05% (w/v) SDS. Furthermore, transfer 

was conducted at up to 500 m A for at least 20 hours. For more details on preparation of 

buffers see Appendix V, page A5. Successful transfer and even loading of proteins was 

confirmed by staining the membranes with 0.1% (w/v) Ponceau S in 5 % (v/v) acetic 

acid for five minutes. Destaining was performed by first washing the membranes in 

water and then briefly washing them in T B S (10 m M Tris-HCl, p H 7.4, containing 150 

m M NaCl). After initial experiments to ascertain accurate location of protein bands on 

Western blots, the membranes were cut at appropriate molecular weights in order to 

probe for several different proteins with their different antibodies simultaneously. 

Membrane sections for A p probing were briefly boiled in PBS, p H 7.4 prior to further 

processing. 

2.2.10 Western immunoblotting for PS1, APP, nicastrin, SOD1, 

reelin, dystrophin, BAT1, ATP-synthase and calmodulin 

All Western immunoblotting procedures were performed at R T with agitation of 

membranes in the buffers to ensure constant mixture of reagents and adequate covering 

of membranes. Nitrocellulose membranes were incubated for one hour at R T in p H 7.4, 

containing 5 % (w/v) skim milk powder. Next, membranes were incubated for two 

hours at 22°C in TBST, p H 7.4 containing 0.5% (w/v) skim milk powder and the 

respective primary antibody appropriately diluted (1:1000 for PSI (NT1 antibody), APP 

( W 0 2 antibody), nicastrin (NCT Affi antibody), anti-SODl antibody, reelin [clone 142 

antibody), ATP-synthase (clone 3D5 antibody) and anti-calmodulin antibody; 1:500 for 

BATl (9802 antibody) and 1:150 for dystrophin (Dy8/6C5 antibody)]. Antibody 9802 

was likely to cross-react with the B A T l homologue D D X L (see Chapter 5). Peptide 

absorptions were prepared by adding 10 ug B A T l peptide to 10ml of 1:500 diluted 

BATl antibody, rotating the mixture for two hours at RT, followed by overnight 

rotation at 4°C and subsequent incubation with nitrocellulose membrane as for non-
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absorbed antibody. For reelin probing, membranes were then further exposed to 

primary antibody overnight. Subsequent to incubation with primary antibody, 

membranes were washed (three times for 10 minutes) with TBST, p H 7.4, followed by a 

one hour incubation with secondary antibody at a 1/5000 dilution. Sheep anti-mouse 

IgG-HRP secondary antibody was used after following primary antibodies: N T , 1E8, 

W 0 2 , 3D5, 142, Dy8/6C5 and anti-calmodulin antibody. N C T Affi, 9802 and anti-

SOD1 antibody, on the other hand, required the subsequent application of donkey-anti-

rabbit IgG-HRP secondary antibody. After secondary antibody application, membranes 

were washed (three times for 10 minutes) with TBST, p H 7.4, and rinsed twice with 

TBS, p H 7.4 (to remove Tween 20 detergent). Subsequently, membranes were treated 

for two minutes with Enhanced Chemiluminescence (ECL) reagents (luminol enhancer 

solution mixed 1:1 with stable peroxide solution as per manufacturer's instructions, 

Amersham Biosciences, Little Chalfont, Buckinghamshire, U K ) , before being exposed 

to Amersham Hyperfilm-ECL film for 15 seconds to up to 16 hours to achieve the 

desired signal intensity. For more detail on general buffers see Appendix II. 

Protein bands were scanned using a GS-800 densitometer (BioRad, Irvine, CA, 

U S A ) using Quantity One 4.2.3. software (BioRad, Irvine, CA, USA). Semi

quantitative analysis for relative comparison of protein band intensities was performed 

using Scion Image for Windows Beta 4.0.2 (Scion Corporation, based on N I H Image, 

National Institutes of Health, USA). Data was exported into Microsoft® E X C E L 2000 

for graphic presentation and into SPSS version 11.5 (SPSS Inc., Chicago, Illinois, U S A ) 

for statistical analysis (see Section 2.2.13). 

2.2.11 Western immunoblotting for ApoE 

For ApoE probing the membranes were first incubated for one hour at R T in 

PBS, p H 7.4, containing and 0.25% casein (w/v). Next, membranes were incubated for 

two hours at R T with the primary mouse monoclonal antibody, 9-H8 (human ApoE 

specific) at a dilution of 1/4000 dilution in PBST, p H 7.4. Following three washes (10 

minutes each) with T B S T (10 m M Tris, containing 150 m M NaCl and 0.05% (v/v) 

Tween 20), p H 8.0, membranes were incubated with secondary antibody (sheep anti-

mouse HRP-linked) at a 1/8000 dilution in TBST, p H 8.0 for one hour at RT. 

Membranes were then washed with TBST, p H 8.0, (four times 10 minutes), followed by 

two rinses with TBS, p H 7.4 to remove the Tween 20 detergent. Finally, membranes 

were subjected to E C L treatment and exposed to film as described in Section 2.2.10. 
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Scanning and quantitation of protein bands and as well as subsequent data analysis were 

also as described in Section 2.2.10. 

2.2.12 Two-dimensional electrophoresis 

Two-dimensional electrophoresis (2DE) is a two-step protein separation 

procedure, allowing separation by isoelectric point (pi), followed by separation by 

molecular weight. It was used to create proteome maps for comparison of protein 

profiles from plasma and brain tissue samples from A D and control cases. Apart from 

protein quantity comparisons, protein modifications including oxidative modification 

and glycosylation changes were also analysed by 2DE. In order to avoid contamination 

(in particular with keratin) all non-disposable equipment was thoroughly cleaned using 

Pyroneg detergent (Johnson Diversey, N S W , Australia) and only sterile consumables 

were used. Plasma samples, TRIzol® extracts and supernatants obtained from Fc total 

homogenate brain extracts (see Section 2.2.6.1 and 2.2.6.2) were analysed by 2DE. 

2.2.12.1 Protein profile comparison: First dimension 

2.2.12.1.1 Rehydration oflPG strips with sample buffer 

Plasma samples (2.5ul) were added to 142.5ul Solution B rehydration buffer (20 

m M Tris, containing 7 M urea, 2 M thiourea, 4 % (w/v) Chaps and 0.001% (w/v) Orange 

G dye; see Appendix III, page A3). Just prior to addition of plasma to Solution B, this 

buffer was supplemented with 8 m M tributylphosphine (TBP, Sigma M O , U S A ) or 2 pi 

tributylphosphine (TBP) per 1 ml of Solution B and 0.1% (v/v) p H 3-10 carrier 

ampholytes (Pharmalyte, Sigma Chemical Co., St. Louis, M O , U S A ) or 1 pi carrier 

ampholytes per 1 ml Solution B. For Solution A supernatants (and ultracentrifuge 

supernatants) 150ug of total protein was added to Solution B rehydration buffer 

(containing 8 m M TBP and 0.1%(v/v) carrier ampholytes) to a volume of 145 pi. 

TRIzol® extract pellets were originally dissolved in Solution B (see Section 2.2.6.1). 

For isoelectric focusing (IEF) of samples additional Solution B (containing 8 m M TBP 

and 0.1% (v/v) carrier ampholytes) was added to 150 pg of total protein to a total 

volume of 145 pi. 

Samples were then mixed on a mechanical rotator for 30 minutes at RT. After a 

brief centrifugation ,o collect all fluid at the bottom of the tubes, samples were 

transferred into individual wells of a sample rehydration tray (BioRad, Irvine, CA, 
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U S A ) . Immobiline DryStrips (7 cm, non-linear, p H 3-10 immobilised p H gradient, IPG 

strips), Amersham Biosciences, Little Chalfont, Buckinghamshire, U K ) were briefly 

thawed and carefully added (facing gel-side down) to the individual wells for 

rehydration with sample buffer and protein. Volumes of sample and rehydration buffer 

were chosen for optimum IPG strip rehydration with minimal "left-over sample 

volume". Any air bubbles trapped between IPG strip and sample buffer were carefully 

removed, IPG strips were covered with mineral oil (BioRad, Irvine, CA, U S A ) , to 

minimize sample buffer evaporation, and left to rehydrate overnight (approximately 16-

20 hours) at RT. 

2.2.12.1.2 Isoelectric focusing 

The following day strips were transferred from the rehydration to the isoelectric 

focusing (IEF) tray. Electrodes in the IEF tray were covered with three pre-cut 

electrode wicks (BioRad, CA, U S A ) each that had previously been moistened with 

ddH 2 0 in an aseptic manner and drained of excess fluid. Rehydrated IPG strips were 

placed onto the wicks, gel side down, ensuring each end of the strip was aligned 

correctly with the appropriate electrode. Mineral oil was then placed over the strips and 

air-bubbles removed. The tray was then securely placed into the P R O T E A N ® IEF Cell 

apparatus (BioRad, Irvine, CA, U S A ) . IEF was performed for approximately 15,000 

volt hours (Vh) with parameters set as follows: Step 1: 50V, rapid ramping, one hour; 

Step 2: 500V, linear ramping, one hour; Step 3: 1000 V, linear ramping, one hour; Step 

4: 6000V, rapid ramping, 15,000 Volt hours (Vh). Strips were then removed and stored 

in 10 ml Falcon tubes at -80°C until further analysis. 

2.2.12.2 Protein profile comparison: Second dimension 

2.2.12.2.1 Equilibration of IPG strips 

For efficient transfer from the IPG strip to the SDS-PAGE gel for separation by 

molecular weight, IPG strips required a 30 minute equilibration in freshly prepared 

"Equilibration buffer" (See Appendix VI, page A6: 25 m M Tris, 200 m M glycine, 

0.001% (w/v) S D S (1 x SDS-PAGE running buffer), containing 2 0 % (v/v) glycerol, 4 % 

(v/v) Bis/Acrylamide, 6 M Urea, 2 % (w/v) SDS, 5 m M TBP). Approximately 5 ml of 

equilibration buffer was added to each tube and the strips incubated for 30 minutes at 

R T with gentle agitation. 
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2.2.12.2.2 Second dimension SDS-PAGE 

For identification of protein molecular weights and isoelectric points, IPG strips 

were loaded with diluted brain extract samples in combination with 2.5 pi 2-D SDS-

P A G E Standards (BioRad, Irvine, C A , U S A ) and results compared to protein maps 

created from performing 2 D E on the standards alone. This allowed for "land mark 

establishment" of spots of known molecular weights and p/s, which could then be used 

as standards for subsequent experiments. However, every second dimension gel still 

contained standard IDE molecular weight markers (High (RPN 756) and L o w (RPN 

755) from Amersham Biosciences (Little Chalfont, Buckinghamshire, U K ) . Aliquots of 

these (1 pi) were soaked into small (-5 x 5 m m ) squares of filter paper, which were 

inserted on top of the gel surface to the left of the anodic end of the IPG strip. 

Strips were briefly rinsed in 1 x SDS-PAGE running buffer (25 m M Tris, 200 

m M glycine, 0.001% w/v SDS, Appendix VII, page A7) and placed between the glass 

plates onto the surface of 1 0 % or 1 2 % Tris glycine gels (for gel preparation see 

Appendices VI and VII, pages A6-7) with the plastic backing flush against the glass of 

the back plate. Twelve gels at a time were usually run on the Mini P R O T E A N ® 

Dodeca™ cell (BioRad, Irvin CA, US A ) . Strips and filter paper pieces were held in 

place by molten agarose (0.5% (w/v) containing 0.01% (w/v) bromophenol blue in 1 x 

SDS-PAGE running buffer, Appendix VII, page A7). Once the agarose had fully set, 

gels were placed into cassettes and loaded into the Dodeca™ gel tank. Electrophoresis 

was performed in 1 x SDS-PAGE running buffer at 15 mA/gel until the dye front had 

reached the resolving gel, then run at 30 mA/gel at constant current until the dye front 

reached the bottom of the gel (approximately 50 minutes). 

2.2.12.2.3 Detection of total protein by colloidal Coomassie stain and 

spot pattern analysis 

Upon completion of the second dimension SDS-PAGE run, gels were removed 

from the glass plates and treated with two changes of colloidal Coomassie stain (25ml 

each) over a period of 48 hours with gentle agitation. Preparation of colloidal 

Coomassie stain is outlined in Appendix VI. Colloidal Coomassie blue stain prepared 

according to Neuhoff (Neuhoff et al, 1988) has superior sensitivity and reliability of 

staining compared to traditional non-colloidal Coomassie Brilliant Blue stain, and de-

staining is not required but can be performed to better visualise the lower intensity 

protein spots. De-staining was performed in 1 % acetic acid to desired contrast. Gels 
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were then scanned using a GS-800 densitometer and analysed using PDQuest 7.3.0 

software (BioRad, Irvine, C A , U S A ) . Protein spots were recognized, matched across 

gels and comparison of proteome profiles was conducted using statistical as well as 

non-statistical quantitative and qualitative analysis as further described in Chapters 6 

and 7. 

2.2.12.2.4 Identification of proteins by mass spectrometry 

fingerprinting 

Excision of proteins spots of interest for M A L D I - T O F analysis occurred as per 

recommended procedure. Briefly, to minimize keratin contamination a clean lab coat, 

powder free gloves and surgical masks were worn. Gels were placed on a light box that 

was thoroughly pre-cleaned with ethanol. A fresh disposable scalpel blade was used to 

cut out each protein spot and each gel piece was placed in an "Axygen M a x y m u m 

recovery microfuge tube" (clear 0.6 ml tube, MCT-060-L-C) in order to minimize 

synthetic polymer contamination. Inclusion of excess acrylamide from outside the spot 

boundary was avoided by cutting out only the centre from each spot. Spots were kept 

moist with addition of some ddH 2 0 and stored at 4°C until shipment to collaborators for 

identification of proteins. Shipment occurred on the same day. 

Protein identification by Matrix Assisted Laser Desorption / Ionization - Time 

of Flight mass spectrometry (MALDI-TOF) was performed by Dr Valentina Valova and 

Professor Philip Robinson (Cell Signalling Unit, Children's Medical Research Institute, 

Wentworthville, N S W , Australia). Gel pieces were washed with milliQ-water (three 10 

minute changes with shaking), followed by incubation with 100 pi of 25 m M 

ammonium bicarbonate for 30 minutes to overnight with shaking. Next, gel pieces were 

washed with 50 m M ammonium bicarbonate / 5 0 % acetonitrile (three 10 minute washes 

with occasional vortexing). 1 0 0 % acetonitrile was then added to cover the gel pieces 

and tubes incubated for five minutes. Samples were then exposed to 100 pi of 100 m M 

ammonium bicarbonate for five minutes, followed by addition of 1 0 0 % acetonitrile (1:1 

v/v) for a final concentration of 50 m M ammonium bicarbonate in 5 0 % (v/v) 

acetonitrile. Tubes were incubated for an additional five to ten minutes with agitation. 

Finally, gel particles were dehydrated with 1 0 0 % acetonitrile for five minutes, followed 

by complete drying of gel pieces in a rotary vacuum concentrator (approximately 20 

minutes in a Speed-Vac). 

Trypsin digestion was performed on the night prior to M A L D I mass 

spectrometry analysis. Gel particles were rehydrated in 10-15pi freshly prepared ice-
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cold digestion buffer (20 m M ammonium bicarbonate p H 8.0 containing 12.5 ng/ul 

trypsin preparation). Trypsin (Promega sequencing grade porcine trypsin) was prepared 

as lmg/ml stock in Promega Trypsin Resuspension Buffer ( 5 0 m M A c O H ) . Frozen 

aliquots (-70°C) were incubated at 30°C for 15 minutes prior to use. Samples were 

incubated in the digestion buffer at 4°C for one hour. Subsequently, more buffer 

(without trypsin) was added to samples if all of the initial volume had been absorbed. 

Lids were then covered with parafilm and tubes heated in a water bath at 37°C 

overnight for digestion. 

The following day, tubes were vortexed and sonicated in a mild sonicator bath 

for 1-5 minutes. After another brief centrifugation all supernatant was transferred to a 

fresh tube (supernatant 1). The gel pieces were washed with approximately 25 pi of 25 

m M ammonium bicarbonate and the supernatants combined with supernatant 1. Next, 

20 pi of 5 % (v/v) formic acid in 5 0 % (v/v) acetonitrile was added to the gel pieces and 

tubes were incubated for 30-60 minutes at R T with agitation. After sonication or 

vortexing for 1-5 minutes supernatants were added to supernatant 1. This extraction 

step was then repeated twice and supernatants pooled and added to previous 

(supernatant 1) extracts. Finally, this last extraction step was repeated one more time 

but using 20 pi of 1 0 0 % acetonitrile. Supernatants were combined with previous 

extracts. Pooled extracts containing the trypsin digested peptides were then 

concentrated to near complete dryness and samples either analysed by mass 

spectrometry or frozen at -20°C until ready to do so. Prior to analysis by matrix 

assisted laser desorption / ionization - time of flight mass spectrometry (MALDI-TOF / 

M S ) dried peptides were resuspended in 3-5 pi of 5 0 % (v/v) acetonitrile and 0.1% (v/v) 

trifluoroacetic acid, sonicated in a sonicator bath for 2-5 minutes and centrifuged briefly 

(one minute) at top speed. Peptide mass fingerprinting was performed on a Voyager-

D E ™ P R O MALDI-TOF mass spectrometer (Applied Biosystems, Boston, USA). The 

Mascot search engine (Matrix Science Ltd., www.matrixscience.com) was used for all 

database searches and protein identification. 
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2.2.12.3 OxyBlot™ procedure for detection of oxidatively modified 

proteins 

The OxyBlot™ Protein Oxidation Detection kit (Chemicon Australia Pty. Ltd., 

Boronia, Vic, Australia) was used to detect differential oxidation of proteins between 

A D and control Fc brain tissue samples through detection of carbonyl formation in 

protein side chains. The OxyBlot™ kit identifies these modifications by their reaction 

with 2, 4-dinitrophenylhydrazine (DNPH) which renders them detectable with anti-

dinitrophenyl (DNP) antibodies. This allows for comparisons of "oxy-proteomes" 

between the tissues of interest. Tissues were processed using the OxyBlot kit 

according to manufacturer's instructions. 

Total protein (50 pg) was made up to 5pi with ddH 2 0 or PBS. 5 pi of 1 2 % 

(w/v) SDS was added and the sample was then derivatized with D N P H solution (diluted 

1 in 10 with ddH20) provided with the kit by addition of 10 pi of this solution and 

incubation at R T for 15 minutes. Neutralization solution (7.5 pi) was then added and 

proteins precipitated by methanol / chloroform. Samples were made up to 100 pi with 

ddH20, and 400 pi ice-cold methanol was added. After vortexing, 100 pi of ice-cold 

chloroform was added, followed by further vortexing and addition of 300 pi d d H 2 0 to 

affect phase separation. Samples were centrifuged at 9000 rpm for two minutes, the 

supernatant discarded and pellets washed with 9 5 % (v/v) ice-cold methanol. Pellets 

were then air-dried before being resuspended in 145 pi of Solution B rehydration buffer 

containing 8 m M T B P and 0.1% (v/v) carrier ampholytes. Samples were then subjected 

to 2 D E as described in Sections 2.2.12.1 and 2.2.12.2. 

Following second dimension SDS-PAGE proteins from gels were transferred to 

nitrocellulose membrane as for IDE (described in Section 2.2.9). Nitrocellulose 

membranes were washed briefly in TBS, then blocked in either Roti -Block (Carl Roth 

G m B H , Karlsruhe, Germany) diluted 1:10 in ddH 2 0 or in T B S T containing 5 % (w/v) 

B S A for one hour at RT. This was followed by incubation of membranes for one hour 

with rabbit anti-DNP antibody from the OxyBlot™ kit diluted 1:150 in T B S T with 

either Roti®-Block diluted 1:100 in ddH 2 0 or 0.5% (w/v) BSA. After three washes with 

T B S T (10 minutes each) membranes were incubated in the supplied H R P - linked 

secondary antibody diluted 1:300 in T B S T with either Roti®-Block diluted 1:100 in 

ddH 2 0 or 0.5% (w/v) B S A for one hour at RT. Following the final washes (three times 

10 minutes in TBST) membranes were incubated with E C L reagent as described in 

Section 2.2.10. Scanning of film was performed using a GS-800 densitometer and 
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PDQuest 7.3.0 software and spot detection and protein profile comparison was as 

described for treatment of 2 D E gels in Section 2.2.12.2.3. 

2.2.12.4 Lectin probing for detection of glycosylated proteins 

Detection of changes in glycosylation patterns between A D and control brain 

tissue was conducted using 2 D E coupled to Western blotting with the lectins 

Concanavalin A (ConA) and Wheat germ agglutinin ( W G A ) . For membrane blocking 

either Roti®-Block was used in the same buffer and at the same dilutions as described in 

Section 2.2.12.3 (for detection of oxidatively modified proteins), or membranes were 

incubated in 2 % (w/v) B S A in PBS (pH 7.4) overnight at 4°C and then for two hours 

RT. Membrane were then incubated with biotinylated C o n A or W G A (at 1 pg/mL) in 

1 % (w/v) B S A in PBST, p H 7.4, for one hour at RT. Following three washes (10 

minutes each) in TBST, p H 8.0, membranes were exposed to NeutrAvidin™-HRP at a 

1:50,000 dilution in 0.5% (w/v) B S A in TBST, p H 8.0 for 45 minutes at RT. 

Alternatively lectins and NeutrAvidin™-HRP were diluted in Roti®-Block instead (as 

described in Section 2.2.12.3). The final washes (four times 10 minutes) were 

performed with TBST, p H 8.0, membranes were exposed to E C L reagents and signals 

detected, scanned and analysed as described in Section 2.2.12.2.3 for treatment of 2 D E 

gels. 

2.2.13 Statistical analysis for 1DE and genotyping 

The Statistical Package for Social Sciences (SPSS version 11.5; SPSS Inc., 

Chicago, Illinois, U S A ) was used for most statistical analyses in this project. It was 

employed to assess data distribution, for transformation of data (for example taking the 

natural logarithm), testing of homogeneity of variances, to establish correlations and for 

parametric and non-parametric analysis of significant difference between group means 

and variance analysis (Student's t-test, Kruskal-Wallis one-way analysis of variance by 

ranks, One-Way A N O V A ) . While all statistic analysis (for significant differences of 

mean levels) was performed on raw data, graphical representation shows marker levels 

for various subject groups as percentages of control mean levels in order to facilitate 

visual comparison of relative levels between controls and subject groups. Control 

groups thus represent 1 0 0 % levels (with no error bars shown), while for all other subject 

groups error bars represent standard errors of the mean, unless otherwise stated. 
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Receiver Operating Characteristic (ROC) curve analysis (Metz, 1978; Zweig and 

Campbell, 1993) for sensitivity and specificity testing was also performed using SPSS. 

This programme was further used to establish genotype and allele frequencies 

and to check for Hardy-Weinberg equilibrium ( H W E ) and to perform initial data 

comparison involving Pearson's x a n d odds ratio (OR) analysis of two by two 

contingency tables to compare the relative genotype frequencies in A D and control 

groups. SPSS was further employed to perform Cochran Armitage testing for trends 

where assumptions of H W E were not met. The same programme was also used to 

perform direct logistic regression analysis, where all variables were entered into the 

equation simultaneously to determine the overall contribution of each genotype on A D 

in this cohort, whilst controlling for established A D risk factors (age and gender). 

Estimation of linkage disequilibrium and analysis of haplotypes was performed using 

THESIAS software (Tregouet et al, 2004). Armitage testing for trends, estimation of 

linkage disequilibrium and haplotype analyses were performed by Associate Professor 

(Research) Joachim Hallmayer (Psychiatry and Behavioral Science - Child Psychiatry, 

Stanford University, Stanford, U S A ) . 
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Chapter 3 

Protein markers in the frontal cortex and cerebellum of early-

onset A D cases with PS1 mutations 

3.1 Introduction 

Mutations in the Presenilin 1 (PSI) gene are regarded as the major cause of early 

onset familial A D (EOFAD). To date over 140 PSI mutations have been recorded in 

the A D & F T D M D , almost all of which are pathogenic. Following the first report of 

elevated A p in primary skin fibroblasts from a patient with a PS 1 mutation (Martins et 

al, 1995b) it is now widely accepted that a c o m m o n biochemical consequence of PSI 

mutations is an increased production of Ap, particularly the longer, more amyloidogenic 

form, AP42, which has been demonstrated in in vitro transfected cell culture models 

(Borchelt et al, 1996; Citron et al, 1997; Xia et al, 1997a) as well as in in vivo studies 

with transgenic mouse models (Borchelt et al, 1996; Borchelt et al, 1997; Citron et al, 

1997). Increased secretion of A p from skin fibroblasts of subjects with PSI mutations 

has been confirmed in a separate study (Scheuner et al, 1996). This study also 

provided further in vivo evidence for increased A p levels associated with PSI 

mutations by reporting increased A p levels in plasma from subjects with PSI mutations 

compared to control cases. 

Accelerated deposition of A p in human brains is also a common observation in 

individuals with PSI mutations. While the clinical and neuropathological hallmarks of 

A D are similar in E O F A D with PSI mutations and sporadic late onset forms of A D , it 

has been noted that the density of A p plaques and neurofibrillary tangles (NFTs) were 

markedly increased in E O F A D brains (Lemere et al, 1996b; Larner, 1997). This may 

be a reflection of the highly aggressive nature of these mutations, as manifested by the 

severity of the disease, more rapid clinical course and earlier ages of onset. In general 

NFTs correlate better with dementia than amyloid plaques but are not absolutely 

specific for A D alone as they can also be found in other neuropathological disorders 

(McKee et al, 1991; Giannakopoulos et al, 1997). O n the other hand, since amyloid 

deposited as plaques can appear heterogeneous, and does not represent the total A p 

burden of the brain, it may not correlate well with the degree of dementia (Miller et al., 

1993; Kametani et al, 1994; Lemere et al, 1996b). However, assessment of total levels 

of A p in the brain has been shown to correlate with the severity of both neurological 
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and clinical signs of A D (McLean et al, 1999; Fonte et al, 2001). Therefore, the total 

levels of A p in brain tissue from E O F A D cases with PSI mutations might be a more 

direct representation of true A D pathology. Hence in this chapter, the relationship 

between PSI levels and A p levels in brain tissue affected by PSI mutations was 

analysed by both, examination of plaque burden in A D brains and analysis of total A p 

levels in frontal cortex (Fc) and cerebellum (Cb) by ELISA. 

Other important molecular markers to consider include the A p parent molecule, 

APP. The proteolytic cleavage of A P P occurs primarily via two competing pathways, 

the amyloidogenic pathway that results in the formation of A p and the non-

amyloidogenic pathway that precludes the formation of this peptide, as reviewed by 

(Selkoe, 2001). The amyloidogenic pathway involves the processing of A P P by the y-

secretase complex, which PSI is part of (Selkoe, 2001). W h e n examining levels of A p 

it was, therefore, of interest to compare them to levels of the precursor protein. 

A more recently discovered component of the y-secretase complex is the 709 

amino acid protein termed nicastrin. This protein was shown to complex with both PSI 

and the C-terminal stubs of A P P that undergo y-secretase cleavage (Yu et al, 2000). 

Evidence for a role for nicastrin in y-secretase action was gained from mutagenesis of 

conserved regions of the nicastrin gene which resulted in either increased or decreased 

production of A p depending on which region of the gene was altered (Yu et al, 2000). 

As a potential partner for PSI in A P P cleavage it was also of interest to measure levels 

of this protein in the brain regions examined in this study. 

Apart from being an important component of the y-secretase complex that is 

responsible for the generation of Ap, PSI also plays important roles in other 

biochemical pathways and interacts with a number of proteins. As such evaluation of 

levels of other proteins previously associated with A D but not specifically with PS1-

mutant linked A D might be of merit. The most important of these proteins is apoE, a 

member of the lipoprotein family that might play an important role in A p clearance and 

the APOE e4 allele of the gene currently still remains the most c o m m o n genetic 

determinant for susceptibility to A D , with as much as 5 0 % of the risk for A D 

attributable to APOE genotype (Lendon et al, 1997). 

While the generation and clearance of A p are important aspects of A D , other 

mechanisms, such as inflammation and oxidative stress have also been associated with 

A D pathology. Most notably it has been hypothesised that the A p peptide itself may be 

involved in promotion of oxidative in the brain, ostensibly through mechanisms leading 
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to excessive H 2 0 2 production (Veurink et al, 2003; Barger, 2004). This mechanism of 

action is similar to that of superoxide dismutase 1 (SOD1) activity and interestingly, 

S O D 1 has been implicated in pathogenic processes in A D and Down's Syndrome (DS) 

as well as in other disorders involving neurodegeneration (as reviewed in (Maier and 

Chan, 2002; Noor et al, 2002). A n examination of S O D 1 levels in the brain tissue 

available for the current project, was therefore deemed relevant and of interest to the 

study. 

Thus, experiments detailed in this chapter were designed to characterise the 

brain tissues available for further analysis, in particular the early-onset A D cases with 

PS 1 mutations, as they represent a model of aggressive A D pathology with underlying 

genetic associations. Characterization of brain tissues was performed by comparison of 

levels of various A D related proteins (APP and the A p peptide, PSI N-terminal 

fragment [PS1-NTF], Nicastrin and S O D 1 ) in Fc and Cb from A D cases with PSI 

mutations, A D cases without PS 1 mutations and controls without neuropathology. 

3.1.1 Aims 

• To compare A P levels in the frontal cortex and cerebellum from cases with 

PSI mutations (PSlm) and A D cases without PSI mutations ("other AD 

cases": O A D ) with age-matched control cases without notable neuropathology. 

• To examine whether PSI mutations are associated with altered levels of AD-

linked proteins (namely PSI, APP, nicastrin, apoE and SOD1). 

3.2 Materials and Methods 

The patient and control samples used for this study are listed in the previous 

chapter (Section 2.1.3 and Table 2.2). Briefly, all cases underwent histopathological 

examination by neuropathologists to establish definitive diagnosis of A D or confirm 

absence of A D pathology in control cases. Fc and Cb brain tissue was homogenised as 

described in Chapter 2, Section 2.2.6.2 and S D S - P A G E performed as described in 

Section 2.2.9. For Western blot analysis of frontal cortex mean ages at death were 54.5 

(range 39-70) years for 13 P S l m cases (with following mutations: Q222H, M233T, 

A246E, M 1 4 6 L and C410Y), 76.8 (range 65-96) for 11 O A D cases, and 53 (range 18-

76) years for 18 control cases. For cerebellum analysis mean ages at death were 49.2 

(range 39-57) years for 9 P S l m cases (with one of the following mutations: Q222H, 
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M233T, M 1 46L and C410Y), 77.3 (range 65-96) years for 10 O A D cases and 57.7 

(range 37-76) years for 13 control cases. Examination of levels of proteins of interest 

(PSI, APP, Nicastrin, apoE and SOD1) was performed by Western immunoblotting as 

described in Sections 2.2.10 and 2.2.11. Levels of A p were assessed by 

immunohistochemistry and ELISA as described in Chapter 2, section 2.2.5.1. 

Genotyping of APOE -491AA promoter polymorphism was performed as described in 

Chapter 2, section 2.2.3.3. 

3.3 Results 

3.3.1 Increased Ap levels in frontal cortex and cerebellum of A D 

cases with PS1 mutations 

One distinguishing characteristic between A D and control cases was the 

presence or absence of A p amyloid deposition in the brain as well as differences in total 

levels of A P burden in the brain as assessed by ELISA. The Fc is commonly affected 

by A D pathology (Brun, 1983; Wenk, 2003) and as such the Fc was investigated in the 

current study. In contrast, except for certain cases with PSI mutations (Lemere et al, 

1996b) the cerebellum Cb remains relatively unaffected in most A D cases, thus making 

it a good internal negative control for each individual case examined. 

A high A P plaque load in the Fc of A D cases as compared to controls was 

confirmed by immunohistochemical analysis (Figure 3.1 A, B, C). Of particular interest 

was the observation of higher comparative levels of A p in some cases with PSI 

mutations (PSlm) when compared to other A D cases (OAD, Figure 3.1 A, B). A 

similar observation was made for the Cb where high levels of diffuse A p deposits were 

noted in the Cb of PSlm cases while no cerebellar A p deposition was observed in the 

control cases and only occasional cerebellar deposits (mainly as C A A ) noted in the 

O A D cases (Figure 3.1 D, E, F). This is consistent with reports in the literature of high 

A p levels in the Cb of cases with PSI mutations (Lemere et al, 1996b) and may reflect 

the aggressive nature and rapid progression of A D in PSlm cases. 

While A p deposition in the brain is a commonly used indicator of A D 

pathology, it was important not to neglect the examination of total A p burden in the 

brain, in particular examination of levels of the two most common A p species, A p 4 0 and 

Ap42. Levels of these two peptides, in both Fc and Cb, were evaluated by ELISA 

(Figure 3.2). In the Fc, both Ap 4 0 and Ap 4 2 levels were markedly elevated in both 
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P S l m and O A D cases compared to controls (Figure 3.2 A, B). Although the trend of 

increased AP40 in Fc of P S l m cases failed to reach significance, a marked difference 

between controls and these cases was still noted, and it is not implausible to assume that 

significance may have been achieved with a larger number of samples (Figure 3.2 A ) . 

Interestingly, significantly higher levels of AP40 were observed in the C b of both P S l m 

and O A D cases (Figure 3.2 C ) compared to controls, but A p 4 2 was only significantly 

elevated in P S l m cases compared to control cases (Figure 3.2 D ) . This finding is 

consistent with the literature that shows PSI mutations increase production of AP42 

(Borchelt et al, 1996; Citron et al, 1997). Furthermore, the increased production of 

this more amyloidogenic species of A p might provide an explanation for extensive A p 

deposition observed in the C b of some P S l m cases. This observation is also supported 

by a previous study that reported increased A p deposition in the cerebelli of A D cases 

with certain PSI mutations (Lemere et al., 1996b). 
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Figure 3.2 Levels of Ap 4 0 and Ap4 2 in Fc and C b from PSlm, O A D and control 

cases: Quantitative analysis of Ap 4 0 and A p 4 2 in Fc and Cb samples by ELISA, as 

described in Chapter 2, Section 2.2.5.1 using rabbit antiserum R208 for A p 4 0 detection 

(A) and (C) and rabbit antiserum R226 for A p 4 2 detection (B) and (D). Graphs show 

median values for each group. Kruskal-Wallis One-Way Analysis of Variance by Ranks 

(*p = 0.0001, #p - 0.0005 and §p = 0.001 (for both PSlm and O A D groups compared to 

controls), *p = 0.0005). 
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3.3.2 PS1-NTF, Nicastrin, APP and S0D1 levels in frontal cortex 

and cerebellum of PS1m and O A D cases 

Examination of PS 1-NTF levels by Western blot analysis of both Fc and Cb of 

PSlm cases revealed no significant difference as compared to O A D and control cases 

(Figure 3.3 and 3.4). Similarly, no significant difference was observed for nicastrin 

levels in Fc and Cb of P S l m cases compared to O A D cases and controls (Figure 3.3 and 

3.4). While this observation was made for the PSI mutations analysed in the current 

study, over 140 mutations have been identified in the PSI gene to date, and the current 

observation may not necessarily reflect all of them. Therefore, it might still be of value 

to determine PS 1-NTF and holoprotein levels for tissues from new cases with PSI 

mutations in future. Likewise, nicastrin levels may not have been affected in the cases 

available for the current study, but it might be advisable to determine levels in all new 

cases used for future studies. 

As for PS 1-NTF and nicastrin no significant change was observed for total A P P 

levels in the Fc of PSlm cases compared to O A D and control cases (Figure 3.3). 

Interestingly, total A P P levels were found to be slightly elevated in the cerebelli of 

PSlm cases as compared to O A D cases and controls (Figure 3.4). This finding was 

only mildly significant (p = 0.043) and it may be of benefit to repeat this examination 

with a larger sample number in order to assess the reproducibility of such a finding. 

The only protein for which changes in levels were noted in the Fc was SOD1. 

S OD1 was found to be significantly elevated in Fc of O A D cases compared to controls 

and a non-significant trend towards increased levels of S O D 1 in the Fc of P S l m cases 

was also observed (Figure 3.3). However, levels of S O D 1 were not found to be 

elevated in Cb of PSlm or O A D cases compared to controls (Figure 3.4). Increased 

SOD1 levels have previously been observed in A D and as such this finding is consistent 

with evidence in the literature (Maier and Chan, 2002; Noor et al, 2002). 

3.3.3 Increased ApoE levels in cerebellum of AD cases with PS1 

mutations 

ApoE is an important risk factor for A D (Lendon et al, 1997). The current 

study, therefore, compared levels of apoE in Fc and Cb in PSlm, O A D and control 

cases by Western blot analysis. N o significant difference in apoE levels was found in 

the Fc of PSlm or O A D cases when compared to controls (Figure 3.3). In contrast, 

cerebelli of PSlm cases showed a striking and significant increase in apoE levels, not 
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only compared to the controls but also compared to the O A D cases (Figure 3.4). This 

increase in apoE levels in P S l m Cb was approximately two-fold compared to both 

control and O A D cases. Since apoE has been implicated in A p clearance mechanisms 

(Kuo et al, 2000; Prior et al, 2000) levels of A p in PSlm Fc and Cb cases were 

compared with apoE levels as well as levels of other A D relevant proteins (Figure 3.5). 

It was observed that, while apoE was significantly higher in Cb of PSlm cases (Figure 

3.4), A p levels were, in general, higher in the Fc of these cases (Figure 3.5 B). 

Furthermore, in Fc and Cb of PSlm cases total A p levels did not necessarily follow 

APP, or PS 1-NTF levels and neither did every case with high A p levels show a trend 

for high or low apoE levels (Figure 3.5 C, D). In addition, Pearson and Spearman 

correlation coefficient calculations revealed no significant correlations between apoE 

and PS1-NTF, APP, Ap4o or Ap 4 2 levels in Cb of PSlm cases. Therefore, high levels of 

A p or levels of A P P or PSI in Cb of PSlm cases are not necessarily linked to or 

sufficient to explain the increase in apoE levels observed in the current set of samples. 

It might, however, be of benefit to explore correlations in a larger sample set in order to 

reduce the effects of variations between individual cases. 

It is also very important to consider APOE promoter polymorphisms, such as the 

-491 A A polymorphism, which has been linked to increased levels of apoE in A D 

plasma and brain tissue (Laws et al, 1999; Laws et al, 2002a). In order to determine 

whether the increase of apoE observed in PSlm cerebelli might only be due to a 

prevalence of the APOE -491 A A genotype in this group, levels of apoE were 

compared in PSlm, O A D and control cases with only this particular genotype (Figure 

3.6). Notably, the same trend observed for Fc and Cb for all PSlm cases (Figure 3.3 

and 3.4) was also repeated when only those cases were compared that possessed the 

APOE -491 A A genotype (Figure 3.6). This indicates that elevated levels of apoE in 

PSlm Cb are not dependent on the presence of the APOE -49\ A A promoter 

polymorphism. 
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Figure 3.3 Western blot analysis of PS 1-NTF, ApoE, APP, Nicastrin and S O D 1 

levels in Fc from PSlm, O A D and control cases: Immunoblotting was performed as 

described in Chapter 2, Sections 2.2.10 and 2.2.11. (A) Western blot signal intensities 

of representative samples from the PSlm, O A D and control groups. (B) Graph of PSI-

NTF, APP, nicastrin, apoE and S O D 1 protein levels comparing Western blot signal 

intensities for PSlm (n = 13) and O A D cases (n = 11), relative to control cases (n = 18) 

(that is, mean values of O A D and PSlm groups after expressing each individual signal 

value as a percentage of the control group mean value). Error bars represent standard 

error of the mean (of values converted to percentages). *Kruskal-Wallis One-Way 

Analysis of Variance by Ranks, p = 0.008. All statistical analysis was performed on 

raw data prior to conversion to percentages for graphic comparison. 
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Figure 3.4 Western blot analysis of PS 1-NTF, ApoE, APP, Nicastrin and S O D 1 

levels in C b from PSlm, O A D and control cases: Immunoblotting was performed as 

described in Chapter 2, Sections 2.2.10 and 2.2.11. (A) Western blot signal intensities 

of representative samples from the PSlm, O A D and control groups. (B) Graph of PS1-

NTF, APP, nicastrin, apoE and S O D 1 protein levels comparing Western blot signal 

intensities for PSlm (n = 9) and O A D cases (n = 10), relative to control cases (n = 13) 

(that is, mean values of O A D and P S l m groups after expressing each individual signal 

value as a percentage of the control group mean value). Error bars represent standard 

error of the mean (of values converted to percentages). One-Way A N O V A with 

Tukey's Post Hoc analysis (*p = 0.003, #p = 0.005, §p = 0.043). All statistical analysis 

was performed on raw data prior to conversion to percentages for graphic comparison. 

109 



Chapter 3 (Protein markers in early-onset Alzheimer's (Disease 

4 5 
1 

97kD-

30kDI 

•
^^ j^^w JHIk ^^ Mtk tttUk ̂ H U m*^, JflM| J H 

™ W •• ^* ™ • 

B 
-APP 
"ApoE 
- PS1-NTF 

-Ap 
50 ng 
Ap42 Std 

0 4 5 

'55 J2 30 

AD Proteins in FC of cases 

with PS1 mutations 

Total Ap in FC and Cb 
_ & 4.5 
ro r" 4 
CT,1-' 3.5 
co i3 3 
fT § 2.5" 

%% 1-5 
< 5 0.5-

•S o-

-L 
• 

• 

TO 3 25 
£ ̂  20—F 
3 s 15-
411 10-* 

F d Fc2 Fc3 Fc4 Fc5 Fc6 

Individual cases 

<_> 45 
- o 40 

IS- 35 
55 £ 30 

£§25 
-fc & 20 

•es 15 
< | 10 

5 
—A(i ° 
-•-APP 
-•—ApoE 
-H-PS1-NFT 

Fc Cb 
Tissues 

AD Proteins in Cb of 

cases with PS1 mutations 

Cb1 Cb2 Cb3 Cb4 Cb5 Cb6 

Individual cases 
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Chapter 2, Sections 2.2.10 and 2.2.11. (A) Immunoblot of APP, ApoE, PS 1-NTF 

and Ap, (B) Comparison of Ap individual signal values between Fc and Cb of six 

cases with PSI mutations (bars indicate median values), (C) Comparison of APP, 

ApoE, PS 1-NTF and Ap in Fc from six individual PSlm cases (Fcl - Fc6), (D) 

Comparison of APP, ApoE, PS 1-NTF and Ap in Cb from 6 cases with PSI 

mutations (Cbl - Cb6). 
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3.4 Discussion 

3.4.1 Increased Ap levels in frontal cortex and cerebellum of 

PS1m and O A D cases 

A D pathology is characterised by the presence of increased levels and deposition 

of A p in the brain tissue of A D cases (Fonte et al, 2001; Selkoe, 2001). Approximately 

5 0 % of E O F A D cases are caused by mutations in PSI (Hutton and Hardy, 1997; 

Lendon et al, 1997) which result in rapidly progressive, severe AD pathology (Lemere 

et al, 1996b) accompanied by increased production of AP42, the more amyloidogenic 

form of A P (Martins et al, 1995b; Scheuner et al, 1996; Citron et al, 1997; Xia et al, 

1997a). The current study confirms the increased levels and deposition of A p in the Fc 

of A D cases when compared to control cases where A p levels were, as expected, 

relatively low or undetectable. Furthermore, comparison to control cases revealed 

increased levels of AP40 in PSlm and O A D Cb. 

In A D the areas of the brain involved in memory and language processing are 

selectively affected. They include foremost the hippocampus and to a lesser extent the 

Fc while the Cb generally does not exhibit marked A D pathology (Brun, 1983; Larner, 

1997). However, these studies rely heavily on immunohistochemical evidence. The 

current study has demonstrated that it is possible to detect very little A p in Cb of O A D 

cases by immunohistochemistry, while concurrently detecting significantly increased 

levels of Ap 4 0 in the Cb of O A D cases by ELISA (Figure 1 C). This finding suggests 

that measurement of total A p 4 0 and Ap 4 2 levels by ELISA may be a more sensitive and 

thus superior method for detection of increased A p levels in certain regions of the brain, 

when compared to immunohistochemical analysis alone. This finding is of relevance 

with regard to accurate post-mortem diagnosis of A D in cases where NFTs are 

prominent but extent of A p deposition as plaques does not correlate well with the 

clinical diagnosis. 

In such cases it might be of interest to also measure A p levels in various brain 

regions by ELISA, in order to lend more confidence to the final diagnosis. Indeed, it 

has been shown that total A p levels correlate well with the severity of both neurological 

and clinical signs of A D (McLean et al, 1999; Fonte et al, 2001), an observation that 

does not apply to A p deposits in senile plaques alone (Miller et al, 1993; Kametani et 

al, 1994). Using total A p measurement by ELISA to supplement 

immunohistochemical analysis of brain tissue, represents a valid approach to reduce the 
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number of cases where definitive diagnosis of A D at post-mortem cannot be made due 

to ambiguity of the immunohistopathological presentation of the tissue. 

Of particular interest was the finding that PSlm cases exhibited increased A p 

deposition in the Cb as determined by immunohistochemical analysis, as well as 

specifically elevated levels of A p 4 2 (by ELISA) in this brain region compared to both 

O A D and control cases. Lemere and colleagues (1996b) found an increased density of 

A p deposits in the cerebellum of four individuals with the PSI mutation E280A as well 

as a specific increase in the deposition of A p 4 2 compared with L O A D cases. The current 

study thus extends the observation of Lemere and colleagues (1996b) of prominent A D 

pathology in PSlm cerebelli to include the following PSI mutations: Q222H, M233T, 

A246E, M 1 4 6 L and C410Y. 

Conspicuous cerebellar changes have in the past not been commonly reported in 

AD, which may explain the status of the cerebellum as a brain region relatively spared 

from A D pathology and thus suitable to be used as a "negative control" for comparison 

with pathological changes in other regions of the brain. However, cerebellar changes 

have been recognised to occur in A D and include deposition of diffuse amyloid, 

ubiquitin-immunoreactive dystrophic neurites and increased numbers of microglia 

which indicates that the cerebellum is not necessarily exempt from the disease process, 

as reviewed by (Larner, 1997). Lemere and colleagues (1996b) have suggested that the 

unusually severe cerebellar pathology seen with some PSI mutations may relate to the 

high levels of PSI m R N A observed in PSlm Cb (Kovacs et al, 1996). The current 

observations contribute towards demonstrating the aggressiveness of certain PSI 

mutations, as evidenced by early disease onset, rapid progression and widespread 

pathology. In order to determine whether abundance of cerebellar pathology correlates 

well with disease severity across a wider range of PS 1 mutations a larger study may be 

of value. It may provide novel insights into underlying mechanisms of the selective 

vulnerability of certain brain regions to A D pathology. 

3.4.2 PS1-NTF, Nicastrin, APP and SOD1 levels in frontal cortex 

and cerebellum of A D PS1m and O A D cases 

3.4.2.1 PS 1-NTF 

Neither PS 1-NTF nor nicastrin levels were changed in Fc or Cb of PSlm or 

O A D cases when compared to controls. PSI is a key component in the y-secretase 

complex, as reviewed by (Selkoe, 2001), and as such plays a critical role in the 
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generation of Ap4 2, the longer and more amyloidogenic form of Ap. Therefore, it might 

be expect that the abundance of A P would be reflected by increased levels of PS 1-NTF. 

However, previous reports in the literature fail to reach a c o m m o n consensus. Some 

early studies showed no changes in PSI proteolytic fragments (Hendriks et al, 1997; 

Podlisny et al, 1997). In contrast, a recent study conducted by our research group 

showed decreased levels of PS 1-NTF in both Fc and Cb of early onset A D cases with 

and without PSI mutations when compared to late onset sporadic A D cases and controls 

(Verdile et al, 2004b). 

Such findings may appear unexpected with regard to simultaneous detection of 

increased levels of A P in these regions of the brain. However, the level of depletion of 

PS 1-NTF seemed to correlate well with increasing severity of overall AD pathology and 

varied between different mutations (Verdile et al, 2004b). Furthermore, some E O A D 

cases without PSI mutations also displayed decreased levels of PS 1-NTF. This 

suggests that levels of PSI may correlate with the severity of disease and may decline as 

increasing duration of the disease causes progressive pathology and neuronal loss. 

Other explanations may include excessive degradation of PSI in the presence of PSI 

mutations (Verdile et al, 2004b). 

However, this does not explain the lack of change of PS 1-NTF detected in the 

Fc and Cb of cases examined in the current study. O n the other hand, the current 

project included a greater number of samples and a wider variety of PSI mutations than 

the previous study (Verdile et al, 2004b). This indicates that, while certain mutations 

may lead to an observed decrease in brain PSI levels, other mutations may have no 

effect on levels of this protein. This explanation is consistent with findings from other 

studies that did not observe altered PSI levels in the presence of PSI mutations 

(Hendriks et al, 1997; Podlisny et al, 1997). For this reason it is important to assess 

levels of PSI across a larger collection of cases with a wider variety of PSI mutations. 

This could help to determine whether it might be necessary to consider alterations of 

levels in PSI as a potential pathogenic mechanism for certain PSI mutations. 

3.4.2.2 Nicastrin 

Nicastrin levels, like PS 1-NTF levels, showed no significant difference in Fc or 

Cb of PSlm cases when compared to O A D cases and controls. Since both proteins are 

integral components of the same proteolytic complex, it is plausible that factors which 

can alter levels of any particular y-secretase constituent, might also have effects on 
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levels of other components of this complex. This concept is illustrated by the finding 

that down-regulation of PEN-2 (another important y-secretase constituent) can lead to 

both reduced levels of PS 1 and PS2 as well as impaired nicastrin maturation (Steiner et 

al, 2002). In addition, it has been discovered that down-regulation of nicastrin levels 

through R N A interference can destabilize presenilin proteins and markedly lower levels 

of the high molecular weight PSI complex, while cells lacking PSI also show decreased 

levels of mature nicastrin (Edbauer et al, 2000b). It is, therefore, conceivable that 

levels of PSI m a y affect levels of nicastrin and vice versa. Furthermore, mutations in 

PSI might also have an effect on nicastrin levels if they cause disruption of the y-

secretase complex. Yet, no strong evidence was found in the literature to suggest that 

nicastrin levels are altered in the presence of PSI mutations. Several studies have 

examined nicastrin levels in various systems, and while they provide evidence for a 

connection of nicastrin to PS 1 and the y-secretase complex, actual levels of nicastrin 

were not found to be altered as a result of PSI mutations. 

Nicastrin is an essential component of the y-secretase complex and is important 

for stabilizing this proteolytic complex (Li et al, 2003). This was demonstrated by a 

reduction of A p production in fibroblasts from nicastrin knock-out heterozygous mice 

and an absence of A p production in the nicastrin knock-out homozygous animals (Li et 

al, 2003). The same study also showed that nicastrin plays a role in A P P trafficking. 

The question of whether nicastrin expression could be affected or regulated by 

cytokines or neurotrophic factors, levels of which have been found altered in A D brains, 

was investigated by comparison of Northern blots of nicastrin m R N A from various cell 

lines including neuroblastoma, astrocytoma and NTera2-N cells (teratocarcinoma-

derived differentiated neurons) (Satoh and Kuroda, 2001). Results suggested that 

nicastrin expression was not regulated by TNF-a, IL-ip and brain-derived neurotrophic 

factor (BDNF) (Satoh and Kuroda, 2001). However, this lack of effect of certain pro

inflammatory cytokines or neurotrophic factors on nicastrin expression cannot predict a 

potential effect that mutations in the PSI gene might produce. 

While it has been shown that over-expression of wild-type nicastrin alone did 

not alter levels of PSI (Murphy et al, 2003), it is possible that over-expression of 

nicastrin in an in vitro model could have lead to accumulation of immature nicastrin 

which may not be able to interact with PSI and integrate into the y-secretase complex 

required for A p production (Yang et al, 2002). Therefore, over-expression of W T -
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nicastrin alone may not be able to accurately determine whether PSI and nicastrin levels 

might affect one another or may both be regulated by similar factors. 

One study which has explored levels of nicastrin and PSI in an in vivo system 

found that in adult mice nicastrin expression was very high in muscle membranes while 

this did not correlate well with PSI expression, which was very low in muscle 

membranes and predominant in brain tissue (Ilaya et al, 2004). Furthermore, native 

polyacrylamide gel electrophoresis showed that nicastrin found in muscle tissue was 

part of a smaller complex of proteins (240 and 290kDa) while nicastrin found in brain 

tissue was found in complexes of similar molecular weight to those observed for PSI 

(400kDa) (Ilaya et al, 2004). While this suggests that in peripheral tissues nicastrin and 

PSI may interact with different proteins, in the brain they still appear intimately linked 

and expression of one of these proteins could have an effect on levels of the other. 

Another study explored levels of y-secretase components in in vivo studies using 

mouse models of A D . Expression and localization of various y-secretase components 

was examined through immunohistochemical and Western blot analysis of various brain 

regions from PSI P264L mutant knock-in mice, APPswe mutant knock-in mice and 

PS1/APP double mutant knock-in mice (Siman and Salidas, 2004). Interestingly, 

neither cellular nor sub-cellular differences in y-secretase constituents such as PSI, 

nicastrin, APH-1 and PEN-2 were detected by this study (Siman and Salidas, 2004) 

suggesting that mutations in PSI do not alter levels of the other y-secretase components. 

Further evidence for this notion was provided by Culvenor and colleagues (2004), who 

examined levels of PS 1 and nicastrin in human AD cortical brain tissue and human 

brain tissue from cases with PSI mutations. Native polyacrylamide gel electrophoresis 

indicated no difference in y-secretase complex mobility between sporadic A D cases, 

cases with PSI mutations, cases with fronto-temporal dementia (FTD) and control cases 

(Culvenor et al, 2004). Furthermore, S D S / P A G E electrophoresis revealed no 

difference in nicastrin or PS 1-NTF levels between A D and control cases (Culvenor et 

al, 2004). The above mouse and human studies provide strong evidence to suggest that 

mutations in PSI do not alter either PSI or nicastrin levels. The current study, 

therefore, is in accord with previous findings and is extending these findings to include 

the following PSI mutations: Q222H, M233T, A246E, M 1 4 6 L and C410Y. However, 

even if mutations in PSI do not alter levels of nicastrin and vice versa it is still 

important to elucidate the link between PSI and nicastrin expression (Edbauer et al, 

2000b), since this might provide valuable information regarding mechanisms of y-
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secretase activity and open new avenues for drug targeting in the development of A D 

pharmaceuticals. 

3.4.2.3 APP 

Total levels of APP, the precursor of AP, were not found to be significantly 

altered in the Fc of A D or P S l m cases. Yet a small and mildly significant increase of 

A P P levels was observed in the C b of P S l m cases. One might speculate that this 

observed increase in A P P levels could reflect the concurrent increase in A p levels 

detected in the P S l m Cb. However, the same trend was not observed for the P S l m Fc 

where A p levels were higher than in the Cb (Figure 2), yet A P P showed a decreasing 

(albeit non-significant) trend. In Down's Syndrome (DS) with trisomy 21, an additional 

copy of the A P P gene located on chromosome 21 can lead to over-expression of A P P 

and elevated A p levels leading to A D in affected individuals (as reviewed by Lott and 

Head, 2005). However, this is not the case with the samples examined in the current 

study. Even though increased A P P levels can lead to increased A P production, PSI 

mutations are not likely to be involved in regulation of A P P expression but rather in 

differential proteolysis of A P P to promote production of A p 4 2 over Ap40. This is 

evident from the observation that Ap4o was elevated to similar degrees in both Cb of 

O A D and P S l m cases when compared to controls, while A p 4 2 levels were increased 

specifically in the P S l m cases (Figure 2). 

Furthermore, with regard to unchanged levels of both PS 1 and nicastrin, it is 

unlikely that observed changes in A P P might be due to non-specific post-mortem 

degradation of proteins in the P S l m Fc and this phenomenon certainly could not explain 

any increase in A P P observed in the P S l m Cb. However, it is important to take into 

account that the finding of increased A P P levels in the C b of P S l m cases was barely 

significant and it might be necessary to repeat this examination with a larger sample 

number to verify the initial finding, before any meaningful conclusion can be drawn. 

A potential explanation for increased A P P levels might be early inflammatory 

responses in the C b of P S l m cases. Elevation of A P P levels can occur in response to 

pathological stimuli including inflammation and this has been observed not only in A D 

cases but also in other neurological disorders such as multiple sclerosis (Gehrmann et 

al, 1995). Histopathological examination of paraffin embedded human brain tissue 

showed that in chronic multiple sclerosis lesions A P P immunoreactivity was increased 

for reactive astrocytes and microglia (Gehrmann et al, 1995). In AD similar changes 
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are observed. Our group has recently developed a transplant model of chronic cortical 

gliosis from a transgenic A D mouse model in order to demonstrate changes of A D 

protein markers as a response to chronic inflammation (Bates et al, 2002). Amongst 

other changes increased expression of transgenic A P P was observed only in gliotic 

cortex-to-midbrain grafts and not in regions of the brain that lacked an inflammatory 

response (Bates et al, 2002). Similar reactions had been previously observed in a rat 

model of chronic cortical gliosis (Martins et al, 2001). Therefore, it is possible that the 

observed increase in total A P P levels in P S l m C b was a result of inflammatory 

reactions due to a more aggressive progression of pathological changes in the brain of 

cases with PSI mutations. 

However, it is also possible that the increase in A P P levels was the result of 

elevation of specific isoforms as a response of activated glial cell secretion of this 

protein. In healthy individuals A P P is primarily expressed in neurons, which tend to 

produce the APP-695 isoform that lacks the Kunitz-type serine protease inhibitor (KPI) 

domain (Kitaguchi et al, 1988; Ponte et al, 1988). In A D an increase in the KPI-APP 

isoforms is observed which might indicate an increased production of A P P by non-

neuronal cells (Tanaka et al, 1989; Moir et al, 1998). A study examining m R N A 

levels of different A P P isoforms by real-time reverse-transcriptase P C R found increased 

levels of KPI positive A P P in frontal lobe extracts from A D compared to control brains, 

indicating that the increased levels of this isoform are likely due to increased 

transcriptional activity, rather than aberrant degradation (Preece et al., 2004). However, 

these changes might also be more pronounced in certain regions of the brain, depending 

on susceptibility of these regions to A D pathology. 

One study used systemic lipopolysaccharide (LPS) injection into C 5 7 B L mice as 

a model of inflammation as well as the "staggerer" mutant mice (that exhibit severe loss 

of cerebellar Purkinje and granule cells and pronounced astrogliosis in the cerebellum) 

(Brugg et al, 1995). In the non-genetically modified mouse systemic LPS 

administration lead to an acute inflammatory response and transient increases of 

cytokines IL-lp and IL-6. Interestingly, as a response to this treatment a shift towards 

KPI-APP isoforms was only observed in the Cb, while no change occurred in the 

cortical regions of the brain. In the staggerer mouse model an even more pronounced 

shift towards KPI-APP was noted and this reaction was exacerbated by administration 

of LPS (Brugg etal, 1995). 

Distinct inflammatory changes have also been reported in the human A D Cb, as 

reviewed by (Larner, 1997). Yet while neuropathological changes have been 
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acknowledged to occur in A D Cb, there has been doubt as to whether they are of 

clinicopathological relevance (Larner, 1997). It is, therefore, important to include this 

region of the brain as an additional region of interest when examining other areas of the 

brain traditionally associated with high A D pathology, such as the hippocampus or 

temporal and frontal cortices. This endeavour would help to determine the significance 

of cerebellar changes and clarify whether cerebellar pathology can provide useful 

information about seminal early changes that initiate the cascade of pathological events. 

Such early changes might not be detectable anymore in other regions of the brain where 

end-stage pathology has progressed to an extent that could mask any early events and 

erase the trail to their discovery. 

3.4.2.4 SOD1 

S O D l was found to be significantly elevated in O A D Fc and a trend for 

increased levels was detected for the P S l m group. S O D l plays an integral role in our 

defence mechanisms against oxidative stress caused by oxygen free radicals. It 

catalyses the conversion of reactive oxygen species (ROS), that are capable of oxidizing 

biological molecules such as D N A , lipids and proteins, to hydrogen peroxide, which 

albeit breaks down easily to produce a very highly reactive and potent oxidant, the 

hydroxyl radical (OH") (reviewed by Maier and Chan, 2002). In order for effective 

combating of any oxidative insult, S O D l has to work in concert with enzymes (such as 

catalase, glutathione peroxidase and glutathione reductase) that act as scavengers to 

effectively and safely dispose of the dangerous hydroxyl radical (Maier and Chan, 

2002). Disturbances in the balance of these important enzymes could lead to tissue 

damage through oxidative stress mechanisms. 

Several disorders have been linked to abnormalities in S O D l . Perhaps the most 

notable is amyotrophic lateral sclerosis (ALS) which progresses from mild motor 

symptoms to severe paralysis and premature death and is attributed to a mutant form of 

SODl, as reviewed by (Noor et al, 2002). However, even without the presence of 

S O D l mutations, alterations of enzyme levels or enzyme activity could lead to 

oxidative stress, signs of which have been reported for numerous neurological disorders 

including Parkinson's disease, Huntington's disease and A D (reviewed by Maier and 

Chan, 2002). It is, therefore, important to establish whether the current observations of 

increased S O D l levels in A D Fc are of relevance to A D pathology. 

The idea for an involvement of oxidative stress mechanisms in A D pathology is 

not a recent phenomenon and early studies have provided evidence for this hypothesis 
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(Martins et al, 1986). Since the gene for S O D l is encoded by chromosome 21, D o w n 

syndrome (DS) with trisomy 21 leads to elevated expression of this enzyme and it has 

been noted that in erythrocytes of D S patients the increased S O D l levels can be 

balanced by an adaptive compensating increase in glutathione peroxidase (Percy et al, 

1990). Yet D S individuals with trisomy 21 invariably eventually show signs and 

symptoms of A D and a more recent study has shown that erythrocyte glutathione 

peroxidase levels are positively correlated with memory function in those individuals of 

an age group where A D like cognitive changes can be expected to occur (Brugge et al, 

1999). Furthermore, increased erythrocyte S O D l and glutathione peroxidase levels 

have also been detected in A D compared to control cases (Perrin et al, 1990). This 

suggests that disturbances in the balance of enzymes involved in prevention of oxidative 

damage could potentially have an effect on cognitive function and might play a role in 

AD pathology. Stable changes in the periphery might also be of relevance as diagnostic 

or prognostic markers in the monitoring of patients with cognitive decline. 

However, peripheral changes may not necessarily reflect changes in the central 

nervous system. Examination of oxidative stress and defence mechanisms in the brain 

itself is likely to provide a more pertinent indication of the presence and effects of 

imbalances in anti-oxidative stress mechanisms. Numerous studies have examined 

levels of S O D l and partner enzymes in brain regions from A D cases with variable 

outcomes. While one study showed no evidence of R O S involvement and no changes 

in SODl and glutathione peroxidase activity (Hayn et al, 1996) another detected lipid 

peroxidation with concomitant decrease in activity of S O D l and catalase in Fc and 

temporal cortex (Hayn et al, 1996) or decreased S O D l activity in Fc, hippocampus and 

Cb (Chenetal, 1994). 

Expression of the genes coding for S O D l , glutathione peroxidase, glutathione 

reductase and catalase by quantification of m R N A species for these genes, revealed 

increased levels of S O D l expression in A D interior parietal lobule, while catalase, 

glutathione peroxidase and glutathione reductase were elevated in hippocampus and the 

inferior parietal lobule but not in Cb (Aksenov et al, 1998). Authors of this report 

suggest that alterations in stress handling gene transcription may be a region specific 

result of the magnitude of ROS-mediated injury. Further evidence for this notion is 

provided by Lovell and colleagues (1995) who detected significantly elevated 

antioxidant enzyme activities in brain regions where lipid peroxidation was most 

pronounced and suggested that this may be a compensatory mechanisms associated with 

increased free radical formation (Lovell et al, 1995). 
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Yet, this does not explain the discrepancies of findings reported by the different 

research groups. One explanation might relate to a recent report that links the extent of 

oxidative damage and changes in expression of anti-oxidant genes to the normal ageing 

process (Sinha, 2005). This study showed oxidative changes and disproportionate 

alterations in anti-oxidant enzymes as an event that can occur in normal ageing, with 

females being more prone to oxidative damage than males. Such a finding 

demonstrates the necessity for further studies with larger numbers of cases that require 

to be both age-matched and matched for gender between A D and control groups. Such 

precautions are likely to lead to less variation between different studies. 

Furthermore, a link between APOE genotype, lipid oxidation and changes in 

antioxidants has been demonstrated, with higher levels of lipid oxidation and elevated 

activities of S O D , catalase and glutathione peroxidase in A D cases with APOE e4 when 

compared to A D cases without this allele and age-matched control cases (Ramassamy et 

al, 1999). This is an essential consideration as it predicts variations to occur between 

different populations examined, if the observations have not been normalized across 

different studies for APOE genotype. Future studies will have to take this important 

factor into account if a consensus is to be reached with regard to the role of oxidative 

stress in the pathogenesis of A D . 

However, when examining such complex mechanisms there is much room for 

interference from individual idiosyncratic differences in each subject. These can make 

it difficult to reach a c o m m o n consensus and unified hypothesis regarding a role for 

oxidative damage and the value and direction of corresponding therapeutic intervention 

for A D . O n the other hand, current evidence in the literature does indicate that where 

disturbances of the balance between production of oxidative agents and capacity for 

neutralisation of these agents occurs, oxidative damage can result and be associated 

with neurodegenerative disorders such as A D . The current finding of elevated S O D l 

levels in Fc of A D cases provides further evidence for this notion that imbalances of 

anti-oxidant enzymes can occur in A D , whether as a result of or contributing to the 

pathogenesis. 

121 



ChapterJ (Protein markers in early-onset Alzheimer's (Disease 

3.4.3 Increased apoE levels in cerebellum of PS1m cases 

ApoE is an important risk factor for A D . Our group has previously shown that 

levels of this protein can be elevated not only in A D brain but also in peripheral tissues 

of individuals with clinical diagnosis of probable A D (Taddei et al, 1997; Laws et al, 

1999; Laws et al, 2002a). Elevated levels of apoE in plasma and brain have been 

associated with the presence of a polymorphism in the promoter region of the APOE 

gene that can result in increased levels of transcription of this gene. The presence of 

this APOE -^191 A A genotype has been associated with increased apoE levels in both 

plasma and Fc of A D cases; this association being independent of APOE genotype 

(Laws et al, 1999; Laws et al, 2002a). The current observation of a trend for increased 

levels of apoE in the Fc and markedly and significantly increased levels of apoE in the 

Cb of P S l m cases provides further evidence for increased levels of apoE in A D cases, 

and further provides evidence for an association between mutations in PSI and levels of 

apoE in the Cb. This suggests that both the apoE4 isoform as well as increased levels of 

apoE can pose independent risks for A D and assessment of apoE levels as well as 

APOE genotype might be of prognostic value in individuals with a clinical diagnosis of 

AD. 

However, the detection of a marked increase in apoE levels particularly in Cb of 

PSlm cases still remains to be explained. It is conceivable that levels of apoE might be 

elevated as a result of increased levels of A p since apoE has been implicated in A p 

clearance mechanisms (Carter, 2005). It is also possible that elevated levels of apoE in 

PSlm cases (the mild increase observed in Fc and the dramatic and significant increase 

in the Cb) might actually be due to a possible increased prevalence of the A P O E -491 

A A promoter polymorphism in the PSlm cases which might account for increased 

levels of apoE observed in these samples. Finally, it could be also be argued that 

significantly increased levels of apoE in P S l m Fc (rather than just a non-significant 

trend) could be detectable only in a larger number of samples required for such a 

finding to reach significance. In line with this argument, the dramatic and significant 

increase in apoE levels in PSlm Cb could be a result of the aggressive progression of 

A D pathology observed in many cases with PSI mutations where the C b appears to be 

affected to a much higher degree than in O A D cases. 

W h e n considering the idea that apoE levels might rise as a response to an 

increased A p burden it is important to keep in mind that the current study showed a 

trend towards lower A p levels in the PSI mutant Cb compared to the Fc (Figure 3.5 B) 
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as well as no significant correlation between levels of apoE and A p levels in the PSlm 

Cb. It is, therefore unlikely that the increase in apoE levels observed in the Cb can be 

attributed solely to an increased presence of Ap. Furthermore, other A D associated 

proteins did not exhibit any striking trends to suggest a potential correlation with the 

increased levels of cerebellar apoE observed in the cases with PSI mutations (Figure 

3.5 C,D). 

In order to test whether genetic polymorphisms that play a role in expression of 

the APOE gene could be responsible for the observed increase of apoE in PSI mutant 

brain tissue, levels of apoE were compared in Fc and Cb of only those PSlm, O A D and 

control cases with the APOE —491 A A genotype that has been associated with increase 

plasma and brain apoE levels in A D (Laws et al, 1999; Laws et al, 2002a). In the 

presence of the APOE -491 A A genotype a trend towards increased apoE levels was 

detected in the Fc while a significant increase in apoE levels was observed for the Cb of 

PS 1 mutant cases, but not for the O A D cases when compared to control cases (Figure 

3.6). Therefore, the observed increase of apoE levels in PSI mutant Cb cannot be 

explained by the presence of the APOE -491 A A promoter polymorphism. 

The marked increase of apoE in the PS 1 mutant affected Cb is of interest as it is 

consistent with other findings of increased apoE levels in A D Cb (Pirttila et al., 1996). 

However, this observation is not universal and has not been detected by all studies that 

examined the Cb in A D (Hesse et al, 1999). Since elevated apoE levels have been 

detected in the brains of A D mouse models (Kuo et al, 2000; Bates et al, 2002) 

findings of the same effect in human A D brain are not surprising and have been linked 

to over-expression of apoE in A D astrocytes (Diedrich et al, 1991). It is, therefore, 

possible that for human A D variable observations of brain apoE levels have been made 

depending on the severity of the disease and stage of progression. This supports the 

notion that the two-fold increase in apoE levels detected in PSlm Cb might correspond 

to a more severe inflammatory reaction in this region of the brain in PSlm cases when 

compared to O A D cases. 

Post-mortem A D brains are likely to show end-stage pathology throughout 

regions of the brain most affected by A D , such as the hippocampus and temporal and 

frontal cortices. Under such circumstances apoE levels may plateau and possibly even 

decrease as a result of overwhelming end-stage pathology. For this reason, it is 

important to also examine other regions such as the Cb. In fact, it has been shown that 

in A D cases with PSI mutations the Cb can exhibit marked A D pathology (Lemere et 

al, 1996b; Miklossy et al, 2003). The Cb might, therefore, be a useful region of 
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interest for the study of A D related changes as it may allow observation of seminal 

pathological features with diminished risk of end-stage pathology masking important 

early changes. 

Apart from the possible explanations discussed above, the current study also 

provides evidence to suggest that PSI itself may influence levels of apoE. This notion 

is substantiated by the finding that PS 1 deficient mice show reduced levels of apoE 

m R N A expression in brain tissue (Mimics et al, 2003). To illustrate the concept that 

PSI may influence apoE levels it is important to note that while deficiency in PSI 

results in decreased generation of A p (De Strooper et al, 1998; Saftig and de Strooper, 

1998) and decreased levels of APOE expression (Mimics et al, 2003), the presence of 

mutant PS 1 not only leads to increased A p production but, in the current study, was also 

associated with increased levels of apoE. A n increase in reactive astrocytes during an 

inflammatory reaction might explain increased apoE levels but does not explain a 

decrease in apoE levels observed in the absence of PSI (Mimics et al, 2003). 

However, it has been reported that deficiency in PSI can lead to down-

regulation of L D L receptor-related protein (LRP) (Van Uden et al, 1999). L R P is of 

interest as it is a receptor for apoE (Herz, 2001; Herz and Strickland, 2001; Li et al, 

2001) and appears to undergo intramembranous proteolysis. It has been demonstrated 

that proteolytic release of the cytoplasmic domain of L R P receptor occurs via a y-

secretase like activity (May et al, 2002), which raises the possibility that this event may 

be mediated by the same enzyme complex responsible for A p production. It is, 

therefore, conceivable that mutations in PSI can lead to aberrant processing of LRP, 

which in turn, can result in decreased cellular uptake of apoE via this receptor, thus 

resulting in accumulation of excess levels of non-metabolized apoE in various tissues. 

Furthermore, both L R P (Pinson et al, 2000; Tamai et al, 2000; Wehrli et al, 

2000) and PSI (Murayama et al, 1998; Zhang et al, 1998; Fraser et al, 2001; Killick 

et al, 2001) play important roles in the ^-signalling pathway. Thus, disturbances in 

the levels or structure of either of these proteins could potentially result in anomalous 

signal transduction and, hence, disturbances in gene expression. Observations that 

deficiency in PSI results in reduced apoE expression (Mimics et al, 2003) in mouse 

embryos may be related to the role of PSI in the Wnt and/or Notch (De Strooper et al, 

1999) signalling pathways or may be an indirect secondary effect associated with other 

biochemical mechanisms that might be disturbed by abnormal WmlNotch signalling. 

Accordingly, it is possible that the increase in apoE levels observed in association with 

124 



Chapter 3 (Protein markers in early-onset Alzheimer's (Disease 

PS 1 mutations in the current study may be an effect of over-expression of the APOE 

gene product due to disturbances in signalling pathways. 

As both PSI and apoE play important roles in A D pathology it is essential to 

clarify the association between mutant PSI and altered apoE levels. In vivo studies with 

PSI and apoE null and knock-in mouse models and in vitro studies with transfected 

cells will represent valuable tools in the elucidation of the nature and extent of 

interactions between PS 1 and apoE. Knock-in rather than transgenic models might be 

superior, since physiological levels of one protein may lead to more meaningful 

information about potential changes in levels of the other protein. Another 

consideration is the inclusion of the Cb in the investigation of animal and human A D 

tissue from cases with PSI mutations as apoE effects may be pronounced in this tissue. 

3.5 Summary 

Increased levels of A p were observed in Fc of A D cases in accordance with the 

literature, while in C b increased levels of A p in P S l m cases were of particular interest, 

and may reflect the aggressive nature of certain PSI mutations. A p results indicate that 

the samples used in the current study are representative of typical A D pathology and as 

such suitable for further analysis in the search for novel biomarkers for A D . 

PS 1-NTF and nicastrin levels were unchanged between A D and controls. This 

finding is consistent with the literature, but does not exclude the possibility for 

alteration in levels of either of these proteins in cases of PSI mutations not investigated 

in the current study. 

A mild increase in A P P levels was observed in P S l m Cb. While it is 

conceivable that increased levels of A P P could result from an inflammatory reaction, it 

would be prudent to repeat the study first with a larger sample size in order to determine 

the reproducibility of this finding. 

Increased levels of S O D l were detected in the Fc of O A D cases (and a trend for 

increased S O D l levels in the Fc of P S l m cases). Levels of this protein may be elevated 

as a response to oxidative stress in regions highly affected by A D pathology. 

Markedly increased levels of apoE in Cb of P S l m cases may be a result of 

inflammatory processes occurring in this region of the brain, an association between 

PSI mutations and apoE levels, other factors or a combination of several factors. 

However, the increased levels of apoE are independent of the APOE -491 A A promoter 
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polymorphism, which has previously been linked to higher expression levels of the 

APOE gene in sporadic A D cases. 

With regard to the A P P and, in particular apoE changes observed specifically in 

the C b of P S l m mutant cases, this brain region has emerged as an area of interest for 

further exploration of pathological mechanisms, rather than only being considered as an 

internal negative control. 
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Chapter 4 

Reelin as a biomarker for AD pathology in brain tissue and 

plasma 

4.1 Introduction 

A p o E is the major genetic risk factor for A D . However, APOE genotype and 

apoE levels are not by themselves sufficient to account for all the risk for developing 

A D . Therefore, the search for additional risk markers continues. A good place to start 

is to investigate other proteins that have been linked to apoE. One such protein is 

reelin, a secreted extracellular matrix glycoprotein, 3461 amino acids in length and with 

a relative molecular mass of 388 kDa (D'Arcangelo et al, 1995; D'Arcangelo et al, 

1997). The human reelin gene (RELN, GenBank Accession number: AC000121) is 

very large (65 exons spread over around 450 kb of genomic D N A ) , encoding an m R N A 

of approximately 12 kb, and was mapped to chromosome 7q22 (DeSilva et al, 1997). 

Alternative splicing events, alternative polyadenylation and positions of stop codons 

predict the existence of several different reelin transcripts (Royaux et al, 1997). 

Sequence comparisons revealed an 87.2% nucleotide similarity between human RELN 

and the murine counterpart, Rein, as well as a 94.2% amino acid residue similarity 

between the reelin protein sequences of these two species (DeSilva et al, 1997). 

Clues to the function of reelin were first revealed by pathological events 

occurring from the autosomal recessive mouse reeler R F 1-3 mutation. These include 

defects in motor coordination, tremors and ataxia, symptoms that are likely due to 

disruption of the organization of the cerebellar and cerebral cortices and other laminated 

regions, leading to a failure of neurons to reach their appropriate locations during brain 

development (Falconer, 1951; Hamburgh, 1963; Mariani et al, 1977; Caviness and 

Rakic, 1978). Since mutant mice, unlike normal animals, do not express reelin in 

neurons during periods of neuronal migration, and since the reelin protein resembles 

extracellular matrix proteins involved in cell adhesion it has been hypothesized that the 

reeler phenotype represents a failure of the aberrant form of reelin to control early 

events associated with brain lamination (D'Arcangelo et al, 1995). The original reeler 

mouse evolved from a spontaneous mutation, but currently several different strains with 

various autosomal recessive reelin mutations are being maintained as laboratory models 

of nervous system development (D'Arcangelo and Curran, 1998). Further studies have 
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shown that reelin plays important roles, both in early development, where it is involved 

in guiding neurons and radial glia to their designated locations, as well as being part of a 

complex signalling mechanism (involving binding to receptors such as apoE receptor 2 

(apoER2), very-low-density lipoprotein receptor ( V L D L R ) and tx3pl integrin protein, 

leading to activation of kinases and dimerisation of disabled-1 (Dab-1) protein) that 

facilitates neuronal signal transmission, memory formation and synaptic plasticity in 

adult brains. For a recent review see (Fatemi, 2005). 

Reelin expression has been investigated in various species by 

immunohistochemical detection of the reelin protein and by reelin in situ hybridisation 

or reelin m R N A quantitation. In the mouse, reelin expression is highest during 

embryogenesis when it is prominent in Cajal-Retzius (C-R) cells in the cerebral cortex 

while during postnatal stages reelin levels gradually decrease but reelin still appears in a 

subset of y-aminobutyric acid-(GABA)-ergic neurons within neocortical and 

hippocampal layers, and becomes restricted within certain subsets of these interneurons 

when adulthood is reached (Alcantara et al, 1998). In the human brain reelin and Dab-

1 are not only expressed in C-R cells during development but they are also expressed in 

pyramidal neurons in the mature brain after neuronal migration is complete (Deguchi et 

al, 2003). Furthermore, it appears that in the human brain C-R cells and cerebellar 

Purkinje cells express additional components of the reelin signalling pathway (such as 

apoER and V L D L R ) that can be absent from these cell populations during mouse brain 

development (Perez-Garcia et al, 2004). Since reelin has been detected in the spines, 

post-synaptic density and terminals of adult neurons it has been suggested that reelin 

may play a role in synaptic remodelling accounting for a potential role in long-term 

potentiation in the adult brain (Roberts et al, 2005). 

A recent study has reported reelin expression in both stellate cells of the liver 

and in endothelial cells of lymphatic (but not blood) vessels in adult rats by 

immunoelectron microscopy (Samama and Boehm, 2005). A previous study, in the rat, 

demonstrated using immunocytochemistry and Western blotting that reelin was present 

in chromaffin cells of the adrenal medulla and in a subset of cells within the pituitary 

pars intermedia (Smalheiser et al, 2000). Within the same publication the authors 

showed not only detectable levels of reelin in serum and plasma of rats, mice and 

humans but also demonstrated that adult liver harboured approximately one third the 

amount of reelin m R N A expressed in adult mouse cerebral cortex leading to the 

suggestion that the liver might be the primary organ involved in maintenance of the 

circulating reelin pool (Smalheiser et al, 2000). The presence of reelin freely in 
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circulation at sufficient quantities for simple detection through Western blotting enables 

uncomplicated access to measurement of peripheral levels of this protein, which could 

be advantageous in diagnostic procedures, as it has been shown that levels of this 

protein can be affected in certain human psychiatric conditions. 

Immunohistochemical examination of brain tissue from subjects with 

schizophrenia, bipolar disorder and major depression showed reduced hippocampal 

levels of reelin in all of these disorders (Fatemi et al, 2005a). Subsequent brain tissue 

analysis from patients with the above psychiatric disorders revealed decreased levels of 

reelin in schizophrenia and bipolar disorder by m R N A (Torrey et al, 2005) and SDS-

P A G E and Western blot analysis (Fatemi et al, 2005b). S D S - P A G E and Western blot 

examination of reelin protein and quantitative R T - P C R analysis of reelin m R N A also 

showed reduced levels of reelin in Fc and Cb of autistic subjects (Fatemi et al, 2005a). 

Furthermore, altered levels of selected reelin species were also detected in plasma from 

autistic patients (Fatemi et al, 2002). It has been suggested that down-regulation of 

reelin in psychiatric disorders may be due to hypermethylation of the RELN promoter 

(Chen et al, 2002; Abdolmaleky et al, 2004; Abdolmaleky et al, 2005). 

In addition to psychiatric disorders reelin has also bee implicated in 

neurodegeneration. Immunohistochemical analysis of reelin in an A D mouse model, 

double-transgenic for mutant human A P P and mutant human PSI, revealed reelin 

deposits co-localized with A P P staining in neuritic components of AD-type plaques in 

the hippocampus and neocortex (Wirths et al, 2001). In contrast to this animal study an 

examination of human brain tissue revealed no co-localization between reelin and A p 

positive plaques and only at best a marginal reduction of reelin positive C-R cells in A D 

(Riedel et al, 2003). Although, formation of paired helical filaments was observed in 

C-R cells of A D cases, this mignt merely have been indicative of underlying A D 

pathology without relevance to reelin expression (Riedel et al, 2003). However, an 

investigation of reelin in C S F from patients with A D and fronto-temporal lobe dementia 

(FTD) revealed significantly elevated levels of one of the reelin fragments (of 180kDa) 

in both neurodegenerative conditions when compared to healthy control cases (Saez-

Valero et al, 2003a). 

Due to the discrepancy between immunohistochemical findings in mouse and 

human brain tissue the objectives of the current study were to compare reelin levels in 

A D and control brain tissue regions using a more quantitative immunoblotting 

approach. Furthermore, levels of reelin were measured in A D and control plasma in 

order to investigate whether altered levels of reelin had diagnostic value for A D . Since 
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reelin is readily accessible in blood plasma, measurement of this protein would 

constitute a safer diagnostic approach compared to the highly invasive approach of 

measuring tau in CSF. 

4.1.1 Aims 

• To use S D S - P A G E and Western blotting to measure levels of reelin protein in 

human brain tissue (Fc and Cb) in order to investigate potential differences in 

C N S reelin levels between control subjects, cases with PSI mutations (PSlm) 

and A D cases without PSI mutations ( O A D cases). 

• To measure reelin levels in plasma from control and AD cases in order to 

investigate reelin as a potential peripheral biomarker for A D diagnosis. 

4.2 Materials and Methods 

Brain tissue specimen and protein extraction procedures were as described in 

Chapter 3 (Section 3.2 Materials and Methods) and Chapter 2, Sections 2.1.3 and 

2.2.6.2 and Table 2.2) respectively. Plasma samples were collected from 60 individuals 

clinically diagnosed with probable sporadic A D and 60 approximately age-matched 

control cases without clinical signs and symptoms of dementia. APOE genotypes were 

recorded and reflect a characteristic pattern of prevalence of the s4 allele in A D cases, 

while the e2 allele was more commonly observed in control cases. Patient selection 

criteria, blood sampling and separation of plasma were performed as described in 

Chapter 2, Sections 2.1.4 and 2.2.2. Details about individual blood samples are given 

below (Table 4.1). 
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Table 4.1: Chapter 4 A D and control plasma samples: Relevant information 

Males 
Females 

Age at bleed (in years): 

Males 

Females 
APOE s2/s2 genotype 
APOE E2/E3 genotype 
APOE s2/s4 

APOE s3/e3 genotype 
APOE s3/s4 genotype 

APOE s4/s4 genotype 

AD 
30 cases 

30 cases 

Mean 

77.1 

80.6 

Standard 
Deviation 

5.0 

6.2 

Range 

69-87 

71-95 
0 cases 
3 cases 
1 case 

20 cases 
31 cases 

5 cases 

Controls 
30 cases 

30 cases 

Mean 

77.9 

78.1 

Standard 
Deviation 

7.2 

6.3 

Range 

69-92 

70-89 

0 cases 
10 cases 
1 case 

32 cases 
11 cases 
3 cases 

Note: Not all samples could be used to perform every experiment (for example, 
hormone analysis could not be performed on all samples due to lack of sufficient 
sample volume). Furthermore, samples for which measurements could not be obtained, 
even after repeated testing, were excluded from statistical analysis. 

SDS-PAGE and measurement of levels of Reelin (and dystrophin) in brain tissue 

extracts and plasma by Western blot analysis were performed as described in Chapter 2, 

Section 2.2.10. Plasma levels of estradiol, testosterone, L H and S H B G were assessed 

by Dr John Beilby (Queen Elizabeth II hospital, Perth, W A , Australia) using 

chemiluminescent immunoassay systems such as the Architect Analyser from Abbott 

Diagnostics, Illinois, U S A (estradiol, testosterone and L H ) or for S H B G the Immulite 

System (Diagnostic Products Corporation, Los Angeles, California, US A ) . Statistical 

analysis was performed as described in Chapter 2, Section 2.2.13. 

4.3 Results 

4.3.1 Decreased reelin levels in A D brain tissue 

To detect reelin by Western blot an antibody to the N-terminal part of reelin 

(recognizing amino acids 164-189) was used (de Bergeyck et al, 1998). The same 

research group that developed this antibody later described in another publication the 

reelin signal detected by Western blot on protein from cerebellar explant cultures 

(Lambert de Rouvroit et al, 1999b). The signal detected by Western blot corresponded 

to bands at approximate locations of 400 kDa (full-length reelin), 300 kDa and 180 kDa 

(fragments of full-length reelin) as well as a product of 70-80 kDa, which was suggested 

to potentially correspond to the shortest reelin cleavage product (Lambert de Rouvroit et 
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al, 1999b). A study using the same antibody to examine levels of reelin in A D CSF 

reported fragments of 410 kDa, 330 kDa and 180 kDa (Saez-Valero et al, 2003a), while 

a further research group probing rodent and human serum and brain tissue by Western 

blot with the same antibody detected bands at around 420 kDa, 310 kDa and 160 kDa 

(Smalheiser et al, 2000). The reelin signals detected by Western blot in the current 

study are consistent with the findings of the above studies in terms of reelin fragment 

sizes (Figure 4.1). Dystrophin (427 kDa) was used as an additional molecular weight 

marker and together with rat embryonic brain (REB), which contains high levels of 

reelin, was used to validate the band positions of the reelin signal detected in the human 

brain tissue and plasma (Figure 4.1, lanes 9-10 and 7-8 respectively). For the purpose 

of discussion, the fragment sizes for the current study will be designated as 420 kDa, 

310 kDa and 160 kDa. 

In addition, two bands were detected at a level between the 45-66 kDa molecular 

weight markers. These bands could represent artefactual degradation products of reelin 

(A Goffinet, 2002, personal communication, 6th November). However, since tissue 

storage and protein extraction techniques were identical for all samples and since at 

least one of these bands was still detectable in fresh homogenates from rat embryonic 

brain (REB, Figure 4.1, lanes 7-8), these degradation products [degradation product 1 

(DPI) and degradation product 2 (DP2), Figure 4.1] were still compared between A D 

and control tissues to check for any potential differences between these groups which 

might suggest differences in reelin processing rather than mere artefact. Full-length 

reelin (-420 kDa), the longest fragment (-310 kDa) and the second longest fragment 

(-160 kDa) were best detectable in total brain homogenate (TH, Figure 4.1, lanes 3-4). 

For the -160 kDa fragment this was confirmed through repeat Western blots with larger 

sample numbers. The degradation products (DPI and DP2) generated a stronger signal 

in supernatant (Sup) produced from centrifuging the T H at -14,000 rpm (-20,000 g) for 

15 minutes (Figure 4.1, lanes 5-6). 
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Figure 4.1: Reelin signals detected by Western blot in h u m a n plasma and brain 

tissue extracts: After separation of frontal cortex (Fc) and cerebellum (Cb) extracts of 

total homogenate (TH) or supernatant (Sup) or neat plasma on 5 % Tris Tricine gels and 

transfer to nitrocellulose membrane, Western blotting for Reelin was performed as 

described in Chapter 2, Section 2.2.10 with anti-reelin antibody clone 142. Prior to 

loading gels brain tissue extracts (TH and Sup) were adjusted to 100 pg of total protein 

for each sample. Bands detected matched Reelin protein molecular weights described 

in the literature, at positions above 220 kDa and between 97 and 220 kDa. Additional 

bands between 45 and 66 kDa were undetectable in plasma but detectable in human 

brain tissue extracts, most strongly in the supernatant fractions and were designated as 

reelin degradation products 1 and 2 (DPI and DP2). Rat embryo brain (REB), which is 

enriched for Reelin, was used to validate positions of Reelin bands in human brain 

tissue and plasma extracts. O n the same gel H2k mouse cell line extract containing 

dystrophin (with a molecular weight of 427 kDa) was separated and subsequently after 

transfer this part of the membrane was probed separately with anti-dystrophin antibody 

(see Chapter 2, Section 2.2.10). Dystrophin provided an additional molecular weight 

marker at a position just above the highest Reelin band, thus validating the positions of 

the uppermost Reelin bands detected. 
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Both T H and Sup extracts contained the same protease inhibitors and were kept 

frozen in aliquots at -80°C until required for analysis. It is, therefore, unlikely that the 

difference in band intensities is merely due to differential non-specific degradation of 

reelin between these two extracts. Even though reelin is a secreted protein 

(D'Arcangelo et al, 1995; D'Arcangelo et al, 1997) it is a possibility that full-length 

reelin and the major fragments form higher molecular weight complexes or associate in 

some manner with membranes while the smallest (degradation) fragments are unbound 

in the cytoplasm or extracellular matrix. This could explain why the smallest fragments 

are more readily detectable in the Sup (most soluble) fraction, while the larger 

fragments may be bound in higher complexes or to membranes and therefore require the 

examination of T H for meaningful analysis of levels of this protein. Therefore, full-

length reelin and the upper fragments were quantitated in T H while D P I and D P 2 were 

quantitated in Sup. 

Comparison of reelin levels in Fc of A D cases with PSI mutations (PSlm) and 

"other A D " ( O A D ) cases without PSI mutations by Western blot (Figure 4.2) showed 

decreased reelin levels in P S l m cases compared to controls and O A D cases for both 

full-length reelin and the largest (-310 kDa) fragment (Figure 4.2 B). However, the 

differences were not statistically significant. For the 160 k D a fragment and DPI a 

statistically significant decrease was observed for both P S l m and O A D cases when 

compared to controls (Figure 4.2 B). D P 2 was also significantly decreased in PSlm 

cases when compared to control cases. 
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Figure 4.2 Western blot analysis of reelin protein [420 kDa, 310 kDa, 160 kDa and 

degradation product (DP) bands] in Fc from PSlm, O A D and control cases: 

Immunoblotting was performed as described in Chapter 2, Section 2.2.10. (A) 

Western blot signal intensities of representative samples from the PSlm, O A D and 

control groups. (B) Graph of Reelin protein levels comparing Western blot signal 

intensities for P S l m and O A D cases relative to control cases (that is, mean values of 

O A D and P S l m groups after expressing each individual signal value as a percentage of 

the control group mean value). Error bars represent standard error of the mean (of 

values converted to percentages). One-Way between-groups A N O V A with Tukey's 

post-hoc analysis (*p = 0.012, **p = 0.002, #p < 0.001, §p < 0.001, fp = 0.031). All 

statistical analysis was performed on raw data prior to conversion to percentages for 

graphic comparison. 
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While the Fc represents a region of comparatively high levels of A D pathology, 

the Cb should contain sufficient reelin (granular cells) to provide a good comparison 

between regions of high A D pathology and relatively low A D pathology. This should at 

least apply to A D cases without PSI mutations where disease progression is not as 

aggressive and rapid and the Cb tends to be relatively spared from end-stage pathology 

compared to cases with PSI mutations where the C b can often show extensive A D 

pathology (see Chapter 3). Reelin levels were, therefore, also compared in Cb of A D 

and control cases (Figure 4.3). In the Cb, immunoblotting for reelin revealed a trend 

towards decreased reelin levels in P S l m and O A D cases when compared to controls 

(Figure 4.3 B). However, this trend was only significant for the 310 kDa and the 160 

kDa bands of reelin and restricted to the O A D cases when compared to controls (Figure 

4.3 B). Levels of neither of the two putative degradation products (DPI and DP2) were 

significantly different between PSlm, O A D and control cases. 
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Figure 4.3 Western blot analysis of reelin protein [420 kDa, 310 kDa, 160 kDa and 

degradation product (DP) bands] in C b from PSlm, O A D and control cases : 

Immunoblotting was performed as described in Chapter 2, Section 2.2.10. (A) 

Western blot signal intensities of representative samples from the PSlm, O A D and 

control groups. (B) Graph of Reelin protein levels comparing Western blot signal 

intensities for P S l m and O A D cases relative to control cases (that is, mean values of 

O A D and P S l m groups after expressing each individual signal value as a percentage of 

the control group mean value). Error bars represent standard error of the mean (of 

values converted to percentages). One-Way between-groups A N O V A with Tukey's 

post-hoc analysis (*p = 0.056, **p = 0.053). All statistical analysis was performed on 

raw data prior to conversion to percentages for graphic comparison. 
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However, a microarray profiling study of PSI-deficient mouse brain tissue 

revealed decreased levels of apoE and a marginal decrease in reelin levels in the 

absence of PSI (Mimics et al, 2003). The authors suggested that the reelin interaction 

with apoER2 may, at least in part, account for the observed decrease in apoE levels in 

PSI deficient mice (Mimics et al, 2003). The current study, therefore, looked for 

correlations between apoE levels and levels of the different reelin fragments in Fc and 

Cb (Table 4.2). Data was analysed using Pearson's correlation coefficient (and natural 

logarithm transformation was performed where necessary to convert data to a normal 

distribution and to meet other assumptions of parametric correlation coefficient 

analysis). Spearman's correlation coefficient was used where appropriate to validate 

Pearson's r-values. The only strong, positive and significant correlation detected in Cb 

was for the DPI reelin fragment in the control group and for the 160 kDa reelin 

fragment in the P S l m group (Table 4.2). In contrast, in the Fc a strong, positive and 

significant correlation was observed for all three major bands of reelin in all three 

groups (controls, P S l m and O A D cases) examined (Table 4.2). This finding is 

consistent with the notion that apoE levels might influence levels of reelin as suggested 

in the literature (Mimics et al, 2003). 

Therefore, further statistical analysis, using a general linear model one-way 

analysis of variance with apoE as covariate, was conducted in order to account for 

potential effects of apoE levels when comparing mean reelin levels between PSlm, 

O A D and control groups (Table 4.3). Multivariate analysis was performed first in order 

to establish whether there were any overall significant differences between levels of the 

five reelin fragments in the three different groups investigated. This was followed by 

univariate analysis to determine which individual groups showed these differences. 

After accounting for apoE levels, additional reelin fragments showed 

significantly reduced levels in both Fc and Cb when compared to control cases. Full-

length reelin levels were now significantly decreased in Fc of P S l m cases and Cb of 

O A D cases. The 310 kDa fragment was significantly decreased in Fc of P S l m cases 

and Cb of both PSlm and O A D cases. Reelin 160 kDa fragment remained significantly 

decreased in Fc of PSlm and O A D cases but was now, as for the O A D cases, also 

significantly decreased in Cb of P S l m cases. Differences inDPl and D P 2 fragments 

did not increase in significance when the effect of apoE levels was accounted for. This 

is not surprising, since no significant correlation was observed between apoE levels and 

DPI or D P 2 levels for P S l m or O A D cases. A summary of changes in levels of full-
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length reelin and fragments in AD Fc and Cb relative to control cases is provided in 

Table 4.4. 

Together the above findings suggest a decrease in levels of full-length reelin and 

the major reelin fragments in AD, not only in areas of the brain strongly affected by AD 

pathology, but also in regions relatively spared in most sporadic AD cases, such as the 

Cb. This decrease remains and is highlighted more strongly after accounting for 

potential effects of apoE levels. 

Table 4.2: Pearson's correlations between apoE and reelin levels in Fc and Cb. 

Controls 
Reelin 420 kDa 
Reelin 310 kDa 
Reelin 160 kDa 
Reelin DP1 
Reelin DP2 

OAD 
Reelin 420 kDa 
Reelin 310 kDa 
Reelin 160 kDa 
Reelin DP1 
Reelin DP2 

PS1m 
Reelin 420 kDa 
Reelin 310 kDa 
Reelin 160 kDa 
Reelin DP1 
Reelin DP2 

Frontal cortex Cerebellum 

ApoE ApoE 
r = 0.566, p = 0.014 i r = 0.388, p = 0.213 
r = 0.562, p = 0.015 j r = 0.227, p = 0.477 
r = 0.585, p = 0.011 i r = 0.185, p = 0.545 
r = 0.019, p = 0.942 jg r = 0.735, p = 0.006 
r = -0.210, p = 0.402 i r = -0.216, p = 0.479 

ApoE ApoE 
r = 0.665, p = 0.026 i r = 0.540, p = 0.107 
r = 0.645, p = 0.032 j r = 0.354, p = 0.316 
r = 0.736, p = 0.010 i r = 0.418, p = 0.229 
r =-0.239, p = 0.479 i r - 0.402, p= 0.250 
r = -0.306, p = 0.391 | r =-0.098, p =0.788 

ApoE ApoE 
r = 0.571, *p = 0.053 j r = 0.265, p = 0.566 
r = 0.519, *p = 0.084 i r = 0.439, p = 0.325 
r = 0.576, *p = 0.081 i r = 0.778, p = 0.039 
r = 0.153, p = 0.617 i r = 0.524, p = 0.148 
r = 0.106, p = 0.729 i r = 0.464, p = 0.209 

To meet assumptions for parametric analysis data was transformed where appropriate 
(natural logarithm transformation) and/or non-parametric correlation testing 
(Spearman's rho) was performed to validate parametric analysis results. 

Values showing significant correlation are shaded yellow. * Significance is borderline or 
was not reached for these correlation coefficients, but compared to other non-significant 
trends these values are approaching significance and may have reached it had more 
samples been available for analysis. 

Controls = Control cases without AD pathology 
P S l m = cases with PSI mutations 
O A D = "other A D " cases without PS 1 mutations 
DPI = putative reelin degradation product number 1 
D P 2 = putative reelin degradation product number 2 
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Table 4.3: General Linear Model Analysis (univariate) of reelin levels: p-Values 
for analysis of variance in Fc and C b of controls, P S l m and O A D groups, with apoE 

levels as covariate. 

Reelin 
420 kDa 

Controls 

OAD 
PSlm 

Reelin 
310 kDa 

Controls 

OAD 
PSlm 

Reelin 
160 kDa 

Controls 

OAD 
PSlm 

Reelin 
DP1 

Controls 

OAD 
PSlm 
Reelin 
DP2 

Controls 

OAD 
PSlm 

Frontal Cortex 
OAD PSlm 

p = 0.849 p= 0.001 

p — U.UU3 

p - 0.005 

Frontal Cortex 
OAD PSlm 

p = 0.934 p = 0.002 

p — 0.0U6 

p = 0.006 

Frontal Cortex 
OAD PSlm 

p < 0.001 p < 0.001 
.. n inn 
p — U.JUU 

p — 0.300 

Frontal Cortex 
OAD PSlm 

p < 0.001 p < 0.001 

p — 0.639 

p — u.ojy 
Frontal Cortex 
OAD PSlm 

p = 0.388 p = 0.026 

; p — U.ZZU 

n _ A 7™ 

Cerebellum 
OAD PSlm 

p = 0.009 p = 0.058 
n — n /'ilO 
P U.UJ7 

p — v.ojy 

Cerebellum 
OAD PSlm 

p = 0.006 p = 0.017 
n n SST 
p — U.3o / 

p — 0.587 

Cerebellum 
OAD PSlm 

p = 0.004 p = 0.005 
r. n 14S 
P — U.o4o 

p — 0.348 

Cerebellum 
OAD PSlm 

p = 0.538 p = 0.095 

p - 0.195 

p - 0.195 

Cerebellum 
OAD PSlm 

p = 0.654 p = 0.129 

p - 0.060 
p — U.U6U 

p-Values are obtained from two-tailed tests. 

Values showing significant correlation are shaded yellow. 

Controls = Control cases without AD pathology 
P S l m = cases with PSI mutations 
O A D = "other A D " cases without PSI mutations 
DPI = putative reelin degradation product number 1 
D P 2 = putative reelin degradation product number 2 
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Table 4.4: Summary of changes in reelin levels: Changes in levels of full-length 
reelin and fragments in F C and Cb of PSlm and O A D cases relative to controls after 
general linear model analysis. 

Frontal Cortex 
PS1m 

OAD 

Cerebellum 

PS1m 

OAD 

R420 

I 
NSC 

R420 

I 
I 

R310 

I 
NSC 

R310 

1 
I 

R160 

I 
I 

R160 

i 
I 

DP1 

I 
I 

DP1 

NSC 

NSC 

DP2 

i 
NSC 

DP2 

NSC 

NSC 

N S C = no significant change after general linear model analysis 

PSlm = cases with PSI mutations 
O A D = "other A D " cases without PSI mutations 

R 420 = Reelin 420 kDa (full-length) 
R 310 = Reelin 310 kDa (fragment) 
R 160 = Reelin 160 kDa (fragment) 
DPI = putative reelin degradation product number 1 
DP 2 = putative reelin degradation product number 2 
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4.3.2 Decreased reelin levels in A D plasma 

Since reelin is a secreted protein and readily detectable in plasma, measurement 

of reelin in such a relatively easy accessible peripheral tissue might be useful for 

diagnostic purposes if, like in brain tissue, reelin levels are found to be altered in A D 

compared to control cases. Reelin was, therefore, measured in male and female plasma 

samples of sporadic A D cases compared to age-matched control cases (Figure 4.4). 

Unlike in the brain tissue, only two reelin fragments were detectable in plasma, the 310 

kDa and the 160 kDa fragments. Full-length reelin was not detected in any of the 

plasma samples used in the current study (Figure 4.4 A ) . 

It has been suggested that this might be an artefact produced by non-specific 

degradation of reelin (Lugli et al, 2003). Reelin in human plasma appears to be 

susceptible to proteolysis, freeze-thawing, heating during long-term storage and 

methodologies in sample preparation and electrophoresis (Lugli et al, 2003). In 

particular, it has been shown that plasminogen activator can convert full-length reelin 

(-420 kDa) to the 310 kDa species (Lugli et al, 2003). This finding is very pertinent as 

it draws attention to potential problems associated with the analysis of archival plasma 

samples. It is certainly possible, that the lack of full-length reelin signal in the current 

study could, al least in part, be explained by potential degradation of reelin by 

plasminogen activator. 

However, all plasma samples examined for reelin levels were treated in an 

identical manner, from collection, plasma separation, storage as frozen aliquots and 

protein separation by S D S - P A G E and subsequent Western immunoblotting. This is 

standard procedure to ensure variability of data is kept as low as possible. Any 

significant difference in reelin levels between particular groups of samples is, therefore, 

unlikely to be due merely to non-specific random degradation events and represents a 

finding of interest that needs to be further considered. 

A comparison of plasma reelin levels in sporadic A D and control cases revealed 

a significant decrease in the 160 kDa fragment of reelin in A D cases (Figure 4.4 B). A 

further break-down of samples into male and female cases revealed that, while both 

sexes showed decreased levels of the reelin 160 kDa fragment in A D , this difference 

was significant and appeared somewhat stronger in the male compared to the female 

cases, where significance was only borderline (Figure 4.4C). 

ApoE levels did not differ significantly between A D and control cases and this 

was similar for both males and females (Figure 4.4 B, C). Increased plasma levels of 

apoE have previously been reported as an A D risk factor (Taddei et al, 1997; Laws et 
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al, 1999). It is possible that sample numbers in the current study were too low to 

observe any significant differences. In addition, apoE plays a role in lipid metabolism 

and it is plausible that differences in fasting status between different cases m a y have 

affected apoE levels and thus helped mask any potential underlying differences in apoE 

plasma levels between A D and control cases (Ribalta et al, 2003). 

In order to investigate the apparent discrepancy in reelin levels between male 

and female cases, and since reelin expression has been shown to be affected by thyroid 

hormones (Alvarez-Dolado et al, 1999) and potentially by sex hormones (Alvarez-

Dolado et al, 1999), levels of testosterone, estradiol and luteinizing hormone (LH) were 

measured in the male and / or female plasma samples and the free androgen index (FAI) 

calculated where appropriate (Figure 4.5). N o significant difference in levels of any of 

the hormones measured or the FAI was detected in A D cases compared to controls, 

suggesting that in the current study reelin levels are not likely to have been altered by 

changes in levels of these hormones. 
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Figure 4.4 Western blot analysis of reelin protein (310 k D a and 160 kDa bands) in 

plasma from A D and control cases: Immunoblotting was performed as described in 

Chapter 2, Section 2.2.10. (A) Western blot signal intensities of representative 

samples from the A D and control (Con) groups. (B) Graph of reelin and apoE protein 

levels comparing Western blot signal intensities for A D cases relative to Con cases 

(that is, mean values of A D groups after expressing each individual A D signal value as 

a percentage of the respective Con group mean value). Error bars represent standard 

error of the mean (of values converted to percentages). (C) As for (B) but male and 

female means compared separately. Independent Samples T-test (two-tailed; *p = 

0.006; §p = 0.051; p = 0.011). All statistical analysis was performed on raw data prior 

to conversion to percentages. 
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Figure 4.5 Hormone levels in male and female plasma: Male plasma (A) total 

testosterone (TT) levels, (B) Sex Hormone Binding Globulin (SHBG) levels, (C) Free 

Androgen Index (FAI), calculated by dividing TT levels (nmol/L) by SHBG levels 

(nmol/L), and multiplying the resultant values by 100, (D) Luteinizing hormone (LH, 

in milli international units [mlU]) levels. Female plasma (E) Estradiol levels, (F) LH 

levels. Hormone levels were measured by Dr John Beilby (Queen Elizabeth II 

hospital, Perth, WA, Australia). Mean hormone levels are represented by black 

horizontal bars. 
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However, since apoE levels were significantly correlated with reelin in brain 

tissue, it was important to also examine potential correlations between apoE levels and 

reelin fragment levels in plasma. N o significant correlation was found (using Pearson's 

and Spearman's correlation coefficient) for apoE and the 160 k D a reelin fragment in 

female plasma samples, but a strong, positive, significant correlation was found for 

these proteins in the male cases (Reelin 160 kDa fragment and apoE: Pearson's r = 

0.718, p = 0.004; Spearman's r = 0.039, p = 0.039). Subsequent application of general 

linear model analysis with apoE as covariate revealed that levels of the reelin 160 kDa 

fragment were still significantly decreased in male plasma (p = 0.046). 

Receiver Operating Characteristic ( R O C ) curve analysis (Metz, 1978; Zweig and 

Campbell, 1993) was performed in order to explore sensitivity and specificity of 

decreased plasma reelin levels for detection of A D . Since only the 160 kDa fragment of 

reelin showed a significant difference in levels between A D and control cases, the 

specificity and sensitivity of measuring this fragment in plasma for the purpose of 

detecting A D were estimated (Figure 4.6). It was not possible to determine a reelin 160 

kDa threshold level since, in the absence of a reliable reelin standard, only relative 

comparison of reelin levels could be performed, rather than absolute reelin levels 

determined. However, it was still possible to compare sensitivities and specificities, 

either for all plasma samples combined, or separately for male and female samples 

(Table 4.5). Overall, for the male and female subjects combined, high sensitivity 

coupled with high specificity was not achieved suggesting that levels of this reelin 

fragment alone are not sufficient for diagnostic purposes. However, it was noted that 

for male plasma sensitivity and specificity percentages were more favourable, possibly 

reflecting the previous observation that male subjects had on average slightly lower 

reelin 160 kDa levels than female subjects. Current trends suggest that further analysis 

with a larger sample size m a y clarify the suitability of the reelin 160 k D a fragment as a 

marker for A D diagnosis. 
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Figure 4.6 Receiver Operating Characteristic ( R O C ) curves: Estimation of 
sensitivities and specificities for reelin 160 kDa quantitation in human plasma samples 
as a measure of testing for A D . (A) R O C curve using all A D and control samples 

combined, (B) R O C curve for female cases only, (C) R O C curve for male cases only. 

Table 4.5: R O C curve results, specificities are shown for selected sensitivities. 

Variable 

R 160 all 
R 1 6 0 F 
R 1 6 0 M 

Sensitivity 

90% 80% 
-34% 
-21% 
-44% 

-40% 
^32% 
L-56% 

70% 
-58% 
-50% 
-68% 

60% 
-62% 
-57% 
-72% 

Area under 
the curve 

0.648* 
0.649 
0.694* 

* Significantly different from area = 0.5 (p < 0.02) 

R 160 all = Reelin 160 kDa fragment in all AD and control plasma samples 
R 160 F - Reelin 160 kDa fragment in female A D and control samples only 
R 160 M - Reelin 160 kDa fragment in male A D and control samples only 
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4.4 Discussion 

4.4.1 Decreased reelin levels in human brain tissue 

Previous studies have linked reelin to A D by showing presence of reelin in A D -

like plaques in two different APP/PS1 double transgenic AD mouse models (Wirths et 

al, 2001; Miettinen et al, 2005) or by showing altered levels of reelin in CSF from A D 

cases (Saez-Valero et al, 2003a). Furthermore, a recent study of layer I of the temporal 

isocortex revealed a marked decline of Cajal-Retzius (major reelin producing cells) in 

early A D cases (Baloyannis, 2005). However, since not all studies exploring reelin in 

A D cases have provided evidence for reelin involvement in A D pathology (Riedel et al., 

2003), further research is necessary before a consensus with regard to the role of reelin 

in A D can be reached. The current study, therefore, investigated reelin levels in Fc and 

Cb of various A D cases and control cases without neurodegenerative pathology. 

Western immunoblotting revealed significantly decreased levels of various reelin 

fragments. While A D cases with PSI mutations showed decreased levels of all reelin 

bands in Fc (including full-length reelin, the two major fragments at -310 kDa and 160 

kDa and the two putative reelin degradation products of between 45 - 66 kDa), Fc 

tissue of O A D cases only showed significant reduction of the reelin 160 kDa fragments 

and one of the putative degradation products, DPI (Table 4.4). In the Cb, on the other 

hand, levels full-length reelin and both of the major fragments were found to be 

decreased in both P S l m and O A D cases, while the putative degradation products 

remained unchanged (Table 4.4). 

In both Fc and Cb, the observation that all three major reelin bands were reduced 

in A D while levels of several other A D relevant proteins remained unaltered (Chapter 3) 

suggests that this finding is not likely to be merely due to a generalised lower 

expression or overall increased degradation of proteins as a result of neuronal demise in 

A D . Discrepancies in reelin levels between P S l m and O A D Fc tissue might, at least in 

part, be due to the high variation observed in O A D cases, indicating that this study 

should be repeated with a greater sample size in order to clarify the initial findings. O n 

the other hand, P S l m cases can show stronger and more aggressive A D pathology than 

many cases without PSI mutations (see Chapter 3), which might help to explain why for 

the P S l m cases a decrease of all reelin fragments was observed in the Fc while only two 

reelin fragments were significantly decreased in O A D Fc. Interestingly, a similar trend 

of reduced reelin levels was followed for Cb of both P S l m and O A D cases. As this 

region of the brain tends to be relatively spared from pathology compared to regions 
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such as the Fc, it is possible that the changes observed in the C b reflect early 

pathological events, not yet distorted by end-stage pathology. With regard to this 

notion, the lack of change in the "putative reelin degradation products", D P I and D P 2 

in the C b suggests that these fragments, even though immunoreactive with the anti-

reelin antibody, m a y either be detected due to cross-reactivity of this antibody with 

other proteins similar to reelin, or could be non-specific degradation products of reelin 

itself. O n the other hand, the observed change in levels of D P I and / or D P 2 in Fc of 

A D cases m a y indicate that levels of these reelin fragments are only changed in 

advanced pathological stages of A D . In the current study only the reelin 160 kDa 

fragment was significantly reduced consistently across both A D groups and in both Fc 

and Cb. 

Inhibition experiments using zinc chelators have shown that full-length reelin is 

degraded into its lower molecular weight fragments by metalloproteases, an action that 

can be reversed by addition of equivalent concentrations of zinc ions (Lambert de 

Rouvroit et al, 1999b). However, the use of various inhibitors showed that matrixins, 

meprin, neprilysin and peptidyl-dipeptidase are not likely to be involved in reelin 

processing and neither are serine, cysteine or aspartate proteinases (Lambert de 

Rouvroit et al, 1999b). It appears that only very selective groups of proteases 

(possibly, adamalysins or astacins) act on full-length reelin (Lambert de Rouvroit et al, 

1999b). In order to establish whether D P I and D P 2 are valid reelin fragments and are 

selectively altered in the presence of neuropathology, it is therefore, important to first 

identify these products as true reelin fragments (by mass spec-fingerprinting or amino 

acid residue sequencing). Subsequently, reelin degradation needs to be further explored 

and the distinct enzymes involved need to be identified. Further in vitro experiments 

with reelin in cell culture and addition / inhibition of these specific enzymes should 

clarify the identity and role of the D P I and D P 2 products detected in the current study, 

or at least clarify whether these products are due to similar processing mechanisms as 

observed for the heavier reelin fragments. Expression of the specific reelin degradation 

enzymes would be an important next step, in order to explore whether the observed 

decrease in a number of reelin fragments in A D could be due to altered levels of reelin 

processing enzymes. Conversely, examination of reelin m R N A levels and alternative 

splicing events (Lambert de Rouvroit et al, 1999a) in A D vs control tissues should help 

to determine whether altered expression or differential m R N A processing could be 

responsible for the changes in reelin levels observed in A D and other neurological 

disorders. 
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4.4.1.1 Potential mechanisms of reelin action and disturbances in 

AD 

The most prominent evidence for a potential involvement of reelin in A D 

pathology is the link between reelin and apoE which has been established through the 

discovery that reelin binds apoER2 and V L D L R directly and in a calcium dependent 

manner, a process that leads to tyrosine phosphorylation of the intracellular adaptor 

protein Dab-1 (Howell et al, 1999) and that can be reduced by the presence of apoE 

(D'Arcangelo et al, 1999). Mice lacking expression of both apoER2 and V L D L R show 

abnormal neurological development (such as inversion of cortical layers and absence of 

cerebellar foliation) similar to that observed in mice lacking reelin (Trommsdorff et al, 

1999). Furthermore, it has been shown that reelin interaction with both of the above 

receptors is important in the maintenance of synaptic plasticity in adult brains and may 

play a role in long-term potentiation of neurons and thus memory formation (Weeber et 

al, 2002). Since this signalling pathway is not only important during the period of 

neuronal migration in early development but also plays a role in dendrite maturation 

(Niu et al, 2004) it is not surprising that the disruption of the reelin - lipoprotein 

receptor dependent neuromodulation has been proclaimed a potential contributor to 

cognitive impairment such as that observed in A D (Weeber et al, 2002). 

More direct evidence for an involvement of reelin in AD pathology has been 

provided by studies that have demonstrated a functional relevance of changes in reelin 

signalling to A D pathology. One research group showed that reelin is not only 

important for Dab-1 tyrosine phosphorylation but that lack of reelin leads to 

hyperphosphorylation of the A D associated microtubule protein tau (Hiesberger et al, 

1999). Subsequently it has been demonstrated that the absence of reelin increased 

levels of glycogen synthase kinase-3p (GSK-3(3), an enzyme that can phosphorylate tau 

at multiple sites (Ohkubo et al, 2003). Levels of this kinase were even further elevated 

in the absence of both reelin and apoE and the progressive increase in levels of 

hyperphosphorylated tau matched this trend (Ohkubo et al, 2003). Studies with 

different mouse models of A D showed that both reelin (Wirths et al, 2001; Miettinen et 

al, 2005) and apoER2 (Motoi et al, 2004) could be detected in the neuritic component 

of AD-type plaques. While no evidence so far has been provided for a similar co-

localization of reelin with A D plaques in the human brain (Riedel et al, 2003) it is 

important to continue investigations and examine not only reelin levels but also levels 
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and localization of other proteins involved in reelin signalling, such as Dab-1, apoER2 

and V L D L R in human A D cases. 

This is especially pertinent in light of the discovery that a secreted soluble form 

of the apoER2 exists (generated by differential splicing) that can inhibit reelin 

signalling and, therefore, acts in a dominant negative fashion in reelin signalling during 

development (Koch et al, 2002). It would be of great interest to investigate whether 

this secreted receptor inhibits apoE binding to cell surfaces in a similar manner, or 

whether differential interaction and inhibition exists, in which case it would be 

important to find out whether levels of the soluble secreted form of apoER2 are altered 

in A D . Over-production of the soluble receptor could potentially not only lead to 

reduced reelin signalling but might have the potential to also disturb apoE mediated 

events in A D , such as A p clearance mechanisms. While the association between reelin 

and apoE appears complex and requires further elucidation, the findings discussed 

above suggest that reelin and apoE might compete for interaction with the same 

receptors and that in the absence of reelin, apoE can at least partially compensate for 

that loss. This extends apoE's involvement in A D pathology to also potentially include 

signalling events. With regard to the observed decrease in reelin levels in AD brain and 

plasma the "reelin - apoE link" suggests an additional explanation for increased apoE 

levels (apart from APOE promoter polymorphisms and glial cell activation) in A D brain 

and periphery reported in the literature (Taddei et al, 1997). 

While the association of reelin with lipoprotein receptors is the most obvious 

link between reelin and A D , there is also more subtle and less direct evidence to suggest 

that reelin may play a role in A D pathology. T w o mutations in the reelin gene 

(identified in a British and Saudi Arabian pedigree) lead to exon deletions, translational 

frameshifts with additions of missense mutations and early termination codons. These 

mutations have been identified as the cause of an autosomal recessive form of 

lissencephaly, a severe developmental disorder involving impaired neuronal migration 

and lack of normal cortical folding leading to serious cognitive abnormalities (Hong et 

al, 2000). Both mutations lead to reduced plasma reelin levels or failure to detect any 

reelin in plasma of affected cases (Hong et al, 2000). Interestingly, PSI deficient mice 

have been shown to develop a similar cortical dysplasia resembling human type 2 

lissencephaly (Hartmann et al, 1999). In this condition loss of C-R cells is 

accompanied by reduced reelin levels and disorganized localization of Notch-1 on 

neuronal cell membranes (Hartmann et al, 1999) and the premature loss of C-R cells 

may be due to aberrant depolarised membrane potential in C-R cells lacking PSI (Kilb 
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et al, 2004). It has also been hypothesized that C-R cell loss may be a result of 

disrupted Notch signalling (Hartmann et al, 1999) since the presenilins play an 

important role in Notch processing (Okochi et al, 2002). 

Therefore, it is possible that the lissencephaly phenotype observed in both PSI 

deficient and reelin deficient scenarios could be due to completely independent 

mechanisms. However, additional evidence from earlier studies needs to be considered 

as well. It has been demonstrated that Dab-1 (which is crucial in reelin signalling) can 

bind to a signalling domain of Notch (Giniger, 1998). Furthermore, Dab-1 also binds 

the cytoplasmic tail of A P P (Trommsdorff et al, 1998). This suggests that (3-secretase 

and y-secretase activity (APP and Notch processing) could have the potential to also 

influence downstream events that are regulated through reelin signalling. Therefore, 

mutations in PSI or altered PSI levels may not only affect Notch signalling but also 

disturb reelin signalling pathways. Such a mechanism could contribute to A D 

pathology. 

In addition, it has been shown that a mutant Dab-1 lacking tyrosine 

phosphorylation sites can lead to hyperphosphorylation of tau (Brich et al, 2003). 

Therefore, it appears that mechanisms which lead to a decrease in Dab-1 

phosphorylation, such as could result from reduced levels of reelin, may play a role in 

A D pathology. If, as suggested, the reduction in reelin levels is due to C-R cell loss 

caused by aberrant Notch signalling (Hartmann et al, 1999), PSI mutations may have 

an effect on both, the levels of reelin produced (by disturbing Notch regulated events), 

and down-stream reelin signalling mechanisms (by potentially affecting Dab-1 

phosphorylation through alteration of levels of Dab-1 binding partners, such as A P P and 

Notch cleavage products). Similar ideas have also been considered by other research 

groups (Bothwell and Giniger, 2000). A n illustration of the putative mechanisms of 

Dab-1 signalling is presented in Figure 4.7. 

Aberrant signalling through pathways normally associated with reelin could, 

therefore, potentially occur as a result of altered levels of PS 1 or A P P or as a result of 

mutations leading to changes in the amino acid sequences or structures of the PSI or 

A P P proteins. Likewise, it is not implausible to suggest that reduced levels of reelin in 

A D might lead to disruption in relevant signalling pathways. Such changes may 

influence levels of reelin associated proteins, such as apoE. In order to decipher the 

complex code of reelin interactions and elucidate its role in A D pathology, it is 

therefore, important to continue research using a wide variety of approaches including 

human studies, A D mouse models and in vitro cell culture. Reelin provides a relatively 
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novel marker for A D pathology, and as such may be a suitable therapeutic target. 

However, this can only be determined once its functional role in AD is thoroughly 

understood. 
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Figure 4.7 Putative mechanisms of reelin / apoE activity in normal health and 

neurological disorders such as A D : 

Binding of reelin or apoE to apoER2 / V L D L R receptors (and potentially binding of 

Dab-1 to A P P or Notch intracellular domains) induces Dab-1 phosphorylation. As yet 

unknown downstream events inhibit GSK-3J3 and prevent tau hyperphosphorylation and 

neurofibrillary tangle (NFT) formation (A). In the absence of reelin or apoE (or 

potentially due to PSI or A P P mutations or a decline in levels of these proteins) Dab-1 

receptor phosphorylation may be disrupted, leading through as yet unknown 

mechanisms to activation of GSK-30, hyperphosphorylation of tau and N F T formation 

(B). For purposes of illustrating the concept, all molecular components (such as 

secretase enzymes) are shown in one membrane. Sources of information for this figure 

were Bothwell, 2000 and Ohkubo, 2003. 
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4.4.1.2 Reelin as a target for therapeutic intervention? 

Reduction in reelin levels in A D m a y be a result of pathological events or it may 

be an early occurrence in the pathological cascade. Regardless of the order of events, 

depletion of reelin is not likely to be beneficial. Furthermore, regardless of the 

observation that levels of reelin may be altered in a number of different neurological 

and psychiatric disorders, restoration of reelin in A D might still prove of benefit in the 

treatment of this particular disease, as it would for other conditions where reelin levels 

are affected. Therefore, if methods to stop the decline in reelin levels are available they 

should be considered for their potential as therapeutic agents in A D . Likewise, any 

treatment options currently under investigation need to be scrutinized with regard to 

their effect on reelin levels. 

Amongst these is metal chelation therapy, involving selective reduction of metal 

ions such as zinc (II) and copper (II) with the aim to moderate A p aggregate formation 

and lower production of hydrogen peroxide, which can be generated in the presence of 

A p and copper (II) (Di Vaira et al, 2004). W h e n planning clinical trials with such 

drugs (Huckle, 2005), it is important to consider potential effects long-term metal ion 

depletion may provoke in the brain. Reelin is processed by metalloproteases and 

depletion of zinc has been shown to diminish the cleavage of full-length reelin into its 

major fragments (Lambert de Rouvroit et al, 1999b). Since it remains to be established 

which of the reelin species have physiological functions of primary relevance, 

interruption of reelin processing m a y have detrimental effects that might involve 

disruption of neuronal signal transmission, memory formation and synaptic plasticity in 

mature brains (Fatemi, 2005) if treatment is continued for prolonged periods of time. 

Eventually such effects could prove counterproductive in the treatment of A D . Even if 

metal chelation therapy could prove successful in ameliorating A p associated 

neuropathology, effects on other biochemical mechanisms in the brain need to be 

stringently assessed before such a treatment can be declared a safe long-term therapeutic 

approach. 

Interestingly, sodium valproate, an agent that has been explored with some 

success as a potential mood stabilizer in the treatment of behavioural disturbances in 

dementia, including A D (Mellow et al, 1993; Porsteinsson et al, 1997; Tariot et al, 

2002), may also be of benefit when it comes to addressing the problem of reduced reelin 

levels. It has been hypothesized that sodium valproate as a m o o d stabilizer in the 

treatment of agitation in A D m a y exert its beneficial effects through inhibition of 
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apoptosis through upregulation of bcl-2, activation of JF«f-dependent signalling and 

slowing of neurofibrillary tangle formation (Loy and Tariot, 2002; Tariot et al, 2002). 

Remarkably, there is also recent evidence from cell culture experiments and in vitro 

experiments using the P D A P P (APPV717F) transgenic A D mouse model that valproate 

can regulate A P P processing to attenuate A p production (Su et al, 2004). 

For any agent that might affect A p generation, other beneficial effects may be 

considered comparatively negligible. However, it is important to keep in mind that 

certain treatment approaches, such as metal chelation therapy, might prove effective at 

controlling A p associated pathology, but concerns may exist with regard to potential 

undesirable effects on other proteins, such as reelin. Therefore, it is important to assess 

the suitability of a drug by taking into account as many known effects (and side-effects) 

as possible. 

Decreased levels of reelin in brain tissue have been observed in psychiatric 

disorders such as schizophrenia (Fatemi et al., 2005b; Torrey et al., 2005). This may be 

due to inappropriate hypermethylation of the reelin gene promoter region (Chen et al, 

2002; Abdolmaleky et al, 2005; N o h et al, 2005) and it appears that administration of 

valproate m a y attenuate the reelin promoter hyperphosphorylation and associated 

decrease in transcriptional activity of this gene (Mitchell et al, 2005; Tremolizzo et al, 

2005). However, treatment with valproate may then raise concerns with regard to 

hypomethylation of the promoter region of A P P (and therefore potentially increased 

transcriptional activity) being considered a potential risk factor for A D (West et al, 

1995; Tohgi et al, 1999). Nevertheless, if valproate administration can lead to 

stabilization of reelin levels and a concomitant decrease in AD-type plaques (Su et al, 

2004) then it is a drug worthy of further investigation as a potential therapeutic agent, 

not only to ameliorate psychological symptoms of AD but also in the treatment of 

underlying pathophysiological mechanisms. 

4.4.2 Decreased reelin levels in AD plasma 

Altered plasma reelin levels have been detected in autism (Fatemi et al., 2002) 

and levels of a fragment of 180 kDa have been shown to be increased in A D CSF (Saez-

Valero et al, 2003a). The current study reports decreased levels of the -160 kDa 

fragment of reelin in A D plasma. Fragments of reelin described in the literature closest 

in molecular weight to the 160 kDa / 180 kDa fragments are fragments of 

approximately -300 or -310 kDa. The -160 kDa fragment from the current study is, 
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therefore, likely to represent the same reelin species as the ~180kDa fragment in the A D 

CSF study (Saez-Valero et al, 2003a). It may appear contradictory that levels of a 

reelin fragment should be increased in A D C S F and at the same time found to be 

decreased in A D plasma. However, this may not necessarily be incongruent. It has 

been shown that Ap, in particular Ap4 2, can be elevated in A D compared to control 

plasma, in particular during early stages of A D , and high levels of A p 4 2 may be 

associated with higher mortality of A D patients (Mayeux et al, 2003). In contrast, even 

though A p 4 2 levels increase in brain tissue as A p becomes deposited in plaques, levels 

of A p 4 2 appear to be decreased in CSF of A D cases (Andreasen et al, 2003a). It is 

possible, that reduced CSF A p 4 2 levels in A D are associated with increased deposition, 

and therefore sequestering, of this peptide in senile plaques (Motter et al, 1995; 

Tamaoka et al, 1997; Samuels et al, 1999), while increased peripheral A p 4 2 may be 

associated with decreased clearance mechanisms (Samuels et al, 1999; H y m a n et al, 

2000; Prior etal, 2000). 

Decreased levels of a particular reelin fragment in A D brain tissue and plasma 

and increased levels of this fragment in A D C S F represent a reverse case scenario to 

that of Ap42. Reelin is a secreted glycoprotein produced during adult life in both the 

brain (Deguchi et al, 2003) and peripheral tissues, such as the liver (Samama and 

Boehm, 2005). In AD reduced levels of the 160 kDa fragment in brain tissue could be 

due to decreased expression of reelin or increased degradation. A n observed increase of 

levels of this fragment in A D CSF may be due to increased release of this species into 

CSF as a clearance mechanism after excessive degradation of the larger reelin 

fragments. In that case, it is possible that levels of this fragment may rise in CSF 

particularly during the early stages of the disease. Subsequently, they may eventually 

plateau and possibly start to fall again over time, especially if expression of full-length 

reelin should also start to decline in the brain. Support for this notion is found in the 

observation made by Saez-Valero and colleagues that the change in the 180kDa CSF 

reelin fragment was detected very early in the disease process in A D (Saez-Valero et al, 

2003a). Over time, with progressive pathology, levels of various reelin fragments may 

change in both CSF and plasma. 

O n the other hand, peripheral low reelin levels could be due to decreased 

expression of reelin in the liver and may not necessarily mirror levels of reelin in CSF. 

The best way to investigate a potential correlation between plasma, C S F and brain 

reelin levels, is to conduct a longitudinal study comparing levels of different reelin 

species in both plasma and CSF in patients with mild cognitive impairment and A D 
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over time. Brain tissue, however, can only be collected once at postmortem. Therefore, 

changes of reelin levels in brain tissue over time can only be inferred from experimental 

endpoint data and trends in plasma and C S F reelin levels measured over time. 

Alternatively, or in conjunction with human studies, animal models (for example mouse 

models of A D ) can be used to monitor reelin levels over time in brain, CSF and plasma. 

Since the 160 kDa fragment was the only fragment consistently reduced in both Fc and 

Cb of both A D groups and was also the only reelin fragment with decreased levels in 

A D plasma in the current study, it is possible that this fragment may be the most 

sensitive indicator of neuropathological changes. 

A n interesting observation was made when male and female plasma samples 

were examined separately. It was noted that for male cases the reduction in the reelin 

160 kDa fragment was stronger than in the females (for which the change from controls 

was only bordering on statistical significance). One study on song-birds reported 

decreased reelin levels as a result of administration of exogenous testosterone (Absil et 

al, 2003). Therefore, in the current study levels of sex hormones (testosterone in 

males, estradiol in females) were determined in the plasma samples used for reelin 

measurements. Sex hormone binding globulin (SHBG) was also measured in male 

samples in order to determine the free androgen index (FAI), since fractions of bound 

and free testosterone may change even if total testosterone levels do not. Finally, since 

testosterone and estrogen can both regulate levels of the pituitary glycoprotein hormone, 

luteinizing hormone (LH), L H levels were also measured in both male and female 

plasma samples. 

There were no marked or significant changes in levels of any of the hormones or 

the FAI in the sample groups compared in the current study (see Appendix VIII, page 

A8, for normal reference ranges). Potential slight differences in levels of hormones or 

FAI between A D and control groups are unlikely to be due to age differences (see Table 

4.1). N o significant change in estradiol levels was detected between the A D and control 

group, suggesting that altered reelin levels in A D cannot be explained by a differential 

decline in estradiol levels between A D and control groups. Presence and duration of 

hormone replacement therapy as well as body mass index may be important 

considerations for future studies (data not available for the current study). In addition, 

determination of L H levels in plasma revealed no significant change between A D and 

control groups for either male or female cases. However, levels of L H are pulsatile and 

exhibit a circadian rhythm (Kerdelhue et al, 2002). Therefore, a potential effect of L H 

on reelin levels cannot be ruled out in a larger sample group, or for repeated L H and 
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reelin level measurements. Levels of total testosterone and FAI in both male AD and 

control groups were on average slightly below the median normal value (14.2 nmol/L 

and a ratio of 35 respectively). This suggests that a proportion of cases in both groups 

may have been hypogonadal, as has also been reported in another study (Almeida et al, 

2000). While similar observations of higher levels of total serum testosterone and FAI 

in A D cases compared to controls were made by another research group (Pennanen, et 

al, 2004), others found A D cases to be associated with decreased levels of FAI (Moffat 

et al, 2004; Paoletti et al, 2004). Therefore, a potential effect of testosterone (or 

different testosterone fractions) on reelin levels can also not be ruled out in a different 

sample population. Further studies with power analyses and larger samples numbers, 

repeated measurements of hormone levels and levels of the individual reelin fragments 

in plasma as well as stratification by different age groups could help to reveal and 

interpret any potential relationships between reelin levels and sex hormones. 

4.4.2.1 Reelin levels as a diagnostic biomarker? 

Levels of the reelin 160kDa fragment were found to be consistently decreased in 

both the Fc and Cb in both A D groups when compared to controls as well as in A D 

compared to control plasma. Therefore, R O C analysis was conducted to examine 

sensitivity and specificity of levels of this fragment in plasma as a potential tool in A D 

diagnosis. Overall for both sexes, at an acceptable sensitivity of 8 0 % , specificity only 

reached 4 0 % . However, for the same sensitivity, specificity increased to 5 6 % when 

male cases were examined separately. In order to clarify whether differences between 

males and females (such as sex hormone differences) can identify subgroups that might 

benefit from reelin level assessment as a tool in A D diagnosis, a large longitudinal study 

needs to be conducted, preferably comprising at least several hundred male and female 

A D and control cases and encompassing measurement of plasma hormone and reelin 

levels as well as cognitive testing at regular intervals over several years. 

However, since reelin levels were found to be altered in several psychiatric 

disorders, reelin per se may not represent the most specific candidate to be used in a 

discriminative test for A D . Instead, it may be more meaningful to establish in a larger 

study with more cases whether reelin levels may help to achieve a more sensitive and 

earlier diagnosis of serious physiological conditions underlying a psychiatric disorder. 

Several patents have already been taken out on reelin as a marker for psychiatric 

disorders (major depression, bipolar disorder, schizophrenia and autism), its interaction 

with V L D L R for screening and therapies and potential therapeutic use of reelin with 
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relation to adult neural stem or progenitor cells (see SurflP at 

http://www.surfip.gov.sg/sip/site/sip_home.htm, patent numbers: US2003211556, 

US6323177, WO03039575). This underlines the importance of including testing for 

depression and other neurological or psychological disorders as well as examination of 

patient records for potential past episodes of such events in future studies of reelin 

levels in A D tissues. 

Inclusion of other biomarkers, such as measurement of A p levels in plasma may 

be of value to boost the specificity of the test for A D . Measurements of plasma A p in 

combination with plasma levels of certain reelin fragments may provide a more 

sensitive measure than A p levels alone and is likely to be a much more specific test than 

only determination of plasma reelin levels. Over time further biomarkers that become 

established could be added to create a test panel of improved sensitivity and specificity 

to complement current cognitive testing and provide physiological validation of 

cognitive examination results. Reelin, like A p can be detected in plasma. This gives 

measurement of plasma reelin levels an advantage over measurement of markers only 

detectable in CSF, such as tau, since it eliminates the need for repeated relatively 

invasive procedures during disease monitoring. 

Furthermore, identifying certain target groups that are of higher risk of 

developing A D could help to partially overcome the problem of low specificity for 

reelin as a marker for A D . A D is the most c o m m o n dementia world-wide and its 

incidence increases with age. Groups of high risk for A D are, therefore, the elderly and 

those presenting with mild cognitive impairment. The high incidence of A D in such 

groups increases the chances that individuals from such a cohort presenting with 

cognitive problems might actually suffer from early stages of A D when compared to 

incidence of A D in the general population. One example of employing reelin as a 

diagnostic aid could, therefore, involve screening of cohorts with mild cognitive 

impairment for progression to A D by monitoring changes in both reelin and other 

biomarkers such as A p levels. 

4.4.2.2 Reelin mutations /polymorphisms as diagnostic biomarkers? 

Apart from reelin levels in C S F and plasma it is also possible that mutations in 

reelin may result in A D pathology or may represent a marker for A D . Apart from the 

reeler mouse model, two pathogenic mutations have been discovered in the human 

reelin gene, both frameshifts leading to addition of missense mutations and causing an 
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autosomal recessive form of lissencephaly (Hong et al, 2000). Both of these mutations 

cause reductions in reelin plasma levels (Hong et al, 2000). Interestingly, a 

lissencephaly phenotype has also been observed in PSI deficient mice (Hartmann et al, 

1999). Therefore, there is not only a functional link between reelin, PSI and A P P 

(through Dab-1 binding) but there is also evidence to show that abnormalities (in the 

protein itself or levels thereof) in both reelin and PSI can lead to similar pathological 

presentations. It may, therefore, be of interest to examine the reelin gene for mutations 

in A D cases. Screening for mutations can easily be conducted from white blood cell 

D N A collected by venipuncture. In addition, since the currently known human 

mutations lead to altered levels of reelin in the periphery, the same blood sample could 

be examined for reelin levels to assess the phenotypic presentation of the observed 

genotype. 

While the above mutations with exon deletions and early termination codons 

lead to abnormal phenotypes, including lower levels of reelin, it is possible that 

decreased levels of reelin are due to increased degradation of abnormal reelin rather 

than decreased transcription of reelin. A c o m m o n cause for altered transcription of a 

mutant gene is a mutation in the promoter region of this gene. Opportunities to 

investigate reelin promoter polymorphisms have already been engaged by researcher 

groups. One report in the literature describes the analysis of a polymorphic reelin C G G 

repeat in the 5'-untranslated region of the reelin gene as a potential marker for 

schizophrenia (Akahane et al, 2002). The authors did not find an association between 

this particular reelin polymorphism and schizophrenia. However, this does not exclude 

a potential association between this polymorphism and schizophrenia in other cohorts or 

a potential link between other reelin polymorphisms with other psychiatric and 

neurodegenerative diseases. Examination of the current reelin polymorphisms in A D 

cases and screening for new polymorphisms m a y provide novel insights into pathogenic 

mechanisms of A D . Convenient access to plasma reelin levels provides a potential 

measure for relating genotype differences to phenotypic outcomes. 

Regardless of whether reelin emerges as a suitable target for therapeutic 

intervention, easy detection of changes in peripheral reelin levels opens up the 

possibilities of using reelin as a diagnostic marker, monitoring its levels for prognostic 

purposes and assessing changes in peripheral reelin levels to monitor efficacy of 

therapeutic interventions. 
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4.5 Summary 

This chapter describes the discovery of reduced levels of several reelin 

fragments in A D Fc and C b brain tissue in both, A D cases with PSI mutations, and A D 

cases not caused by mutations in PSI. In particular, one fragment of reelin (~160kDa) 

was consistently found to be reduced in all brain regions and A D groups. The observed 

decrease in reelin remained significant after taking into account levels of apoE to which 

reelin levels appeared to be correlated. 

In addition, levels of the ~160kDa reelin fragment were found to be significantly 

decreased in AD compared to control plasma, in particular for male cases. However, 

levels of several hormones such as testosterone, estradiol and L H were not significantly 

altered between A D and control groups suggesting that reelin levels were not influenced 

by levels of these hormones in the current study. These findings have implications for 

the use of reelin as a potential diagnostic marker for A D , a marker for monitoring 

disease progression and treatment efficacy and a potential therapeutic target. 
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Chapter 5 

Association of BAT1 -22 and TNFA -850 alleles with AD and 

altered BAT1 and DDXL m R N A and protein levels in A D brain 

tissue 

5.1 Introduction 

Inflammation is a prominent pathological feature of the Alzheimer's disease A D 

brain, and might be initiated by the extracellular accumulation of A p peptide (McGeer 

and McGeer, 1998). In vitro examination of astrocyte cultures revealed differential 

inflammatory responses induced by oligomeric (profound, early response) and fibrillar 

(more consistent with chronic response) A P (White et al, 2005). Increased levels of 

inflammatory cytokines, including several interleukins and T N F a have been found in 

organotypic brain slice cultures of transgenic mouse models of AD (TgAPPsw and 

PSl/APPsw mice); a finding that correlated well with levels of soluble and insoluble 

Ap 4 0 and A p 4 2 (Patel et al, 2005). Although it remains to be clarified whether A p acts 

as an initiator of or is predominantly a response to the inflammatory processes in the 

human A D brain (Cacquevel et al, 2004), it is important to elucidate the inflammatory 

mechanisms involved as this might reveal new avenues for prophylactic measures as 

well as identify novel targets for therapeutic intervention. 

Activated microglia and astrocytes cluster around the A P deposits and around 

cells with neurofibrillary tangles of A D brains and can release neurotoxic agents, 

including complement proteins and pro-inflammatory cytokines, such as interleukin 

(IL)-ip, IL-6 and tumor necrosis factor-alpha (TNFa) (Gonzalez-Scarano and Baltuch, 

1999). Polymorphisms in genes encoding IL-la, IL-ip, IL-6 and T N F a correlate with 

heightened risk of A D (McGeer and McGeer, 2001). For example, IL1B -511 

(Grimaldi et al, 2000), 1L6 -\1A (Faltraco et al, 2003) and TNFA -308 (Alvarez et al, 

2002) have been associated with altered risk of A D . Furthermore, our group has shown 

that the ILIA -889 T/T and IL1B +3954 T/T genotypes mark increased risk for late-

onset Alzheimer's disease ( L O A D ) in an Australian cohort (Hedley et al, 2002). 

W h e n investigating potential genetic risk factors for A D pathology it is 

important to include already established genetic risk factors in the analysis. The most 

widely accepted genetic risk factor for A D is the e4 allele of the gene encoding 
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apolipoprotein E (APOE e4) (Corder et al, 1993; Craft et al, 1998). T w o recent 

investigations of a potential association between APOE e4 and the TNFA -850*2 

(C->T) promoter polymorphism in a Northern Irish (McCusker et al, 2001) and 

Spanish (Infante et al, 2002) population lead to conflicting outcomes. While in the 

Irish population possession of the TNFA -850*2 allele significantly increased the risk of 

dementia associated with APOE e4"(McCusker et al, 2001), no such synergistic effect 

was detected in the Spanish population (Infante et al, 2002) suggesting that the effect 

could be population specific or that other genetic or environmental factors may also 

play a contributing role. The availability of APOE genotype data from previous studies 

conducted by our research group (Martins et al, 1995a; Laws et al, 1999) enabled an 

investigation of the potential association between APOE e4 and TNFA -850*2 in a well 

characterized Australian cohort. 

TNFA -308*2 (G-»A) marks susceptibility to several autoimmune and 

inflammatory disorders (Wilson et al, 1995) and has higher transcriptional activity than 

TNFA -308*1 (G allele) (Wilson et al, 1993; Wilson et al, 1997). However TNFA -

308*2 and linked alleles may mark increased risk (Collins et al, 2000; Alvarez et al, 

2002) or protection (Perry et al, 2001; Culpan et al, 2003) against A D . Therefore, the 

current study investigated TNFA -308 alleles in combination with polymorphisms in 

adjacent candidate genes to elucidate the role of these alleles or their potential 

haplotypic associations in A D pathology. 

Apart from polymorphisms in the promoter region of the TNFA gene itself, other 

genetic factors have been identified that may also influence levels of the product of this 

gene. It has recently been shown that H L A - B associated transcript 1 (BATl) is 

implicated in the regulation of a number of A D associated cytokines (Allcock et al, 

2001; Wong et al, 2003). B A T l is a member of the DEAD-box family of R N A 

helicases, encoded by the central (class III) major histocompatibility complex (MHC) 

located on the short arm of human chromosome 6 (Spies et al, 1989). Members of this 

family are a group of highly conserved proteins involved in unwinding of R N A 

secondary structures (de la Cruz et al, 1999). DEAD-box proteins have been 

implicated in a number of different processes involving R N A , including m R N A 

stabilization (Pause and Sonenberg, 1992). H u m a n B A T l (also known as UAP56) 

interacts with U2AF65, a pyrimidine-rich-element binding protein which needs to be 

removed from pre-mRNA prior to U2snRNP binding during spliceosome assembly, in 

that a depletion of U A P 5 6 prevents U2snRNP binding and renders splicing extracts 

inactive (Fleckner et al, 1997; Linder and Stutz, 2001). 
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Studies of anti-sense transfectants suggest B A T l may act as a negative regulator 

of pro-inflammatory cytokines, namely IL-1, IL-6 and T N F a (Allcock et al, 2001). 

Furthermore, BATl promoter polymorphisms located at positions -22 and -348 have 

been reported to influence transcription through differential binding of transcription 

factors (Wong et al, 2003). The C allele at BATl -22 (BATl -22*2, G->C) is found on 

a conserved ancestral haplotype associated with an increased risk of immunopathology 

(HLA-A1, B8, TNFA -308*2, DR3, D Q 2 ) (Wong et al, 2003). Neither TNFA -308*2 

nor BATl -22*2 are unique to this haplotype, but when carried together form a 

haplospecific marker of a conserved block of the central M H C (Allcock et al, 2004). 

As part of this haplotype BATl may be involved in modulating inflammatory events in 

disorders such as IgA deficiency (Matthews et al, 2002), rheumatoid arthritis (Ota et 

al, 2001), Type 1 diabetes (Hanifi Moghaddam et al, 1998; Cheong et al, 2001), 

ulcerative colitis (de la Concha et al, 2000), multiple sclerosis (Allcock et al, 1999a) 

and myasthenia gravis (Degli-Esposti et al, 1992). To date, there have been no reports 

in the literature of studies investigating a potential association between BATl-22*2 and 

TNFA in A D pathology. 

Therefore, the current study investigated potential associations between A D , the 

APOE c4 genotype and carriage of following single nucleotide polymorphisms (SNPs): 

TNFA -308*2, TNFA -850*2 and BATl -22*2 in a well-characterized Australian cohort. 

Furthermore, levels of BATl m R N A and m R N A levels of the BATl homologous gene, 

DDXL, were examined in frontal cortex brain tissue from A D and control cases to 

investigate whether changes in BATl expression are associated with A D . In addition, 

levels of B A T l and D D X L proteins were also assed in A D and control frontal cortex 

and cerebellum tissue by Western blot analysis. Due to the high amino acid sequence 

identity between B A T l and D D X L the only currently available antibody to B A T l might 

not be specific to this protein but might cross-react with D D X L . In order to overcome 

this problem and be able to differentiate between BATl and D D X L levels, the current 

study has initiated the process of developing specific polyclonal antibodies to both 

BATl and D D X L . 

5.1.1 Aims 

• To investigate potential associations between A D , the APOE c4 genotype and 

carriage of TNFA -308*2, TNFA -850*2 and BATl -22*2 alleles in a well-

characterized Australian cohort. 

167 



Chapters TNFA, (BATl and(p(DX£ in Alzheimer's (Disease 

• To compare B A T l (and the homologous D D X L ) m R N A and protein levels in 

A D and control cases. 

• To develop polyclonal antibodies specific to BATl and DDXL proteins. 

5.2 Materials and Methods 

Methods of recruitment, diagnostic criteria, blood sampling, D N A extraction and 

APOE genotyping were as published (Hixson et al, 1988; Martins et al, 1995a; Waite 

et al, 1996; Waite et al, 1997; Laws et al, 1999) and as described in Chapter 2, 

Sections 2.1.4, 2.2.2 and 2.2.3.2. Alleles carried at BATl -22 (G-+C), TNFA -308 

(G^-A) and TNFA -850 (C-»T) promoter polymorphisms were determined in 631 

individuals (359 controls and 272 A D cases) from a population of Northern European 

descent as described in Chapter 2, Sections 2.2.3.5 and 2.2.3.6. All statistical analysis 

was performed as described in Chapter 2, Section 2.2.13. Total R N A was extracted 

from Fc and protein was extracted from Fc and Cb of A D and control cases as described 

in Chapter 2, Sections 2.2.6.1 and 2.2.6.2 respectively. R N A was extracted from 12 

cases with familial A D either with PS 1 mutations or linked to inheritance of the APOE 

s4 allele (mean age at time of death: 63 years, range: 50 - 77 years) and from 16 control 

cases without A D pathology (mean age at time of death: 50.25 years, range: 1 8 - 7 4 

years). 

Real time P C R for m R N A quantitation using the LightCycler™ (Roche 

Molecular Biochemicals, Lewes, Sussex, U K ) were performed as described in Chapter 

2, Section 2.2.7. Total protein for Western blot quantification of B A T l / D D X L was 

extracted from Fc of 24 A D cases with familial A D with or without PSI mutations or 

sporadic A D cases (mean age at time of death: 66.6 years, range: 39 - 99 years) and 

from control cases without A D pathology (mean age at time of death: 53, range: 18-76 

years). BATl / D D X L protein levels were also measured in cerebellum from 19 A D 

cases (mean age at time of death: 66.6 years, range: 39 - 99 years) and 13 control cases 

(mean age at time of death: 57.7 years, range: 37 - 76 years). Western Blot quantitation 

and peptide absorptions were performed as described in Chapter 2, Section 2.2.10. 

Polyclonal antibody production to BATl and D D X L in N e w Zealand White rabbits was 

performed as described in Chapter 2, Section 2.2.1.2. 
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5.3 Results 

5.3.1 TNFA -850*2 allele associated with increased A D risk and 

BAT1 -22*2/2 genotype associated with protection 

against A D 

Pearson's chi-square (%2) and Odds ratio (OR) analysis of the BATl -22 1/1 and 

1/2 genotypes revealed a significantly reduced AD risk in the presence of the BATl -

22*2 allele (Table 5.1). However, this apparent level of protection afforded by the 

BATl -22*2 allele revealed no gene dosage effect and was limited to homozygosity of 

this allele (Table 5.1). Pearson's x2 and O R analysis of the TNFA -308 S N P revealed 

that a weak yet mildly significant trend existed whereby possession of the -308*2 allele 

conferred protection from the development of A D . However, this was only significant 

when allele frequencies were analysed (Table 5.1). N o significant protective effect was 

observed when genotype frequencies were analysed. Pearson's x and O R analysis and 

allele frequency analysis of data generated through the genotyping of the TNFA -850 

SNP revealed a strong association of the TNFA -850*2 allele with an increased risk of 

A D (Table 5.1). 

By convention Pearson's x and O R analysis are commonly used to evaluate 

data generated from large genotyping studies and explore frequency distributions. 

However, in order for such analysis to produce meaningful outcomes strict conditions of 

Hardy-Weinberg equilibrium ( H W E ) must be met. In the current study the distributions 

of APOE and BATl -22 alleles were in H W E (x2test, p = 0.54 and p = 0.97, 

respectively) within the control populations. However significant deviation from H W E 

within the control group populations was observed for TNFA -850 and TNFA -308 

(X test, p < 0.005). Therefore, subsequent analyses used Armitage's trend test (rather 

than Pearsons's x2 analysis), to correct for potential type I errors associated with 

departure from H W E (Schaid and Jacobsen, 1999). 
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Table 5.1: Analysis of genotype and allele frequencies of the BATl -22, TNFA -308 

and TNFA -850 polymorphisms. 

Marker 

BATl -22 

TNFA -308 

TNFA -850 

Genotype or 

allele 

1/1 (GIG) 

1/2 (G/C) 

2/2 (C/C) 

1 (G allele) 

2 (C allele) 

1/1 (G/G) 

1/2 (G/A) 

2/2 (A/A) 

1 (G allele) 

2 (A allele) 

1/1 (C/C) 

1/2 (C/T) 

2/2 (T/T) 

1 (C allele) 

2 (T allele) 

Ctrl cases (and %) 

144(40.1) 

167 (46.5) 

48 (75.40 

455 (55.40 

263 (36.6) 

226(63.0) 

104 (20.0; 

29(8.0) 

556 (77.40 

162(22.5; 

287 (79.9) 

61 (17.0) 

11(3.1) 

635 (88.4) 

83(11.6) 

A D cases (and %) 

117 (43.0) 

138 (50.7) 

17 (6.3)* 

372 (555.40 

172 (31.6) 

188 (59.7; 

70(25.7; 

14 (5.1) 

446(82.0) 

98(75.0/ 

183(67.3) 

70 (25.7) 

19 (7.0)* 

436(80.1) 

108(19.9)§ 

Ctrl = Controls without AD pathology. 
AD = Alzheimer's Disease cases. 

BATl -22*2/2 vs. non-2/2: AD, p < 0.005 (Pearson x = 8.49) OR = 0.43 (95% CI = 0.24 -
0.77). 
fTNFA -308*2 allele: AD, p = 0.048 (Pearson x2 = 3.91) OR = 0.75 (95% CI = 0.57 - 1.00). 
XTNFA -850*(2/2, 1/2) vs 1/1: AD, P < 0.001 (Pearson %2 = 13.06) OR = 1.94 (95% CI = 1.35 
2.78). 

*TNFA -850*2 allele: AD, p < 0.001 (Pearson ̂  = 16.57) OR = 1.90 (95% CI = 1.39 - 2.59). 
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Armitage's testing for trends revealed a significant association between APOE 

e4 and A D (x2 = 108.91, p < 0.0001). TNFA -850*2 was also significantly associated 

with increased risk for A D while a significant protective trend was observed for BATl -

22*2 (Table 5.2). The protective effect initially observed for TNFA -308*2 in the 

genotype and allele frequency distribution analysis did not reach significance using 

Armitage's test for trend (Table 5.2). This may reflect a haplotypic association with 

BATl -22*2 since the alleles are in linkage disequilibrium (LD) in the west Australian 

population (Allcock et al., 2004). It also underlines the importance of not relying on 

statistical analysis vulnerable to type I error effects in the case of deviation from H W E . 

Logistic regression analysis including age and gender revealed an association of 

BATl -22*2/2 with protection against A D , while TNFA -850*1/2 and TNFA -850*2/2 

were found to confer risk (Table 5.3). These findings support Armitage's test for trend 

results and suggest a possible gene dosage effect for the presence of the TNFA -850*2 

allele. 

Additional logistic regressions analysis of interaction terms between APOE 

c4and the TNFA and BATl SNPs showed no interactions between the effects marked by 

APOE e4, and 5,477 -22*2/2, TNFA -850*1/2 or TNFA -850*2/2. Furthermore, a 

stratified analysis based on APOE genotype using the Mantel-Haenszel technique 

showed no significant differences in odds ratios when estimating effects on A D risk of 

individual SNPs vs a combination of these SNPs with APOE e4. This suggests that the 

observed protective effect of BATl - 22*2/2 and the increased risk associated with 

TNFA -850*2 are independent of APOE z4 genotype. 
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Table 5.2: Armitage's test for trend for BATl and TNFA genotypes. 

Marker 

BATl -22 

TNFA -308 

TNFA -850 

* Genotype trend x2 -value p-value 

1/1 < 1/2 < 2/2 

1/1 < 1/2 < 2/2 

1/1 < 1/2 < 2/2 

7.26 

5.28 

20.17 

<0.05 

0.07 

O.00005 

*Genotype trend refers to genotype frequency distributions between AD and control 

cases. 

Table 5.3: Direct logistic regression analysis. 

Variable 

BATl -22*2/2f 

77^-850*1/2* 

TNFA -850*2/2§ 

Odds ratio 

0.436 

1.8 

2.709 

p-value 

<0.01 

O.005 

<0.05 

95.0% C.I. 

0.238-0.798 

1.218-2.669 

1.260-5.824 

Direct logistic regression model with Odds ratios representing risk assessment for AD. 

Homozygosity of BATl -22*2 allele (with absence of allele as reference). 

1 Heterozygosity of TNFA -850*2 allele (with absence of allele as reference). 

s 
Homozygosity of TNFA -850*2 allele (with absence of allele as reference). 
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BATl and TNFA are located in close proximity within the M H C (Spies et al, 

1989; W o n g et al, 2003) and their alleles are in marked L D (Allcock et al, 2004). 

Therefore, the computer programme THESIAS (Tregouet et al, 2004) was used to 

generate L D matrices for analysis of L D and for haplotype analysis. BATl -22, TNFA -

308 and TNFA -850 were all in LD, so haplotype frequencies were estimated for all 

three markers and combinations of two markers. The only significant result was 

obtained for BATl -22*1 in combination with TNFA -850*2 (OR - 1.54, p < 0.05). 

However, the individual Odds ratios for TNFA -850*1/2 and TNFA -850*2/2 were 

higher than for the above haplotype (that is individual O R for TNFA -850*1/2 = 1.8 and 

for TNFA -850*2/2 = 2.7, Table 5.3). This indicates that the presence of BATl -22*1 

in haplotypic association with TNFA -850*2 cannot explain the risk effects conferred 

by TNFA -850*2. Therefore, both the protective effect associated with BATl -22*2 

and the increased risk associated with TNFA -850*2 are more likely due to the 

individual SNPs or a presence of haplotypic association with other genes. 

5.3.2 Increased levels of BAT1 and DDXL mRNA in AD brains 

In order to test whether transcription of BATl and the homologous gene DDXL 

was altered in A D , m R N A levels of both BATl and DDXL were examined in Fc tissue 

of AD and control cases. Analysis of BATl m R N A levels (Figure 5.1) revealed 

significantly elevated m R N A levels for BATl normalized against fi-ACTIN (A) while 

normalization with GAPDH (B) showed marginal significance for increased BATl 

m R N A levels in the AD brains. A significant increase in DDXL m R N A levels in A D Fc 

paralleled the increase in BATl m R N A levels (Figure 5.1 C, D). 
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Figure 5.1 Semi-quantitative RT-PCR of BATl and D D A X m R N A in Fc from A D 

and control cases: m R N A quantitation results represented as Box-plots showing 

median values and quartiles: (A) BATl m R N A levels normalized against (3-ACTIN 

(Mann-Whitney U test: *p = 0.037), (B) BATl m R N A levels normalized against 

GAPDH (Mann-Whitney U test: +p = 0.057), (C) DDXL m R N A levels normalized 

against J3-ACTIN (Mann-Whitney U test: *p = 0.003), (D) DDXL m R N A levels 

normalized against GAPDH (Mann-Whitney U test: §p < 0.001). For A D cases, n = 12 

and for controls, n = 16. Real-time P C R for m R N A quantitation was performed as 

described in Chapter 2, section 2.2.7. 

174 



Chapter 5 TNFA, (BATl and<D<DXL in Alzheimer's (Disease 

5.3.3 Increased levels of BAT1 and / or DDXL protein in A D 

brains 

Following the observed increase in B A T l m R N A in A D Fc it was of interest to 

compare B A T l protein levels in A D and control brain regions. The only available 

antibody for B A T l was a polyclonal antibody (antibody 9802) developed within the 

laboratory of Associate Professor Patricia Price (School of Surgery and Pathology, 

University of Western Australia, Royal Perth Hospital). This antibody was designed to 

recognize an 18 amino acid peptide within the B A T l protein sequence (peptide 

sequence ' G M P Q E E R L S R Y Q Q F K D F Q ' ) (Allcock et al, 2001). Development of this 

antibody was followed by the discovery of a novel entry into the G E N B A N K database, 

of a protein with predicted 8 9 % amino acid identity to B A T l (Allcock et al, 2001). 

This protein, D D X L is, therefore, likely to also be recognized by the above B A T l 

antibody. 

Since both BATl and DDXL m R N A levels were found to be elevated in A D 

brain it was of interest to determine whether levels of either of the two corresponding 

proteins were also altered in A D brain tissue. For that purpose antibody 9802 was used 

in the current study to assess B A T l / D D X L protein levels in A D Fc and Cb. Initial 

testing of the antibody by Western blot with human brain tissue (Figure 5.2 A ) revealed 

a number of protein bands migrating within a region of approximately between 30kDa 

and 46 kDa (and occasionally up to 65 kDa) molecular weight on SDS-PAGE gels as 

determined by comparison with molecular weight markers. This, while consistent with 

the molecular weights of bands detected previously with this antibody (a 38 kDa and a 

50 kDa band) in Jurkat cell lines (Allcock et al, 2001) also potentially suggests the 

presence of additional bands of B A T l / D D X L in brain tissue. The band migrating to 

the lowest level on the gels (Figure 5.2 A ) may be the same as the 38 kDa band detected 

in the Jurkat cell lines (Allcock et al, 2001). In addition, pre-incubation of the immune 

serum with the B A T l peptide decreased the signal intensity observed on Western blots 

for identical Fc and Cb samples (Figure 5.2 A ) , thus suggesting that the signal observed 

in the brain tissue is likely to be, at least in part, due to a presence of BATl. Further 

investigation of protein levels of B A T l / D D X L by Western immunoblotting (Figure 

5.2) revealed a statistically significant increase in B A T l / D D X L levels in both Fc and 

Cb tissue from A D cases when compared to control tissues. 
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Figure 5.2 Western immunodetection of B A T l / D D X L protein levels in A D and 

control brain tissue: (A) Western blot signal intensities of total homogenate samples 

of Fc and Cb from PSlm and control cases and Western blot signal intensities of the 

same samples (on a different blot) after absorption of BATl antibody with BATl 

peptide. (B) Representative immunoblot of total homogenate from Fc, (C) Box-plot 

(showing median values and quartiles) of protein levels in Fc from A D (n = 24) and 

control cases (n = 18), Mann-Whitney U test: *P <0.001, (D) Representative 

immunoblot of total homogenate from Cb, (E) Box-plot (showing median values and 

quartiles) of protein levels in Cb from A D (n = 19) and control cases (n = 13), Mann-

Whitney U test: **p = 0.013. Western immunoblotting and peptide absorption were as 

described in Chapter 2, Section 2.2.10. 
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5.3.4 Generation of polyclonal antibodies to BAT1 and DDXL 

After the discovery of elevated B A T l and / or D D X L protein levels in A D brain 

tissue, it became important to be able to distinguish between the two proteins in 

question, since despite their great amino acid sequence similarity they might not 

perform identical functions. The only way to distinguish between levels of both 

proteins was to develop antibodies specific to either B A T l or D D X L but not cross-

reacting with the respective homologous protein. In collaboration with Professor Pankaj 

Mehta (Institute for Basic Research in Developmental Disabilities, Staten Island, N e w 

York, U S A ) polyclonal antibodies were generated to both B A T l and D D X L . Three 

B A T l peptides (designated T A B 1 - T A B 3 ) and three D D X L peptides (LXD1 - L X D 3 ) 

were each injected into a separate N e w Zealand White rabbit to produce antibodies as 

described in Chapter 2, Section 2.2.1.2. Following the second booster immunization 

and immune serum collection, antibody titres and antibody specificities in the serum 

were assessed by ELISA (Chapter 2, Section 2.2.5.2). 

ELISA results revealed high antibody titres for peptides T A B 1 and L X D 1 , but 

also strong cross-reactivity between T A B 1 immune serum and L X D 1 peptide and 

L X D 1 immune serum and T A B 1 peptide respectively (Figure 5.3 A). A high antibody 

titre and high cross-reactivity was also detected for L X D 2 immune serum (Figure 5.3 

B). More promisingly, antibody generated after injection of T A B 2 showed no cross-

reactivity with the L X D 2 peptide (Figure 5.3 B). However, further booster 

immunizations will be required to boost the antibody titre. Finally, T A B 3 antibody 

showed a high antibody titre with comparatively low cross-reactivity with L X D 3 

peptide (Figure 5.3 C). However, L X D 3 immune serum showed a poor signal on 

ELISA; an observation that requires further investigation. A Western blot of human 

brain total protein extract probed with T A B 3 antibody revealed similar bands as 

observed for antibody 9802 (Figure 5.3 D, lane 1). The bands that could be absorbed 

out by pre-incubation of the immune serum with the T A B 3 peptide (in particular one 

strong band of approximately 46kDa) are likely to represent B A T l protein bands 

(Figure 5.3 D, lane 2, red box). Bands of similar molecular weight were detectable with 

L X D 3 immune serum (Figure 5.3 D, lane 3). Since B A T l and D D X L are expected to 

show virtually identical migration patterns upon SDS-PAGE and Western blotting, it is 

likely that the weaker signal detected with L X D 3 immune serum (Figure 5.3 D, lane 3) 

might represent D D X L protein. However, the L X D 3 antibody requires further 

characterisation. 
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Figure 5.3 : Polyclonal antibody production to BATl (peptides T AB1 to TAB3) 

and D D X L (peptides L X D 1 to LXD3): (A) ELISA signal intensities for various 

dilutions of T A B 1 and LXD1 immune sera (second bleed) on plates coated with TAB1 

or LXD1 peptide. (B) ELISA signal intensities for various dilutions of TAB2 and 

LXD2 immune sera (second bleed) on plates coated with T A B 2 or L X D 2 peptide. (C) 

ELISA signal intensities for various dilutions of TAB3 and L X D 3 immune sera (second 

bleed) on plates coated with TAB3 or LXD3 peptide. (D) Western immunoblot of 50 

pg total homogenate from A D Fc loaded in each lane and probed with 1:1000 dilutions 

of 1) TAB3 antibody only, 2) TAB3 antibody absorbed out with lOug of TAB3 peptide 

and 3) LXD3 antibody only. Red square indicates likely BATl signal. ELISA was 

performed as described in Chapter 2, Section 2.2.5.2, and Western immunoblotting and 

peptide absorption were performed as described in Chapter 2, Section 2.210. 
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5.4 Discussion 

5.4.1 TNFA -850*2 allele associated with increased A D risk and 

BAT1 -22*2/2 genotype associated with protection 

against A D 

5.4.1.1 TNFA -308*2 allele 

AD is a multifactorial disorder with a number of alterations in the immune 

profile occurring during disease progression in both the brain (Gupta and Pansari, 2003) 

and the periphery (De Luigi et al, 2002; Sala et al, 2003). Recently studies have 

reported links between risk for AD and polymorphisms in the promoter regions of 

TNFA at positions -308 (Collins et al, 2000; Alvarez et al, 2002) and -850 (McCusker 

et al, 2001). The current study utilized a well characterised sample to investigate these 

potential associations in an Australian cohort. In addition, B A T l has been implicated in 

modulation of inflammatory cytokines (Allcock et al, 2001). Therefore, the current 

study investigated alleles of the BATl -22 promoter polymorphism as a potential risk 

factor for A D , singly or in haplotypic association with the TNFA promoter 

polymorphisms. 

Analysis of individual SNPs revealed no significant association between A D and 

TNFA -308*2. This contrasts with reports in the literature that associate the TNFA -

308*2 allele with either increased risk for A D (Collins et al, 2000; Alvarez et al, 2002) 

or protection against this disorder (Perry et al, 2001; Culpan et al, 2003). While data 

from the current study appears to be somewhat more supportive of a potential protective 

role for TNFA -308*2 against A D (Table 5.1), no conclusions can be drawn solely based 

on genotype and allele frequency analysis due to control group deviations from H W E 

that might affect the rate of type I error. However, it is possible that the inconclusive 

result obtained for TNFA -308*2 may be due to haplotypic associations of this 

polymorphism with other M H C markers such as the BATl-22*2 allele. 

In particular, for the current study, where the majority of patients were recruited 

from Perth, Western Australia, this result may reflect the effect of the haplotypes 

containing BATl -22*2 since BATl -22 and TNFA -308 are in linkage disequilibrium 

(LD) in the west Australian population (Allcock et al, 2004). Therefore any potential 

protective effect observed for TNFA -308*2, might actually be due to a co-presence of 

the BATl -22*2 allele. Furthermore, this phenomenon might also, at least in part, 

explain the discrepancies reported in the literature with regard to the TNFA -308*2 
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polymorphism and association with either risk or protection against A D . This is 

reflected by the observation that several of the above studies found association of TNFA 

-308*2 with risk for or protection against A D when this polymorphism was included as 

part of a haplotype also involving other M H C polymorphisms (Collins et al, 2000; 

Perry et al, 2001; Culpan et al, 2003). Therefore, when borderline significant 

associations occur for any particular S N P in a certain population it is important not to 

draw injudicious conclusions but to take into account potential confounding factors such 

as inherent linkage disequilibrium with other markers or specific haplotypic associations 

that might be present in that particular population. 

5.4.1.2 TNFA -850*2 allele 

In contrast to the ambiguous result obtained for TNFA -308*2, analysis of 

individual SNPs revealed that TNFA -850*2 was clearly significantly associated with 

increased risk for A D . The literature shows association of the TNFA -850*2 with 

vascular dementia (McCusker et al, 2001) and also with individuals at high risk for 

dementia, such as those with Down's Syndrome (Lucarelli et al, 2003). However, a 

clear association of TNFA -850*2 with A D has only previously been reported as a 

synergistic effect in combination with APOE s4 in a Northern Irish population 

(McCusker et al, 2001), while a similar study in a population from Northern Spain 

failed to produce evidence in support of a synergistic effect between TNFA -850*2 and 

APOE z4 (Infante et al, 2002). The authors suggested that this discrepancy might 

reflect true genetic differences between the populations and pointed out that differences 

in allele frequency distributions between the two different European populations might 

indicate linkage disequilibrium between the TNFA -850 and another marker that might 

represent the true disease causing gene (Infante et al, 2002). Discrepancies between the 

above studies may therefore, at least in part, be due to idiosyncratic genetic or 

environmental diversity between the different populations investigated, which might 

result in varying susceptibilities to the effects of the genes of interest between these 

populations. 

The current study presents data in support of the notion that TNFA -850*2 

contributes to the risk of A D independently of the APOE c4 allele. Furthermore, 

logistic regression analysis revealed a possible gene dosage effect with increase in copy 

numbers of the TNFA -850*2 allele leading to higher Odds ratios. It is, however, 

possible that a gene linkage with TNFA -850*2 would show a parallel O R pattern, and 
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might account for the apparent gene dosage effect attributed to the TNFA -850*2 allele. 

In addition, since all three M H C polymorphisms investigated in this study may 

potentially influence transcription of the TNFA gene it was important to consider 

haplotypic association between these three SNPs in order to further elucidate their 

relationship. Additionally, like the presence of the APOE s4 allele, these genes could 

potentially modulate an individual's response to certain therapeutic interventions. 

Since all three markers investigated exerted their effects independently of APOE 

e4 but were found to be in L D with one another their potential haplotypic relationships 

were examined in order to investigate whether an A D risk or protection associated 

haplotype could be responsible for the effects observed. In order to assess this 

possibility, haplotype frequencies, taking into account L D between markers, were 

estimated for all three M H C markers and also for combinations of two markers. Only 

one haplotype (BATl -22*1 in combination with TNFA -850*2) appeared to be 

significantly associated with risk for A D , but the observed Odds ratio was lower for this 

haplotype (OR = 1.54) than the O R for the single polymorphisms associated with A D 

risk (TNFA -850*1/2, O R = 1.8 and TNFA -850*2/2, O R = 2.7). This indicates that, 

although in L D with the other two markers TNFA -850*2 did not exert its risk for AD 

through a haplotypic association with these polymorphisms. While it cannot be entirely 

ruled out that linkage disequilibrium with other as yet not investigated markers may be 

responsible for the effect observed in this investigation, the current study identifies the 

TNFA -850*2 allele as a candidate marker that may confer risk for A D in the Australian 

population. Further investigation with larger participant numbers and in other 

populations is clearly warranted. 

Polymorphisms in promoter regions of genes have the potential to affect 

transcription of these genes. The discovery of an association between the TNFA -850*2 

polymorphism and increased risk for A D is, therefore, not surprising, in light of 

numerous reports in the literature that have associated altered levels of T N F a with A D 

pathology. Both increased (Fillit et al, 1991; Bruunsgaard et al, 1999) and decreased 

(Cacabelos et al, 1994; Alvarez et al, 1996) levels of T N F a have been reported in 

plasma and serum from cases with A D . A n explanation for this discrepancy might be 

provided by one study that showed lower serum T N F a levels in milder forms of A D 

and higher levels in severe AD (Paganelli et al, 2002). Furthermore, measurement of 

CSF T N F a levels revealed an early increase in intrathecal T N F a levels in patients with 

mild cognitive impairment, where upon follow-up only those who progressed to clinical 

A D still showed higher T N F a levels than control cases (Tarkowski et al, 2003). This 
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suggests that apart from genetic factors, levels of T N F a might also be influenced by the 

severity of A D pathology and stage of disease progression. 

TNFA -308*2 has been associated with myasthenia gravis and higher inducible 

T N F a levels in peripheral blood mononuclear cells in a study on Chinese individuals 

(Guan et al, 2005). O n the other hand, a decrease in circulating plasma T N F a levels 

was associated with the presence of the TNFA -308*2 promoter polymorphism in a 

French study (Haddy et al, 2005). However, T N F a levels were also affected by other 

parameters such as age, gender and smoking (Haddy et al, 2005). To date no 

association has been found between the TNFA -308*2 polymorphism and increased 

intrathecal T N F a levels (Tarkowski et al, 2000). This suggests that while T N F A 

promoter polymorphisms may affect transcription of the gene, other genetic or non-

genetic factors may contribute to determine ultimate levels of T N F a in different tissues. 

Thus far, a link between TNFA -850*2 and altered T N F a levels in AD remains 

to be explored. Further studies examining peripheral levels of T N F a in A D cases could 

provide data that might aid in the development of biomarker profiles for diagnostic and 

prognostic purposes. Additional information would be gained from concomitant 

profiling of TNFA polymorphisms. This would allow for clarification with regard to the 

particular polymorphisms involved in altered expression of TNFA in A D pathology. 

Genetic profiling combined with serum or CSF assessment of cytokine biomarkers 

might provide a better tool for early diagnosis of AD and monitoring of progression of 

the disease from its mild to more severe stages. 

5.4.1.3 BAT1 -22*2/2 genotype 

While the polymorphisms in the promoter regions of TNFA are likely to directly 

affect transcription of the TNFA gene, ultimate levels of T N F a protein in tissues can 

also be influenced by other regulating factors such as BATl. In the current study the 

BAT7-22*2/2 genotype was significantly associated with protection against the 

development of A D . Similar to the association between increased risk for A D and the 

presence of the TNFA -850*2 allele, the protective effect of BATl-22*2/2 was found to 

be independent of APOE e4 status. Furthermore, none of the estimated haplotypic 

associations with the two TNFA markers that are in linkage disequilibrium with BATl 

have provided evidence to suggest that the effect observed for BATl-22*2/2 is due to a 

haplotypic association with these markers. While the possibility remains that the 
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protective BATl effect might be due to L D with another gene as yet not investigated, it 

is also possible that BATl might assert an independent effect on A D risk. 

A potential independent role for B A T l in A D pathology is supported by the 

notion that the BATl -22 polymorphism may not only have the potential to affect 

transcription of BATl but, through the role B A T l plays in m R N A stabilization, this 

protein may also affect translation of a number of inflammatory cytokines linked to A D 

pathology, including TNFA. It has previously been reported that B A T l plays a potential 

role in the regulation of inflammatory cytokines, including TNFA (Allcock et al, 2001; 

Wong et al, 2003) and the BATl -22 allele has been associated with certain 

autoimmune disease susceptible ancestral haplotypes (AH) such as the 8.1 M H C A H 

amongst others (Wong et al, 2003). B A T l is linked to the regulation of a number of 

inflammatory cytokines that are known to be altered in A D . The current study is the 

first to implicate B A T l in A D and provides evidence that a BATl promoter 

polymorphism is significantly associated with A D pathology. 

It is of interest to note that for the TNFA -850 polymorphism the less frequent 

allele conferred risk for A D while the opposite was found for the less frequent allele C 

of the BATl -22 polymorphism which was associated with a decreased risk for A D . 

This finding that the BATl -22*2 C allele is associated with protection against A D is in 

contrast to the findings for autoimmune disorders where the less common number 2 

allele is implicated with ancestral haplotypes that confer increased risk (Allcock et al, 

2001; W o n g et al, 2003). In order to explain this phenomenon it is important to gain a 

better understanding of the function of BATl. The yeast homolog of B A T l , Sub2p, has 

been shown to be required for m R N A export through nuclear pores [Jensen, 2001 #237; 

(Strasser and Hurt, 2001). Previous findings have shown that the -22 C BATl allele, 

associated with the autoimmune disease susceptible 8.1 M H C ancestral haplotype, may 

result in reduced BATl transcription (Wong et al, 2003). However, it has also been 

demonstrated that both injection of excess U A P 5 6 (BATl) into Xenopus oocytes as well 

as depletion of H E L , the Drosophila homologue of UAP56, by R N A interference 

(RNAi) resulted in defects in m R N A export from the nucleus (Gatfield et al, 2001; Luo 

et al, 2001). This indicates that both excess levels of B A T l and a lack of this protein 

can lead to abnormalities in m R N A export and splicing. Hence, the phenotypic 

alterations caused by the presence of different alleles of BATl -22 may lead to a range 

of different aberrations in m R N A processing resulting in a variety of different 

phenotypic manifestations of pathology. It is plausible that the BAT -22*2 allele may be 
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protective against A D but still also be part of an array of SNPs that m a y confer risk for 

certain autoimmune disorders. 

Therefore, while the possibility of L D with other genes cannot be ruled out the 

current study provides evidence in support for a potential role for BATl in A D 

pathology. BATl -22 and TNFA -850 in combination with other biochemical and 

cognitive markers might serve as genetic markers for diagnostic purposes or A D risk 

assessment strategies. A search of world intellectual property databases (using SurflP at 

http://www.surfip.gov.sg/sip/site/sip_home.htm) revealed a patent for an 

oligonucleotide-based kit (patent number WO2004015100), that could find application 

in the diagnosis of inflammatory disorders such as myocardial infarctions. The 

diagnostic principle is the detection of at least one gene polymorphism in a group of the 

following genes: lymphotoxin-a, I Kappa B-like (IKBL) and the B A T l gene. This 

shows that BATl has already been identified as a potential diagnostic biomarker for 

inflammatory disorders. Moreover, in light of current international drug development 

research in the A D field, establishment of genetic profiles m a y help to identify 

individuals more likely to experience benefits from certain treatments or may prevent 

individuals genetically unfavourably predisposed from receiving costly, yet ineffective 

treatment. However, since the SNPs investigated in the current study could also lead to 

differences in gene expression it is also of great importance to investigate phenotypical 

characteristics conferred by these polymorphisms. 

5.4.2 BAT1 and DDXL mRNA levels and BAT1 / DDXL protein 

levels 

Considering that BATl has a potential regulatory role for inflammatory 

cytokines (Allcock et al, 2001; W o n g et al, 2003) analysis of BATl m R N A and protein 

levels in A D brain tissue may reveal a functional role for the BATl G-22 promoter 

polymorphism. To investigate whether transcription of BATl was affected in A D , 

levels of BATl m R N A were determined in brain tissue from confirmed A D and control 

cases. This revealed significantly elevated levels of BATl and DDXL m R N A in Fc of 

A D cases and suggests a potential functional role for B A T l in A D pathogenesis. It is 

not implausible to suggest that levels of B A T l may rise as a response mechanism to 

counteract the inflammatory reactions that occur in regions of A D pathology. This 

notion is further substantiated by the discovery of significantly elevated levels of B A T l 

/ D D X L protein in both A D Fc and Cb. However, independent replication of this study 
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with a larger sample size to enable parametric analysis of results is required to 

determine the significance of these findings. 

Previous studies have associated a decreased transcription of the BATl gene 

with the presence of the C (*2) allele (Wong et al, 2003). In accordance to this finding 

it is plausible to hypothesise that a -22*1/2 or 1/1 genotype may be associated with 

increased transcription of the BATl gene. The current study has demonstrated an 

association between the BATl -22*2/2 genotype (and, by inference, decreased levels of 

B A T l protein) with decreased risk for A D , with this genotype being under-represented 

in the A D group (Table 5.1). Furthermore, increased B A T l m R N A (and protein) levels 

were detected in AD brain tissue. In combination, these findings support the notion that 

increased levels of B A T l may be associated with risk for A D . This idea will be 

investigated further by analysis of BATl -22 genotypes of the A D and control cases that 

were used to measure B A T l levels in brain tissue. Such analysis may help to find an 

association between levels of B A T l and a particular BATl -22 allele, and clarify the 

relationship between risk or protection associated with levels of B A T l and the BATl -

22 genotype. 

However, it is not surprising that changes in the levels of a protein, that is a 

member of the nuclear helicases, may result in imbalances in m R N A export and 

processing, regardless of whether these changes are due to an abnormal increase or 

decrease of the respective protein. Neither is this observation an isolated phenomenon 

in A D pathology. Studies have shown that increased levels of apoE are associated with 

an increased risk for the development of this disease, irrespective of the APOE genotype 

(Taddei et al, 1997; Laws et al, 1999; Laws et al, 2002a; Laws et al, 2002b). 

Conversely, studies with APOE knock-out animal models have demonstrated the 

importance of the presence of normal apoE levels for the clearance of amyloid-beta 

(AP), a peptide, that when produced in excess, appears to play a major role in A D 

pathology (Hone et al, 2003). APOE genotype has also been associated with 

antioxidant capacity of the brain (Shea et al, 2002; Hone et al, 2003; L a w et al, 2003). 

It is, therefore, conceivable that, similarly, an excess of B A T l as well as depletion of 

B A T l can lead to a range of pathological events associated with a dysregulation of 

immune cytokines (see also section 5.4.1.3, paragraph 3). 

These data are of particular interest in light of recent findings that 

oligonucleotides spanning the promoter polymorphism -22 to -348 region of BATl 

autoimmune disease resistant 7.1 A H bind DNA/protein complexes as shown by 

electrophoretic mobility shift assays (Price et al, 2004). At position -22 these 
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complexes appear to include the octamer binding protein family member, transcription 

factor Octl (Gatfield et al, 2001). Octl has been shown to bind TNFA at position -

857T and can interact with the pro-inflammatory N F - K B transcription factor p65 

subunit (van Heel et al, 2002). As T N F a has been implicated in inflammation 

observed in A D brains (Gonzalez-Scarano and Baltuch, 1999) the above studies 

together with the current findings suggest an important association between BATl 

expression and regulation of inflammatory cytokines in the A D brain. The exact 

mechanisms of this link between BATl -22 promoter polymorphism and inflammatory 

reactions in the A D brain remain to be explored in future studies. 

To establish the role of B A T l in A D pathology it is imperative to examine levels 

of B A T l in A D affected tissues in a larger number of cases. Apart from its presence in 

brain tissue, BATl m R N A transcripts have been detected in pancreas, kidney, skeletal 

muscle, liver, lung and heart (Allcock et al, 1999b). The presence of B A T l in 

hematopoietic cells (Allcock et al, 2001) makes this protein a potential biomarker in 

early diagnosis or monitoring of progression of disorders with inflammatory responses, 

such as A D . Since B A T l localization has been identified to be within the nucleus 

(Allcock et al, 2001), it might be less likely to be found in extracellular space and 

serum. Therefore a presence in hematopoietic cells is of importance as it may still allow 

for levels of B A T l to serve as a valuable peripheral diagnostic and / or prognostic 

biomarker for A D . In addition, its presence in hematopoietic cells would make it 

possible to monitor effects of any potential therapeutic strategy involving alteration of 

B A T l levels. 

Transfection and expression of human BATl c D N A tagged with a heterologous 

antibody recognition epitope showed not only a nuclear localization of the hybrid 

protein and tissues analysed after hybridisation with porcine BATl c D N A (which shows 

95.6% identity with human B A T l in the coding region), but also revealed three 

different sized m R N A transcripts (0.9, 1.7 and 4.1 kb) (Peelman et al, 1995), 

suggesting the presence of at least three different B A T l isoforms. While it has been 

clearly established that in A D pathology isoforms containing the APOE e4 allele play an 

important pathogenic role (Corder et al, 1993; Saunders et al, 1993; Schmechel et al, 

1993; Strittmatter et al, 1993c; Craft et al, 1998; Hone et al, 2003) a potential role for 

different B A T l isoforms in A D pathology remains to be examined. 

However, since BATl has a reported 7 2 % identity with DDXL at the nucleotide 

level and a predicted 8 9 % identity at the protein level (Allcock et al, 2001), the 

possibility emerges that some of the B A T l transcripts reported in the literature may 
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actually represent DDXL or even other related proteins. The only antibody currently 

available against human B A T l (Allcock et al, 2001) detected a number of bands in the 

30 to 65 kDa region on Western Blot examination of protein extracts from human A D 

and control subjects in the current study. While it is possible that this may represent a 

potential variation in levels of different B A T l isoforms between A D and control 

individuals, it is important to note that the current antibody is highly likely to cross react 

with the B A T l homologous protein, D D X L (Allcock et al, 2001). Since, like BATl 

m R N A levels, DDXL m R N A levels were also found to be elevated in A D brain tissue, 

D D X L may also play a potential role in A D pathology. Thus it is important to develop 

means by which to distinguish between B A T l and D D X L levels in tissues. 

The 427 amino acid protein, D D X L , is almost identical to D D X 3 9 (apart from a 

difference in five amino acids). The G E N B A N K accession numbers for these nucleotide 

and protein sequences in Homo sapiens are U90426 and AAB50231 (for D D X L ) and 

BC001009 and AAH01009 (for DDX39). Like BATl, D D X L , is a nuclear R N A 

helicase. To date, its function is virtually unexplored. However, the high amino acid 

sequence similarity of D D X L to BATl suggests a commonality of function for these 

two proteins. Like APOE, human D D X 3 9 is located on chromosome 19 (position 

pl3.13) but on the opposite arm of the chromosome to APOE (position ql3.2). Thus, 

the apparent association of increased DDXL m R N A levels with A D may not simply be 

due to linkage disequilibrium with APOE. However, in order to determine the 

individual contributions of B A T l and D D X L to A D pathology the generation of 

antibodies that distinguish between these two closely related proteins is required. 

Furthermore, an analysis of potential D D X L promoter polymorphisms in A D and 

control populations is also warranted. 

The current study has provided evidence for a novel role for B A T l and / or 

D D X L in A D pathogenesis. Either or both proteins may play an important role in 

regulating the inflammatory response in A D through influencing m R N A export and 

transcription. Further investigations of BATl promoter polymorphisms and m R N A and 

protein levels in larger sample populations are clearly warranted. D D X L has also 

emerged as a potentially important player in A D pathology whose role requires further 

investigation. Inflammatory processes form important underlying mechanisms in A D 

pathology. Elucidating the roles of B A T l and D D X L in A D pathology may contribute 

towards an understanding of the regulatory mechanisms of these events, and may 

provide new targets for drug development to combat A D . 
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5.4.3 Polyclonal antibody production to BAT1 and DDXL 

Since both B A T l and D D X L emerged as candidates with potential functional 

roles in A D pathology, the availability of antibodies that could distinguish between 

B A T l and D D X L became essential. Due to the great amino acid sequence similarity 

between B A T l and D D X L the help of an expert in polyclonal antibody generation was 

enlisted. Professor Pankaj Mehta (Institute for Basic Research in Developmental 

Disabilities, Staten Island, N e w York, U S A ) has a distinguished track record in the 

generation of antibodies, both polyclonal and monoclonal, and his antibodies have 

previously been used with great success in our research projects (Miklossy et al, 2003; 

Verdile et al, 2004b). Dr David Miller (Institute for Basic Research in Developmental 

Disabilities, Staten Island, N e w York, U S A ) assisted the project by suggesting suitable 

peptide sequences for both B A T l and D D X L . Three different peptide sequences for 

B A T l and D D X L were chosen based on regions of the two proteins where some amino 

acid dissimilarity was present. Protocols developed by Professor Mehta were used to 

immunize N e w Zealand White rabbits with these sequences (see Chapter 2, Section 

2.2.1.2). 

Since the amino acid sequence for B A T l is highly conserved amongst several 

species (Human B A T l Swiss-Prot accession number (SPAN): Q13838; Chimpanzee 

SPAN: P60024; Pig SPAN: Q29024; Rat SPAN: Q63413 and mouse SPAN: Q9Z1N5) 

and the peptide sequences selected for B A T l antibody production were identical 

between those species, it was likely that the rabbit would also possess an identical 

BATl sequence within these regions. This could make recognition of the peptides as 

foreign objects by the rabbit's immune system more difficult, despite coupling of the 

peptides to larger carrier molecules. The production of specific antibodies of high 

quality and with sufficiently high titre was, therefore, expected to be a slow process and 

require several booster injections. 

However, an interesting range of results was obtained after only the second test 

bleed. While relatively high titre levels for the first B A T l and D D X L peptides (TAB1 

and L X D 1 ) were obtained, they lacked specificity as high-cross reactivity was exhibited 

for both antibodies with the peptide to the homologous protein. Further investigation of 

the D D X L peptide responses showed that the second peptide (LXD2) lead to high 

antibody titres, but unfortunately, also strong cross-reactivity, while the third peptide 

(LXD3) showed virtually undetectable antibody levels by ELISA with cross-reactivity 

not examinable under such circumstances. However, the same immune serum did show 

reactivity with protein extracts from human brain on Western blots. Since ELISAs were 
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performed in duplicate a poor reaction might suggest potential problems with this 

particular antibody binding properly under these experimental conditions. This 

underlines the importance of not relying on a single technique when determining 

antibody quality and quantity but employing a range of techniques, such as both ELISA 

and Western blotting (and perhaps immunohistochemistry) to evaluate the reactivity and 

specificity of the antibody and the scope of its potential applications. 

The second B A T l peptide (TAB2) showed more promising results with virtually 

no cross-reaction with the corresponding D D X L peptide (LXD2) on ELISA, but also 

with somewhat lower antibody titre levels than the other immune sera tested. While this 

is already a very satisfactory result and the immune serum might potentially be used in 

further assessments, it might be of more benefit to await the results for the third bleed in 

order to ascertain whether antibody titre has improved with additional booster 

immunizations. Another promising candidate has been discovered in the third B A T l 

peptide (TAB3). After the second bleed the immune serum showed higher antibody 

titres than for T A B 2 , but also an increase in cross-reactivity with the corresponding 

D D X L peptide (LXD3). However, the cross-reactivity was considered relatively low in 

comparison to T A B 1. 

The low cross-reactivity of T A B 3 combined with its high antibody titre led to its 

selection as the first candidate for further evaluation by Western blot analysis to 

determine reactivity against protein extracts from human brain tissue. The bands that 

were visualised using a 1 in 1000 dilution of the immune serum corresponded in 

molecular weight to those bands first detected using the original B A T l / D D X L 9802 

antibody (Allcock et al, 2001). This suggests that the T A B 3 antibody is likely to be 

able to pick up B A T l / D D X L in human tissue extracts. By comparing signals 

produced by T A B 3 to signals produced by pre-incubation of the immune serum with its 

corresponding peptide, it was possible to identify those bands that are likely to be 

specific B A T l bands, due to their disappearance once the specific antibody was 

absorbed out. Furthermore, incubation with L X D 3 immune serum (generated after 

immunization of the rabbit with the third D D X L peptide) showed a weaker signal than 

the T A B 3 antibody. Due to the high homology of the two proteins, B A T l and D D X L 

would be expected to produce bands of virtually identical molecular weights on Western 

blots. Therefore, while the weaker signal with L X D 3 could be the result of a lower 

antibody titre in this immune serum, it could also suggest that D D X L could be present 

in this tissue at lower levels than BATl. 
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In any case these early results require further clarification through examination 

of the third and subsequent bleeds after additional booster immunizations. This will 

determine whether further booster immunizations will be required to improve the 

quantity and quality of antibody produced. After only two booster immunizations two 

of the B A T l antibodies already show promising results. However, it is likely that 

antibody titres and possibly antibody specificity will be found to have improved in the 

subsequent bleeds. Since the rabbits' immune systems m a y need to be induced to 

produce auto-antibodies to these peptides that are conserved across many species, it is 

likely that time and additional booster injections will be of great benefit in improving 

specificity and decreasing cross-reactivity of all the antibodies produced. However, 

should some cross-reactivity be a persistent phenomenon, it will be possible to treat the 

immune sera by means of affinity purification, in order to enrich the sera for specific 

antibodies while the non-specific fraction can be discarded or tested for usefulness in 

detection of the homologous protein. 

The development of specific antibodies that recognize either B A T l or D D X L 

but do not cross-react with the other is imperative for the further investigation of the 

roles of B A T l and D D X L in A D pathology. These antibodies will be the first specific 

antibodies to these proteins and will enable researchers to detect these proteins in in vivo 

studies with both C N S and peripheral tissues as well as in in vitro applications. More 

specific antibodies to both proteins are necessary before their respective roles in A D can 

be elucidated and their significance as biomarkers evaluated. C N S levels of these 

proteins as well as tissue specific and sub-cellular localization of these proteins will 

help to elucidate whether they might play a functional role in A D . In contrast, 

assessment of B A T l and / or D D X L levels in the periphery (for example in blood 

leukocytes) can help to evaluate B A T l and D D X L as diagnostic or prognostic markers 

and as potential therapeutic targets in the combat of inflammatory events in A D 

pathology. 

5.5 Summary 

The current study has revealed an APOE e4 independent association of TNFA -

850*2 with increased risk for A D , and an APOE s4 independent association of BATl -

22*2/2 with decreased risk for A D . These findings were not enhanced by haplotype 

analysis of polymorphisms in linkage disequilibrium suggesting that the observed 
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effects may have resulted from the single SNPs. Hence, these SNPs may represent 

valuable markers in risk assessment, prognosis and therapeutic approaches for A D . 

In addition, the current study has provided evidence for the first time for a role 

for B A T l and its homologous protein D D X L in A D pathogenesis. B A T l and / or 

D D X L may play a role in regulating the inflammatory response in A D through 

influencing m R N A export and translation. Investigations of BATl promoter 

polymorphisms and m R N A and protein levels in other populations are clearly warranted 

to confirm this novel finding. Further investigation of the D D X L protein, and potential 

promoter polymorphisms of its gene, in A D and control populations is also warranted. 

Inflammatory processes form important underlying mechanisms in A D 

pathology. Elucidating the role of the currently investigated SNPs in A D pathology 

may contribute towards an understanding of the regulatory mechanisms of these events, 

and may provide new targets for drug development to combat AD. The current study is 

in the process of generating specific antibodies to B A T l and D D X L to aid in this 

endeavour. 
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Chapter 6 

Biomarkers of AD pathology in human brain tissue and plasma 

6.1 Introduction 

With new advances in drug development directed at treating the underlying 

causes of A D , the urgency for more definitive and earlier diagnosis becomes more 

apparent. Despite the existence of numerous biomarkers that have already been 

investigated, no single biomarker exists to date that can be used for definitive A D 

diagnosis, as reviewed by (Small, 2002). Thus, using a combination of suitable 

biomarkers, rather than searching for the elusive single definitive marker, may be a 

more likely scenario and may fulfill criteria for high sensitivity and specificity desirable 

for accurate diagnosis of A D (Davies et al, 1998; Small, 2002). 

The current chapter builds on the base of previous chapters by seeking out novel 

biomarkers that have not yet been associated with A D . This goal may be achieved by 

either comparison of m R N A profiles through c D N A microarray analysis or two-

dimensional electropohoresis (2DE) for generation and comparison of protein profiles in 

different tissues. Analysis of fragile m R N A presents with special challenges in 

postmortem brain tissue, but nevertheless has been successfully applied to study various 

neurological disorders (for reviews see Glanzer et al, 2004; Mimics and Pevsner, 

2004). The use of human postmortem brain tissue for protein analysis can also be 

challenging, but these challenges (restricted sample availability, variability in 

postmortem intervals and genetic and lifestyle diversity of the subjects) have been taken 

up by the research community in order to optimize protocols and use sophisticated 

approaches that will allow extraction of as much information as possible within the 

framework imposed by these limitations (for reviews see Fountoulakis, 2004; Freeman 

and Hemby, 2004; K i m et al, 2004). 

While microarray c D N A analysis brings to light differences in gene expression 

between different tissues, it cannot reveal whether protein levels are actually altered as 

well. O n the other hand, proteome analysis examines changes in protein levels directly, 

but does not have the capability to show whether these are due to changes at the 

expression level. Although these two approaches are clearly complementary, due to 

time and cost restrictions, only one approach could be employed in the current project. 

Protein map comparisons were chosen over microarray analysis of c D N A in order to 
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gain as much information as possible about differences at the protein level between A D 

and control subjects. In addition, one major advantage of proteome analysis is that it 

allows for an insight into differential post-translational modifications of proteins, such 

as oxidative changes and changes in glycosylation that cannot be detected on an m R N A 

level, as they require an examination of the translated product. 

In order for a biomarker to be suitable for diagnostic purposes it must be a 

specific sign of the pathological mechanism (whether in a causative capacity or as a 

down-stream effect of the pathological process) and it must be detectable in easily 

accessible peripheral tissues, such as the blood. Several studies have examined A D 

brain tissue (Schonberger et al, 2001; Shiozaki et al, 2004) or A D plasma (Ueno et al, 

2000; Choi et al, 2002; Y u et al, 2003) by IEF and 2DE. The current project aimed to 

extend previous studies by conducting protein profile comparisons of both human blood 

plasma and human frontal cortex (Fc) brain tissue from A D and control cases (including 

the use of both of these tissues from the same subjects where available). This approach 

was used to identify biomarkers that are both specific to the disease condition (that is, 

altered in the A D brain) and easily accessible in peripheral tissues (that is, altered in A D 

plasma). In addition, the current study compared cases with familial early-onset A D 

(FEOAD) carrying mutations in PSI (PSlm cases) with a group of A D samples 

including both familial cases lacking AD linked mutations as well as sporadic cases 

("other A D " or O A D ) and control cases without A D neuropathology. This is of 

particular relevance with regard to the PSI mutation associated changes observed in 

Chapter 3 and with regard to reports in the literature describing gene transcription 

changes associated with alterations in PSI (protein levels and mutations) as reported by 

c D N A microarray studies on A D mouse models (Mimics et al, 2003; Mimics et al, 

2005). 

Of particular interest was the investigation of post-translational protein 

modifications in A D . These included differences in protein glycosylation as well as 

differential oxidative modifications between A D and control cases. Oxidative 

modifications of proteins have previously been identified in A D (for a review see 

Butterfield, 2004). In the current study, oxidative changes were thus examined by IEF 

and 2 D E in combination with Western blotting using the OxyBlot™ kit for detection of 

oxidative modifications in proteins. Evidence for altered glycosylation and glycation of 

proteins in A D can also be found in the literature (Fodero et al, 2001; Saez-Valero et 

al, 2003b; Kanninen et al, 2004; A h m e d et al, 2005). The current study used a 

combination of IEF, 2 D E and Western blotting with two different lectins, Concanavalin 
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A (ConA) and Wheat Germ agglutinin ( W G A ) to examine differences in protein 

glycosylation patterns between A D and control Fc brain tissue. 

6.1.1 Aims 

• To use IEF and 2 D E to compare plasma protein profiles of family members 

from a pedigree with the PSI M 2 3 3 T mutation in order to look for peripheral 

protein markers with relevance to A D caused by PSI mutations. 

• To use IEF and 2DE to compare brain Fc protein maps of AD cases with and 

without PS 1 mutations and neurologically normal controls to search for disease 

specific A D markers, either associated specifically with PSI mutations or of 

general relevance to A D . 

• To use IEF and 2DE in combination with a Western blot approach utilizing the 

OxyBlot™ kit in order to compare profiles of oxidized proteins in A D and 

control Fc brain tissue. 

• To use IEF and 2DE in combination with Western blotting utilizing lectins 

(ConA and W G A ) for comparison of differences in glycosylation patterns 

between A D and control Fc brain tissue. 

6.2 Materials and Methods 

Two-dimensional electrophoresis (2DE) was used to separate proteins from 

human blood plasma and brain Fc extracts in order to create protein profile maps for 

identification of A D affected proteins. Proteins were separated on immobilized p H 

gradient (IPG) strips with p H range 3-10, followed by second dimension on 1 0 % or 

1 2 % polyacrylamide gels, and candidate spots identified by mass spectrometry (see 

Chapter 2, Sections 2.2.12.1 and 2.2.12.2). Furthermore, 2 D E combined with Western 

blot approaches was used to examine oxidative protein modifications (using the 

OxyBlot™ kit (Chemicon Australia Pty. Ltd., Boronia, Vic, Australia) as well as 

differential glycosylation patterns between AD and control cases using ConA and W G A 

lectins as described in Chapter 2, Sections 2.2.12.3 and 2.2.12.4. One-dimensional 

SDS-PAGE and Western immunoblotting was as described in Chapter 2, Sections 2.2.9 

and 2.2.10. Brain tissue proteins were extracted using TRIzol™ (Invitrogen Australia 
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Pty. Ltd., Mount Waverley, Vic, Australia) or Tris buffer as described in Chapter 2, 

Section 2.2.6. Brain samples (frontal cortex and cerebellum) were from the same cases 

as examined in previous chapters. Plasma samples used in this chapter were from 

family members of a pedigree with the PSI M233T mutation as well as non-related 

control cases without PSI mutations (Table 6.1). The relationship status between cases 

with the PSI M233T mutation and their relatives is illustrated in Figure 6.1 E. Ages of 

disease onset and ages at death are also included where applicable. Protein map 

comparisons were conducted using PDQuest® 2-D analysis software (BioRad, 

Hercules, CA, USA). Statistical analysis was performed as described in Chapter 2, 

Section 2.2.13. 

Table 6.1: Chapter 6 A D and control plasma samples: Relevant information 

Subjects 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Category 

F E O A D case 

F E O A D case 

Control case 

Control case 

Asymptomatic at 
time of bleed 
Control case 

Control case 

Control case 

Control case 

Control case 

Description 

PSI M233T mutation 

PSI M233T mutation 
(brother of subject 1) 

Sister of subjects 1 
and 2, no PSI 

mutation 
Sister of subjects 1 

and 2, no PSI 
mutation 

PSI M233T mutation 
(son of subject 1) 
Unrelated, no PSI 

mutation 

Unrelated, no PSI 
mutation 

Unrelated, no PSI 
mutation 

Unrelated, no PSI 
mutation 

Unrelated, no PS 1 
mutation 

Gender 

Male 

Male 

Female 

Female 

Male 

Male 

Male 

Male 

Male 

Male 

Age at 
bleed 
42 

45 

44 

37 

22 

25 

24 

47 

43 

45 

EOF A D = Familial early-onset A D 
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6.3 Results 

6.3.1 Plasma protein profile analysis for peripheral AD 

biomarkers 

In order to screen for protein pattern differences between A D and control cases, 

plasma samples from familial early-onset A D cases and related as well as non-related 

control cases were subjected to 2DE. Protein patterns were visualized after staining gels 

with colloidal Coomassie stain (Figure 6.1 A-D). To minimize variability caused by 

experimental procedure, 2 D E runs were performed in quadruplicate for each subject 

analysed. While comparison of individual gels suggested differences in certain protein 

spots (for example, see Figure 6.1 A-D), repeated analyses and comparison between 

groups of samples (for example, E O F A D vs controls) revealed that these differences 

were not consistent or reproducible for any particular group examined. Figure 6.1 E 

shows the relationships of family members whose plasma samples were used for this 

analysis. However, plasma is abundant in albumin and immunoglobulins (Igs), two 

protein components that tend to be found distributed over large proportions of 2 D E gels 

such as used in the current study (IPG p H range 3-10 and molecular weight separation 

range from <10 kDa to >200 kDa). It is not implausible to suggest that even if 

differential protein patterns did exist in the plasma samples examined, the abundance of 

albumin and Igs as illustrated in Figure 6.2 may have masked some of the potential 

changes in less abundant proteins. 
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Figure 6.1 Two-dimensional electrophoresis of human A D and control plasma: 

Colloidal Coomassie stained gel images of plasma proteins separated by isoelectric 

point (p7) through isoelectric focusing, followed by separation by molecular weight 

through SDS-PAGE (see Chapter 2, Sections 2.2.12.1 and 2.2.12.2). The p H gradient 

used for IP separation is indicated along the top margins of the gels. The molecular 

weight (Mwt) of proteins decreases from top to bottom margin of gels. (A) Control gel 

from a first relative of a case with a PSI mutation. (B) Control case, no blood relation. 

(C) Case with PSI mutation M 2 3 3 T with symptoms of A D , (D) Young case (son of 

case C ) with PSI mutation M233T, asymptomatic at time of blood collection. (E) 

Family tree excerpt for PSI M 2 3 3 T pedigree. Numbers 1-5 indicate family members 

included in this study. 
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Figure 6.2 Two-dimensional electrophoresis of h u m a n plasma: Colloidal 

Coomassie stained gel image of plasma proteins separated by isoelectric point (pi) 

through isoelectric focusing, followed by separation by molecular weight through SDS-

PAGE (see Chapter 2, Sections 2.2.12.1 and 2.2.12.2). The pH gradient used for p7 

separation is indicated along the top margins of the gels. The molecular weight (Mwt) 

of proteins decreases from the top to the bottom margin of the gel. The red ellipse 

represents an area on the gel with high concentration of albumin, the yellow rectangle 

indicates areas rich in immunoglobulin (Ig) light chains, the green rectangles show 

areas with high levels of Ig heavy chain-y, while the light blue rectangle indicates an 

area rich in Ig heavy chain-a. (Source of information: Human plasma gels from 

ExPASy, SWISS-2DPAGE, 

http://au.expasy.org/cgi-bin/ch2d-search-ful?makeWild=&SEARCH=). 
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6.3.2 Brain frontal cortex protein profile analysis for central 

nervous system A D biomarkers 

TRIzol™ extraction of total proteins from A D and control brain Fc cortex was 

performed in order to extract R N A and protein from each sample at the same time. 

Proteins were separated by 2 D E and gels stained with colloidal Coomassie stain in order 

to compare protein patterns between A D and control cases. While several spots were 

excised for fingerprinting by matrix assisted laser desorption / ionisation time of flight 

mass spectrometry ( M A L D I - T O F / M S ) , only four of these proteins could be identified. 

Insufficient protein availability from small spots (even after over-loading gels and 

pooling excised spots from several gels) and poor resolution of spots in certain regions 

of the small gels [7 c m IPG strips and "mini-gels" (BioRad casting system) used for 

second dimension] could provide explanations for these limitations. Keratin 

contamination of some samples also contributed to difficulties with protein 

identification. 

However, the four candidate proteins that were identified all had altered levels in 

Fc brain tissue from AD cases with and without PSI mutations (Figure 6.3) as 

compared to controls. Glial fibrillary acidic protein (GFAP) was the only protein with 

increased levels in A D cases, while H + transporting ATP-synthase (P-chain), Brain acid 

soluble protein 1 (BASP1) and calmodulin levels were found to be decreased in A D . 

Levels of both H + transporting ATP-synthase and calmodulin were further assessed by 

Western blot analysis with specific antibodies in brain tissue samples from a larger 

number of subjects and in fractions other than TRIzol™ extracts in order to confirm 

initial findings. 
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Figure 6.3 Two-dimensional electrophoresis of human frontal cortex brain tissue 

(TRIzol™ extract): (A) Fc brain tissue from cases with PSI mutations (n = 8), (B) A D cases 

without PSI mutations, but with A D associated with possession of APOE e4 (n = 3) and (C) 

control cases (n = 10) and was extracted using TRIzol , proteins separated by 2DE and gels 

stained with colloidal Coomassie (see Chapter 2, Sections 2.2.12.1 and 2.2.12.2). (D) Areas of 

interest from representative gels A, B, C are magnified on the second page to show 

changes in spot signal intensities between control and AD groups. BioRad PDQuest 2-

D Analysis Software, Version 7.3, was used to match spot patterns across gels and 

compare spot intensities. M A L D I - T O F mass spectrometry fingerprinting was 

performed to identify protein species as described in Chapter 2, Section 2.2.12.2.4. 

G F A P showed increased levels in A D , while H + ATP-synthase, B A S P 1 and 

Calmodulin levels were decreased in A D Fc. (E) Relevant information and database 

identification numbers for the identified proteins. 
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Fc tissue homogenized in 20 m M Tris with protease inhibitors and separated 

using S D S - P A G E (after boiling in S D S containing sample buffer) revealed a significant 

decrease in levels of H + transporting ATP-synthase in Fc of both A D cases with PS 1 

mutations (PSlm) and O A D cases ("other A D cases without PSI mutations"), as 

illustrated in Figure 6.4 A and C. Fc calmodulin levels, while not significantly 

different, did exhibit a trend towards decreased levels in A D cases. Therefore, further 

fractionation of the samples was conducted (centrifugation at 20,000 g and 100,000 g) 

and revealed a more pronounced trend towards decreased levels of calmodulin in the 

soluble fraction of supernatant obtained after centrifugation at 20,000 g. This trend 

gained statistical significance for the soluble fraction supernatant obtained after 

fractionation at 100,000 g (Figure 6.4 A and B). This finding indicates that a better 

approach for identification of differences in protein levels may be to fractionate samples 

prior to IEF and 2 D E in order to enable visualisation of protein maps of a wider range 

of proteins distributed variably over different cellular compartments (for example 

soluble proteins, organelle associated proteins, hydrophobic membrane embedded 

proteins). Using TRIzol™ enabled simultaneous extraction of R N A from the same 

sample. However, it is also likely that certain proteins enriched in particular fractions 

might have been too dilute in the total homogenate to detect significantly altered levels 

in A D , or differences may have been masked by the sheer volumes of the most abundant 

proteins in the whole-tissue extract. 
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Figure 6.4 Western blot analysis of calmodulin and H + ATP-synthase in frontal 

cortex from O A D and P S l m cases compared to control cases: SDS-PAGE and 

Western immunoblotting were performed as described in Chapter 2, Sections 2.2.9 and 

2.2.10 (A) Western blot signal intensities of representative samples from the PSlm, 

O A D and control groups. (B) Graph of Calmodulin protein levels in total homogenate, 

20,000 g supernatant and 100,000 g supernatant comparing Western blot signal 

intensities for PSlm and O A D cases relative to control cases (that is, Mean values of 

O A D and PSlm groups after expressing each individual signal value as a percentage of 

the control group mean value). Error bars represent standard error of the mean (of 

values converted to percentages). (C) Graph of H + ATP-synthase protein levels in total 

homogenate comparing Western blot signal intensities for PSlm and O A D cases 

relative to control cases. One-Way A N O V A with Tukey's Post Hoc analysis (*p = 

0.013, #p = 0.001, §p = 0.037 for both PSlm and O A D compared to control group). All 

statistical analysis was performed on raw data prior to conversion to percentages for 

graphic comparison. 
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The next approach, therefore, involved fractionation of protein extracts into 

soluble and membrane bound fractions. Due to a large abundance of spots detected in 

the soluble fractions (supernatant of 20 m M Tris extract with protease inhibitors, spun at 

20,000 g for 30 minutes), difficulties with visualizing membrane bound fraction 

proteins on 2 D E gels (problems with smearing and poor separation, probably due to 

increased abundance of hydrophobic and basic proteins) and time restrictions the 

decision was made to first explore the soluble fraction in the current project and 

optimise visualization of the other fractions subsequently. Strong protein patterns were 

detected for all A D cases with PSI mutations (PSlm) and without PSI mutations 

( O A D ) and all control cases (see Figure 6.5). 

BioRad PDQuest® 2-D Analysis software, version 7.3 was used for spot 

detection, matching and comparison of protein m a p patterns between the A D groups 

and control cases. Control cases were compared against either P S l m or O A D cases, 

and P S l m cases were also compared against O A D cases. Spots that were significantly 

different in intensity using Mann-Whitney Signed Rank test at a 9 9 % confidence level 

(p = 0.01) are listed in Table 6.2. Spot differences at a 9 5 % confidence level and spots 

different at the 9 5 % or 9 9 % confidence levels by Student's t-test were also sought. 

However, due to a large number of spots in these categories a decision was made that 

further analysis would first be performed to identify the candidates that provided the 

highest confidence to successfully distinguish between A D and control cases. These are 

spots where the highest confidence exists that their levels might be truly significantly 

different between A D and control cases. Due to the relatively small number of samples 

analysed those spots were chosen that still showed the highest significant difference 

using non-parametric statistic analysis with less power (Mann-Whitney Signed Rank 

test at p = 0.01, rather than Student's t-test). Additional spots will be examined at a 

later time point. For easier visualization of spots that show altered levels between the 

different comparison groups, Table 6.2 lists ratios of spot intensities as well as 

providing information about the number of gels a particular spot was detected in for 

each of the two groups that were compared against one another in one analysis 

(information in brackets). The same spot number between different columns of Table 

6.2 does not usually indicate the same protein for the three experimental groups. Rather 

spot ratios are listed in increasing numerical order down each column in order to 

facilitate relative comparison of alterations in protein levels between each pair of groups 

examined. 
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A comparison of spot intensities between P S l m and control groups showed 

approximately 1.5 times the number of spots significantly increased in the P S l m group 

as opposed to decreased levels, while O A D cases showed roughly equal numbers of 

spots increased or decreased in intensity compared to control cases. P S l m cases when 

compared to O A D cases showed mainly increased levels of protein spot intensities at 

the 9 9 % confidence level. The majority of these spots can be visualized on the gels in 

Figure 6.5. However, not all spots were present in all gels/samples. Therefore, 

representative gels chosen for inclusion in this chapter were gels that could be used to 

show as large a number of spots as possible. Spots significantly different between 

PSlm and control groups are marked by red ellipses. Those significantly different 

between O A D and control groups are shown by yellow squares, while spots with 

significantly different levels between P S l m and O A D groups are indicated by blue 

triangles. Some spots, that are significantly different between a number of groups, are 

indicated by blue arrows. As an example, a spot can have differential levels between 

PSlm and controls as well as P S l m and O A D cases. One spot (Spot number 3, column 

1 and number 1, column 3 in Table 6.2) shows decreased levels specifically in the P S l m 

cases compared to both O A D and controls (Table I, Appendix XII, page A13). These 

candidate spots will be analysed further by mass spectrometry fingerprinting in order to 

identify them so that further validation through other experimental approaches can be 

carried out. 
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Figure 6.5 Two-dimensional electrophoresis of h u m a n frontal cortex brain tissue 

(sequential extraction, soluble fraction): Colloidal Coomassie stained gels of 150 ug 

total protein from human 20 m M Tris solution extract supernatants (see Chapter 2, 

Sections 2.2.6.2, 2.2.12.1 and 2.2.12.2) (A) Representative gel from a case with PSI 

mutations (PSlm). Red ellipses indicate protein spots (from that particular case) 

significantly different in signal intensity from control group. (B) Representative gel 

from a case with AD without PSI mutations ( O A D ) . Yellow squares represent spots 

(on that particular gel) significantly different in signal intensity from control group. (C) 

Representative gel from a control case without neuropathology. Red ellipses indicate 

protein spots significantly different in signal intensity between P S l m and control group. 

Yellow squares represent spots significantly different in signal intensity between O A D 

and control group. Blue triangles represent spots with significantly different signal 

intensities between the P S l m and O A D groups. Overlap of spot markers (blue arrows) 

indicates spots significantly different in two groups, with the colour and shape of the 

markers indicating which groups. For these spots the spot number for both groups is 

given. Not all spots present on the A D gels were also always present on the control 

gels. The representative control gel (above) shows spots present for that control case. 
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Table 6.2: Signal intensity ratios of spots significantly different between PSlm and 

control, O A D and control and PSlm 

PS1i 

Spot# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 

m vs Controls 
Signal ratios 

0.42(11 P/15C) 
0.60(11 P/17 C) 
0.61 (IIP/17 C) 
0.63 (8P/16C) 
0.65 (9P/16C) 
0.68 (10 P/17 C) 
0.73 (6P/16C) 
0.75 (10 P/17 C) 
0.79 (5P/17C) 
1.16 (10P/6C) 
1.17 (8P/1C) 
1.42(11 P/11 C) 
1.50 (10 P/10C) 
1.52(11 P/14 C) 
1.66 (11P/9C) 
1.72 (10P/7C) 
1.83(11 P/14 C) 
1.98(11 P/16C) 
2.27(11 P/17 C) 
2.45(11 P/10C) 
3.63 (10P/3C) 
5.27 (10 P/10C) 
11.88 (8P/8C) 
* (6 P / 0 C) 

26.85 (10 P/2C) 

and O A D groups. 

O A D vs Controls 
Spot# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 | 
19 | 
20 i 

Signal ratios 

* (0 O / 9 C) 
* (0 O / 6 C) 
* (0 0/10C) 
* (0 O / 7 C) 
* (0 O / 9 C) 
0.43(1 0/13C) 
0.43 (7 0/16 C) 
0.47 (6 0/16 C) 
0.55 (7 0/17 C) 
0.60 (4 0/13 C) 
0.63 (1 0/7 C) 
1.18 (8 0/10C) 
1.34 (8 0/17 C) 
1.53 (8 0/9C) 
1.61 (8 0/10C) 
1.64 (7 0/4C) 
1.75 (8 0/14 C) 
2.19 (8 0/17 C) 
4.01 (7 0/8C) 
11.64 (7 0/8 C) 

PS 1m vsOAD 
Spot# 

1 
^ 

3 
4 
5 
6 
7 
8 
9 
10 

11 

Signal ratios 

0.59(11 P/8 0) 
1.57(11 P/7 0) 
1.74(11 P/6 0) 
2.14 (9P/4 0) 
2.89 (8P/2 0) 
5.41(10P/4O) 
* (6 P / 0 0) 
* (6 P / 0 0) 
* (6 P / 0 0) 
34.39 (7 P /1 0) 
* (8 P / 0 0) 

PSlm = A D cases with PSI mutation (n = 11) 
O A D = A D cases without PSI mutations (n = 8) 
Controls = Cases with no A D neuropathology (n = 17) 

Ratios: PSlm/Controls, OAD/Controls and PSlm/OAD respectively (spots numbered 
and sorted according to ratio magnitude and listed in numerical order from lowest to 
highest ratio). Numbers in brackets indicate in how many PSlm vs Control gels (P / 
C), O A D vs Control gels (O / C) or PSlm vs O A D gels (P / O) the spot was detected. 
*Some spots were not detectable in a particular set of gels. Therefore, no ratio could 
be calculated for these spots. 

Yellow highlights spot intensities lower and green highlights spot intensities higher 
tor PSlm or O A D groups with regard to their comparison group. BioRad PDQuest 2-
D Analysis Software, Version 7.3 was used to compare spot signal intensities and 
perform statistical analysis (all spots listed for A D gels are significantly different from 
toe corresponding spots in the respective comparison group using Mann-Whitney 
Signed Rank Test at a 9 9 % confidence level, p = 0.01). Not all spots listed above 
were detectable on all gels. Therefore, not all of these spots are present on the gels in 
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6.3.3 Changes in oxidation patterns of proteins in A D brain 

frontal cortex 

Oxidative modifications of proteins have been identified in the A D brain. For a 

review see (Butterfield, 2004). Professor Butterfield (University of Kentucky, 

Lexington, Kentucky, U S A ) and his research team have developed approaches to 

identify oxidative changes in proteins using 2 D E and are the first to have employed 

these techniques for the analysis of A D brain tissue (Castegna et al, 2002a; Castegna et 

al, 2002b). For this reason, a collaboration with Professor Butterfield's group was 

undertaken in order to enable expedient identification of oxidatively changed proteins in 

the brains of A D cases with mutations in PSI (see Figure 6.6). Candidates identified as 

showing oxidative modification were enolase 2, p-actin, dimethylarginine 

dimehtylaminohydrolase 1 ( D M D M A H - 1 ) and ubiquitin carboxy-terminal hydrolase LI 

(UCHL-1). 
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Figure 6.6 Identification of oxidatively modified proteins in familial A D with PSI 

mutations: F C brain tissue samples from two P S l m cases were sent to our 

collaborator, Professor Allan Butterfield (University of Kentucky, Department of 

Chemistry, Center for Membrane Sciences, Lexington, U S A ) whose research group 

identified several oxidatively modified proteins in these familial P S l m cases. (A) 

Representative 2 D E gel, (B) representative Western blot showing oxidatively modified 

proteins, (C) location of identified oxidatively modified proteins on 2 D E gel, (D) 

Relevant details about the identified oxidatively modified proteins. Gel pictures and 

protein information (pi, Molecular weight (Mwt), gi number) were received from 

Professor Butterfield's laboratory. Gel pictures were modified for inclusion into this 

chapter and gi numbers were used to identify N C B I protein accession numbers and gene 

ID numbers. 
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Additional analysis was undertaken in Australia to identify further candidate 

proteins oxidatively modified in AD brain tissue. A larger sample size of both A D 

cases with and without PS 1 mutations were included in order to distinguish between 

oxidative modifications that might occur specifically when mutations in PSI are present 

and those that are common to all A D cases (Figure 6.7). While techniques used were 

similar to Professor Butterfield's approach (Butterfield and Castegna, 2003) reagents 

were not purchased separately but a commercial kit for detection of oxidative protein 

modifications (OxyBlot™ kit, Chemicon Australia Pty. Ltd., Boronia, Vic, Australia) 

was used. Protein sample treatment and Western blotting procedures were optimized to 

improve signal detection while decreasing background interference (see Chapter 2, 

Section 2.2.12.3). Table 6.3 shows ratios of significant spot intensity differences for 

comparison of protein patterns between different groups. 

In this experiment fewer spots were present and the analysis had to be extended 

to the 9 5 % confidence level (p = 0.5) in order to find spots significantly different in 

intensity between different groups. The P S l m cases when compared to control cases 

only showed spots with increased oxidative modifications and the majority of spots 

significantly different between the O A D and control group also showed increased 

oxidative modifications, while a comparison between the P S l m and O A D cases showed 

rougly similar numbers of spots more or less oxidatively modified in the PSlm 

compared to O A D group. Most of these spots can be visualized on the blot images in 

Figure 6.7. Overlap of spot markers shows spots that were significantly different in 

intensity for more than just one group pair comparison. A small number of spots also 

showed increased oxidation in both P S l m and O A D cases compared to controls or in 

PSlm cases compared to both controls and O A D cases (Table II, Appendix XII, page 

A13). These findings suggests that oxidative modification is more prominent in A D Fc 

brain tissue compared to control brains. In addition, although one spot showed 

increased oxidation levels in P S l m compared to O A D cases (Table II, Appendix XII, 

page A13), overall comparison of the different A D groups (Table 6.3) does not suggest 

a general trend towards more prominent protein oxidation in one group or the other. 
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.TM Figure 6.7 OxyBlot detection of oxidatively modified proteins in h u m a n frontal 

cortex brain tissue (sequential extraction, soluble fraction): Western blot E C L 

signals for 50 pg total protein from human Fc 20 m M Tris solution extract supernatants 

treated using the OxyBlot™ Protein Oxidation Detection kit for detection of oxidative 

modifications of proteins (see Chapter 2, Section 2.2.12.3). (A) Representative blot 

from a case with PSI mutations (PSlm). Red ellipses indicate protein spots (on that 

particular blot) significantly different in signal intensity from control group. (B) 

Representative blot from a case with AD without PSI mutations ( O A D ) . Yellow 

squares represent spots (on that particular blot) significantly different in signal intensity 

from control group. (C) Representative blot from a control case without 

neuropathology. Red ellipses indicate protein spots significantly different in signal 

intensity between P S l m and control group. Yellow squares represent spots 

significantly different in signal intensity between O A D and control group. Blue 

triangles represent spots with significantly different signal intensities between the P S l m 

and O A D groups. Overlap of spot markers (blue arrows) indicates spots significantly 

different in two groups, with the colour and shape of the markers identifying specific 

groups. For these spots the spot number for both groups is given. Not all spots present 

on the A D blots were always detected on all the control blots (a representative control 

blot showing many of the spots is presented above). 
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Table 6.3: OxyBlot signal intensity ratios of spots significantly different between 
PSlm and control, O A D and control and PSlm and O A D groups. 

P S 1 m vs Controls 

Spot# 
1 
2 

3 
4 
5 
6 
7 
8 
9 
10 

Signal ratios 
1.47 (8 P / 8 C) 
1.76 (8 P / 3 C) 
2.38 (6 P / 4 C) 
3.53 (8 P / 8 C) 
5.16 (8P/6C) 
7.21 (8 P / 6 C) 
8.47 (8 P / 8 C) 
* (5 P / 0 C) 
* (6 P / 0 C) 
* (6 P / 0 C) 

O A D vs Controls 
Spot# 

1 
2 
3 
4 
5 
6 

7 

Signal ratios 
0.19 ( 1 0 / 6 C ) 
2.10 (7 0 / 3 C) 
2.74 (6 0 / 2 C) 
2.75 (6 0 / 1 C) 
4.31 (7 O / 6 C) 
4.63 (5 0 /1 C) 
O. /U ('U/olj 

PS1m vs OAD 
Spot# 

1 
2 
3 
4 
5 

Signal ratios 
* (0 P / 5 O) 

0.15 (2P/5 0) 
0.50 (2P/6 0) 
0.55 (3P/8 0) 
0.66 (1 P / 5 O) 

6 1.68 (8P/6 0) 
7 1.68 (8 P / 6 0) 
8 | 2.42 (6 P / 2 0) 

i " V / 

*A signal for these spots was present in PSlm blots but not the control blots, therefore 
no ratios are available for PSlm vs Control signal intensities for these particular spots. 

PSlm - AD cases with PSI mutation (n = 8) 
O A D = AD cases without PS 1 mutations (n = 8) 
Controls = Cases with no A D neuropathology (n = 8) 

Ratios: PSlm/Controls, OAD/Controls and PSlm/OAD respectively (spots numbered 
and sorted according to ratio magnitude and listed in numerical order from lowest to 
highest ratio).. Numbers in brackets indicate in how many PSlm vs Control gels (P / 
C), O A D vs Control gels (O / C) or PSlm vs O A D gels (P / O) the spot was detected. 

Yellow highlights spot intensities lower for PSlm or OAD groups with regard to their 
comparison group. BioRad PDQuest 2-D Analysis Software, Version 7.3 was used to 
compare spot signal intensities and perform statistical analysis (all spots listed for A D 
gels are significantly different from the corresponding spots in the respective 
comparison group using Mann-Whitney Signed Rank Test at a 9 5 % confidence level, p 
= 0.05). Not all spots listed above were detectable on all gels. Therefore, not all of 
these spots are present on the gels in figure 6.7. 
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6.3.4 Changes in glycosylation patterns of proteins in A D brain 

frontal cortex 

Apart from examination of oxidative changes, the current study also focused on 

exploring differential glycosylation patterns between A D groups and control cases. For 

that purpose 2 D E was performed on soluble Fc extracts followed by Western blotting 

using lectins in order to visualize differences in protein glycosylation patterns between 

these groups. Lectins are a group of carbohydrate-binding proteins (other than enzymes 

or antibodies) able to recognize saccharide groups in a highly specific manner (Ambrosi 

et al., 2005). ConA was the first pure lectin to be isolated (from Jack beans) and is 

widely used as it recognizes the commonly occurring sugar structures, a-D-mannose 

and a-D-glucose (Ambrosi et al, 2005). The other lectin used in this study, W G A , 

(isolated from wheat) recognizes N-acetyl glucosamine-residues (and polymers thereof) 

as well as terminal sialic acid moieties and has previously been employed in the analysis 

of A D CSF (Fodero et al, 2001; Ambrosi et al, 2005). Both lectins were, therefore, 

utilized in order to increase chances of detecting glycosylation changes in A D brain 

tissue (Figures 6.8 and 6.9). 

Using ConA lectin in a comparison between P S l m and control cases around two 

thirds of protein spots of interest were significantly decreased in the P S l m group (Table 

6.4). A similar trend was detected for the O A D vs control group comparison. However, 

some spots also showed increased levels of glycosylation in the P S l m group in 

particular, but with one spot (spot number 8 for P S l m vs Controls and number 3 for 

O A D vs Controls group) showing increased glycosylation for both A D groups 

compared to controls (also see Table III, Appendix XII, page A13). Using W G A lectin 

all spots of interest showed decreased glycosylation in the A D groups compared to 

control group (Table 6.5) and no significant differences in spot glycosylation were 

detected between the PSlm and O A D group. Table III in Appendix XII (page A13) 

shows the four spots that have decreased W G A reactivity in both P S l m and O A D 

compared to control cases. Most of the C o n A spots can be visualized on blot images in 

Figure 6.8 while W G A spots are shown in Figure 6.9. All spots of interest will be 

identified by means of mass spectrometry fingerprinting and Western immunoblotting 

with specific antibodies in order to discover the identity of the proteins showing 

modifications in sugar group attachments. Results can then be validated by means of 

IDE and Western blotting with specific antibodies and lectins. 
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Figure 6.8 Detection of differential glycosylation of proteins in h u m a n frontal 

cortex brain tissue using Concanavalin A lectin: Western blot E C L signals for 100 

ug total protein from human Fc 20 m M Tris solution extract supernatants probed using 

C o n A lectin to detect differences in protein glycosylation between A D and control 

cases (see Chapter 2, Section 2.2.12.4). (A) Representative blot from a case with PSI 

mutations (PSlm). Red ellipses indicate protein spots (on that particular blot) 

significantly different in signal intensity from control group. (B) Representative blot 

from a case with A D without PSI mutations ( O A D ) . Yellow squares represent spots 

(on that particular blot) significantly different in signal intensity from control group. 

(C) Representative blot from a control case without neuropathology. Red ellipses 

indicate protein spots significantly different in signal intensity between P S l m and 

control group. Yellow squares represent spots significantly different in signal intensity 

between O A D and control group. Blue triangles represent spots with significantly 

different signal intensities between the P S l m and O A D groups. Overlap of spot 

markers (blue arrows) indicates spots significantly different in two groups, with the 

colour and shape of the markers indicating which groups. For these spots the spot 

number for both groups is given. Not all spots present on the A D blots were also 

always present on the control blots. The representative control blot (above) shows 

spots present for that control case. 
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Table 6.4: Concanavalin A probing, signal intensity ratios of spots significantly 
different between PSlm and control, O A D and control and PSlm and O A D 
groups. 

PS1m vs Controls OAD vs Controls PS 1m vs OAD 
Spot# Signal ratios Spot# Signal ratios Spot # Signal ratios 

1 
2 
3 
4 
5 
6 
7 
8 

0.04 
0.35 
0.37 
0.38 
0.86 
1.62 
2.03 

(0 P / 4 C) 
(1P/4C) 
(1P/5C) 
(1P/4C) 
(1P/6C) 
(5 P / 8 C) 
(8 P / 8 C) 
(8P/4C) 

1 
2 

* (0 O / 6 C) 
0.56 (1 O / 6 C) 

(j U / 4 C) 

1 I 0.49 (4 P / 5 O) 

*A signal for these spots was present in the control blots but not the PSlm or O A D 
blots, therefore no ratios are available for the signal intensities of these particular spots. 

PSlm = A D cases with PSI mutation (n = 8) 
O A D = AD cases without PSI mutations (n = 5) 
Controls = Cases with no A D neuropathology (n 8) 

Ratios: PSlm/Controls, OAD/Controls and PSlm/OAD respectively (spots numbered 
and sorted according to ratio magnitude and listed in numerical order from lowest to 
highest ratio). Numbers in brackets indicate in how many PSlm vs Control gels (P / C), 
O A D vs Control gels (O / C) or PSlm vs O A D gels (P / O) the spot was detected. 

Yellow highlights spot intensities lower and green highlights spot intensities higher for 
PSlm or O A D groups with regard to their comparison group. BioRad PDQuest 2-D 
Analysis Software, Version 7.3 was used to compare spot signal intensities and perform 
statistical analysis (all spots listed for A D gels are significantly different from the 
corresponding spots in the respective comparison group using Mann-Whitney Signed 
Rank Test at a 9 5 % confidence level, p = 0.05). Not all spots listed above were 
detectable on all gels. Therefore, not all of these spots are present on the gels in figure 
6.8. 
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Figure 6.9 Detection of differential glycosylation of proteins in h u m a n frontal 

cortex brain tissue using Wheat G e r m agglutinin lectin: Western blot E C L signals 

for 100 pg total protein from human Fc 20 m M Tris solution extract supernatants 

probed using W G A lectin to detect differences in protein glycosylation between A D 

and control cases (see Chapter 2, Section 2.2.12.4). (A) Representative blot from a case 

with PSI mutations (PSlm). Red ellipses indicate all protein spots significantly 

different in signal intensity from control group. (B) Representative blot from a case 

with A D without PSI mutations (OAD) . Yellow squares represent all spots 

significantly different in signal intensity from control group. (C) Representative blot 

from a control case without neuropathology. Red ellipses indicate protein spots 

significantly different in signal intensity between P S l m and control group. Yellow 

squares represent spots significantly different in signal intensity between O A D and 

control group. Overlap between yellow and red markers (blue arrows) indicates 

significant spot intensity differences between the control group and both A D groups. 

For these spots the spot number for both groups is given. 
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Table 6.5: Wheat Germ agglutinin probing, signal intensity ratios of spots 
significantly different between PSlm and control, O A D and control and PSlm and 

O A D groups. 

PS1m vs Controls 

1 
2 
3 
4 
5 
6 
7 
8 

Spot # Signal ratios 

0.19 
0.56 
0.57 
0.60 
0.97 

(0 P / 5 C) 
(0 P / 5 C) 
(0 P / 3 C) 
(6 P / 7 C) 
(3 P / 7 C) 
(5 P / 8 C) 
(4 P / 7 C) 
(1P/4C) 

OAD vs Controls 
Spot# 

1 
2 
3 
4 

Signal ratios 
* (0 O / 5 C) 

0.14 (5 0 / 7 C ) 
0.41 (5 O / 8 C) 
0.65 (1 O / 7 C) 

PS 1m vsOAD 
Spot # [ Signal ratios 
No spots detected 

*A signal for these spots was present in the control blots but not the PSlm or O A D 
blots, therefore no ratios are available for the signal intensities of these particular spots. 

PSlm = AD cases with PSI mutation (n = 8) 
O A D = A D cases without PS 1 mutations (n = 5) 
Controls = Cases with no A D neuropathology (n = 8) 

Ratios: PSlm/Controls, OAD/Controls and PSlm/OAD respectively (spots numbered 
and sorted according to ratio magnitude and listed in numerical order from lowest to 
highest ratio). Numbers in brackets indicate in how many PSlm vs Control gels (P / C), 
O A D vs Control gels (O / C) or PSlm vs O A D gels (P / O) the spot was detected. 

Yellow highlights spot intensities lower for PSlm or OAD groups with regard to their 
comparison group. BioRad PDQuest 2-D Analysis Software, Version 7.3 was used to 
compare spot signal intensities and perform statistical analysis (all spots listed for A D 
gels are significantly different from the corresponding spots in the respective 
comparison group using Mann-Whitney Signed Rank Test at a 9 5 % confidence level, p 
= 0.05). Spots are illustrated in Figure 6.9. 
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6.4 Discussion 

6.4.1 Plasma protein profile analysis as a useful tool for 

peripheral A D biomarkers? 

6.4.1.1 Study design for detection of AD biomarkers in plasma 

A good approach for the discovery of diagnostic biomarkers for A D is to 

examine peripheral tissues, such as blood plasma for reproducible and specific changes 

with relevance to the disease status. Plasma was, therefore, the first choice of tissue for 

proteomic screening for A D biomarkers. In order to further increase chances of 

discovering specific A D changes, plasma was obtained from subjects with clinical A D 

(subsequently confirmed histopathologically at autopsy) from a local pedigree with a 

PSI mutation (M233T), as well as members of the same family without the mutation. 

Plasma is a very protein rich body fluid and variations in protein composition can be 

caused by a myriad of factors ranging from individual genetic diversity to transient 

influences due to health status, medications and diet. Therefore, using members from 

the same family could serve to decrease differences due to genetic variation, and 

focusing on early onset aggressive forms of the disease m a y help to detect early disease 

specific changes not masked by changes due to ageing. However, a further measure to 

filter out age-related changes was the inclusion of additional controls that were roughly 

age matched to the familial cases and controls. Furthermore, since the familial cases 

were both male while the controls were female, additional male controls were used from 

outside the family. 

Additional control subjects (not blood relatives) could help to validate results 

from control family members and confirm that results do not simply reflect 

idiosyncratic changes found in one family but are of relevance to the wider community. 

Furthermore, inclusion of plasma obtained from a family member with the PSI 

mutation prior to onset of disease symptoms was of particular relevance for detection of 

biomarkers that m a y be present at a very early stage even prior to disease onset. Such 

biomarkers could be used not only within a panel of other biomarkers to diagnose A D 

definitively and to monitor treatment progression, but they could also be useful for 

screening groups at risk (such as individuals with particular PSI mutations) for very 

early signs of disease onset in order to specifically fine-tune timing for therapeutic 

intervention. 
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6.4.1.2 Outcome and limitations 

In spite of this study design, no specific reproducible changes were detected in 

plasma from cases with A D or cases carrying the PSI M 2 3 3 T mutation compared to 

related and non-related control subjects. Such a result could be explained by the small 

sample size, individual genetic variability or environmental influences. However, 

additional limitations existed in the current study. First, 2 D E was performed using the 

smallest available immobilized p H gradient (IPG) strips (7 cm) in combination with 

mini-gel systems for the second dimension. This approach was employed as it 

facilitated high through-put analysis and was ideal in combination with Western blot 

approaches to minimized wastage of expensive reagents (such as antibodies). However, 

the trade-off for the inherent advantages of this methodology can lie in somewhat 

reduced spot resolution on the smaller gels. A n additional limitation is the necessity to 

load smaller amounts of protein, thus some of the less abundant species may not be 

detected. 

Second, plasma proteins can be described as a dynamic assortment due to 

numerous factors that can influence the presence and quantity of particular constituents 

at any given time. Nevertheless, a small number of plasma proteins are constitutively 

present in great abundance, which can lead to overwhelming representation of these 

proteins on 2 D E gels, thus compromising the detectability of low abundance proteins 

(illustrated in Figure 6.2). It has been estimated that approximately 8 5 % of total plasma 

proteins consist of 5-10 highly abundant proteins; the ones at the top of the list being 

albumin (>50%) and immunoglobulins (>20%), with Immunoglobulin G (IgG) alone 

making up about 1 7 % (Anderson and Anderson, 2002; Pieper et al, 2003). Moreover, 

due to the kidney filtration molecular weight cutoff at approximately 45 kDa, proteins 

above that molecular weight tend to reside longer in plasma than smaller proteins 

(Anderson and Anderson, 2002). This leads to enrichment of plasma for proteins in the 

45-80 kDa range (Pieper et al, 2003). Since this also represents the molecular weight 

range in which albumin can be found on 2 D E gels, the high abundance of albumin could 

interfere with detection and quantitation of low abundance proteins within this 

molecular weight range. In order to overcome these problems and evaluate plasma for 

suitability as a tissue for biomarker screening, it is important to develop techniques for 

the selective enrichment or fractionation of lower abundance proteins, prior to 

separation of samples by 2DE. 
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6.4.1.3 Alternative approaches and future directions 

Removal of some of the most abundant plasma proteins may be the only means 

of making less abundant proteins accessible to detection by 2DE. The most common 

approaches for depletion of major plasma proteins like albumin and immunoglobulins 

has been the use of Cibacron blue dye columns (Cibacron Blue F3G-A covalently 

attached to a highly cross-linked agarose gel) for albumin removal and protein A or G 

columns for IgG removal (Echan et al, 2005). Ideally, the depletion process should 

remove as many high abundance proteins as completely and reproducibly as possible, 

while at the same time reducing the incidental loss of non-targeted proteins. In order to 

improve effectiveness and specificity of depletion methods, several recent publications 

have explored alternative approaches that employ IgG-based immunodepletion using 

affinity purified antibodies for specific removal of abundant plasma proteins. This 

approach has been labeled "immunoaffmity-based protein subtraction chromatography" 

(IASC, Pieper et al, 2003) or "multiple affinity removal system" ( M A R S , Echan et al, 

2005) and the antibody columns are known as "multiple affinity removal columns" 

( M A R C , Cho et al, 2005). 

A commercial product utilizing this technology has become available from 

Agilent Technologies (Wilmington, D E , U S A ) and allows simultaneous removal of the 

top six most abundant proteins in plasma (albumin, transferrrin, IgG, IgA, haptoglobin 

and antitrypsin) (Cho et al, 2005; Echan et al, 2005). However, up to 10 most 

abundant proteins were successfully removed from plasma in a one-step procedure 

(Pieper et al, 2003). This included, in addition to the above mentioned proteins, also 

combinations of following proteins: Hemopexin, transthyretin, a-2-HS glycoprotein, a-

1-acid glycoprotein, a-2-macroglobulin and fibrinogen (Pieper et al, 2003). Studies 

have shown that the IgG-based system provides not only effective removal of target 

proteins but also shows less non-specific binding and removal of non-target proteins 

compared to the conventional dye-based and Protein A or G based methods (Echan et 

al, 2005; Zolotarjova et al, 2005). Subsequently, proteins can be further sub-

fractionated by various chromatographic and electrophoretic techniques prior to 2 D E 

separation to allow for better visualization of low abundance proteins (Righetti et al, 

2005). 

A novel alternative to 2 D E analysis of proteins that has recently emerged is 

termed protein array pixelation (2-D protein arrays with each pixel containing a group 

of proteins with known pi and molecular weight range, Tang et al, 2005a). This new 

technique, when applied in combination with depletion of abundant proteins, has been 
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hailed as a highly sensitive method with potential for high capacity and throughput and 

a promising strategy for detection of lower abundance proteins, when compared to 2 D E 

methods (Echan et al, 2005; Tang et al, 2005a). The difficulty of detecting low 

abundance proteins in plasma is one of the major obstacles to the discovery of disease 

biomarkers in this tissue. Therefore, methods of removal of interfering high abundance 

proteins in order to enrich for low abundance proteins will be adopted by this laboratory 

in future studies using plasma. 

The conventional 2 D E approach used in the current study can be modified to 

enhance detection of a variety of low abundance proteins, not only by the application of 

protein depletion techniques, but also through a number of other measures. In future 

studies, large gel systems (to fit 24 cm IPG strips rather than 7 cm) will be used for gels 

stained with colloidal Coomassie stain in order to improve protein loading capacity and 

protein spot resolution. Mini gel systems, however, remain very useful for 2 D E protein 

separation with subsequent Western blot applications. In addition, IPG strips with 

narrower p H ranges (for example, p H 5.5-6.7 or a combination of p H 4-7 and p H 6-11 

IPG strips from BioRad or Amersham Biosciences) can be used in order to allow further 

resolution along the horizontal axis (pi scale) of the system. Furthermore, the use of 

protein array pixelation will be considered as an alternative to the 2 D E approach 

utilized in the current study. 

6.4.1.4 Plasma proteome analysis in AD 

Proteome comparisons between A D and control plasma using 2 D E to look for 

differences in protein levels or differential protein modifications have already been 

performed (Ueno et al, 2000; Choi et al, 2002; Y u et al, 2003). One study aimed to 

discover peripheral biomarkers for non-invasive, improved diagnosis of A D by 

employing 2 D E in combination with immunoblotting techniques to compare protein 

patterns of specific A D linked proteins in A D and control plasma (Ueno et al, 2000). 

This study did not perform any depletion of major abundant plasma proteins. The 

authors report identification and isoform specific p/ differences for the three most 

common apoE isoforms detected in their plasma samples. Even though much research 

has been conducted to compare particular apoE isoforms in terms of their relevance to 

A D pathology, characterization of apoE isoform profiles in A D vs control plasma could 

contribute towards a better understanding of the underlying disease mechanisms as well 

as contributing towards establishment of better diagnostic (or prognostic) marker 

profiles. The authors of the above study do not state whether APOE genotypes for these 
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were determined for their study subjects. Genotype information would have provided a 

useful control to validate their 2 D E spot identities. The same study also reports 

detection of tau protein in their plasma samples (Ueno et al, 2000). Tau and 

phosphorylated tau has been extensively studied in CSF to evaluate its role as a 

biomarker for A D diagnosis (Hampel et al, 2004a; Schoonenboom et al, 2004; 

Andreasen and Blennow, 2005; Herukka et al, 2005; Schoonenboom et al, 2005). Tau 

has also been detected in plasma, albeit without a significant difference in levels 

observed between A D and control cases (Ingelson et al, 1999). 2 D E may be a useful 

approach for characterization of potential differences in phosphorylation patterns of tau 

between A D and control cases. 

Interestingly, Ueno and colleagues also report detectable levels of presenilin 2 

(PS2) but not PSI in their plasma samples in both A D and control cases (Ueno et al, 

2000). This is a surprising observation, given that PS2 is a multi-transmembrane 

protein with several hydrophobic domains (Levy-Lahad et al, 1995a) and is less likely 

to be a secreted protein. In addition, large hydrophobic transmembrane proteins can be 

difficult to visualize by 2 D E and often require sophisticated extraction and 

solubilization techniques (Bledi et al, 2003). The spots identified as PS2 protein in 

plasma by Ueno and colleagues were considered to be of similar molecular weight to 

full-length PS2 [54.5-66 kDa for the observed bands (Ueno et al, 2000) and 50-55 kDa 

for PS2 bands detected in transfected cell lines (Tomita et al, 1997)]. However, the 35-

40 kDa N-terminal and 19 kDa or 23 kDa C-terminal cleavage products of PS2 (Tomita 

et al, 1997) were not mentioned and presumably not detected in plasma by this study 

(Ueno et al, 2000). The area on the blot where PS2 spots were identified (Ueno et al, 

2000) also corresponds to a molecular weight region in which albumin can be located. 

Furthermore, major plasma protein constituents had not been depleted prior to 

2 D E analysis. Therefore, there is a possibility that the PS2 signal may have been due to 

non-specific cross-reactivity of the antibody. To eliminate this contingency it might 

have been helpful to test the PS2 polyclonal antiserum for specificity (for example 

through peptide absorption studies) and (if not already performed) to affinity purify the 

serum prior to use. Depletion of major plasma proteins prior to analysis may also have 

aided accurate detection of low-abundance proteins. Such measures, as well as 

including a "positive control" by comparison of the PS2 2 D E signal in plasma with that 

obtained using a tissue known to contain PS2, would have provided useful means of 

validating the discovery of PS2 in plasma. Finally, peptide mass fingerprinting or 
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amino acid sequencing of the corresponding protein spot from an acrylamide gel may 

have confirmed the identity of this spot as PS2. 

Ueno and colleagues report a presence of full-length PS2 protein in five aged 

control plasma samples and several A D and non-AD dementia samples (Ingelson etal, 

1999; Ueno et al, 2000). In contrast, some early 2 D E studies on A D C S F and plasma 

could not detect any differences in specific protein patterns between A D and control 

cases and found no detectable amounts of brain specific proteins in either plasma or 

CSF (Harrington and Merril, 1984; Alafuzoff et al, 1986). However, it must be noted 

that these early studies were conducted prior to discovery of the presenilin proteins and 

2 D E technology has since advanced to allow a much greater degree of protein 

resolution and detection sensitivity. Nevertheless, the early studies support the findings 

of the current study showing no reproducible differences in protein patterns between 

A D and control plasma. The above studies also highlight the need to interpret 2 D E data 

with caution and ensure validation of all results for conclusive and meaningful 

interpretation of data. 

Another approach for plasma examination in the search for biomarkers does not 

involve detection of difference in protein levels, but rather differences in protein 

modifications between A D and control groups. Several studies have taken advantage of 

this concept by searching for oxidative modification of plasma proteins between A D 

and control cases. One study, in Texas, U S A , first detected differences in oxidation of 

proteins in A D plasma by reacting the protein carbonyls with 2,4-

dinitrophenylhydrazine (DNPH). Instead of using 2 D E they employed D N P H 

derivatization of carbonyl groups together with high performance liquid 

chromatography (HPLC) and a one-dimensional S D S - P A G E approach to show overall 

increased levels of oxidation of proteins in A D compared to control plasma, as well as 

increased susceptibility of selected protein bands for in vitro oxidation (subsequent to 

plasma collection) in A D compared to control cases (Conrad et al, 2000). In a 

subsequent study the same group used derivatization with D N P H coupled to 2 D E and 

M A L D I - T O F / M S to identify increased oxidation of certain isoforms of fibrinogen y-

chain precursor protein and a-1-antitrypsin precursor in A D plasma (Choi et al, 2002). 

Another study went one step further by fractionating plasma samples using heparin-

agarose and concanavalin A-agarose columns in order to isolate glycoproteins prior to 

detection of oxidative modifications of these proteins in A D (Yu et al, 2003). 

Glycoproteins that showed selectively increased oxidation in A D were identified as 

isoforms of transferring, hemopexin and a-1-antitrypsin (Yu et al, 2003). 
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These studies indicate that plasma can be a useful peripheral tissue for detection 

of biomarkers for A D . Innovative approaches using state-of-the-art proteomic analysis 

technology, combined with careful data interpretation and result validation have the 

potential to yield useful biomarkers for earlier, more reliable and specific diagnosis of 

A D and for monitoring of therapeutic interventions. Apart from providing a suitable 

primary medium for detection of peripheral diagnostic A D biomarkers, plasma can also 

be used to validate candidate proteins isolated from C N S tissues to evaluate their 

suitability as peripheral biomarkers for A D diagnosis. The next step in the current 

study, therefore, involved screening for potential C N S biomarker candidates by 2 D E 

comparison of A D and control brain tissue. 

6.4.2 Human AD brain tissue protein profile analysis 

6.4.2.1 TRIzol™ extraction for total protein content 

The second approach to identifying suitable biomarkers for A D in the current 

study involved an examination of the tissue where pathology takes place with the aim to 

identify markers associated specifically with the pathological changes. Subsequent 

analysis of levels of these protein candidates in plasma will serve to evaluate their value 

as peripheral biomarkers for A D diagnosis. The method selected for this approach 

involved the use of TRIzol™ reagent for extraction of both protein and R N A from the 

same tissue sample. This allows for each precious tissue sample to be utilized to its 

maximum potential. By extracting both protein and m R N A from the same sample, it is 

possible to directly compare protein levels with the transcript levels for that protein in 

order to determine whether any observed changes in protein levels are reflected by 

alterations in expression of the gene or need to be further investigated. For all candidate 

proteins discovered, the respective m R N A levels will be measured by means of the 

RotorGene (Corbett Research Australia, Mortlake, N S W , Australia) or LightCycler™ 

(Roche Molecular Biochemicals, Lewes, Sussex, U K ) for real time m R N A quantitation. 

Candidate proteins discovered using the TRIzol™ approach include glial fibrillary 

acidic protein (GFAP), H + transporting ATP-synthase, calmodulin and brain acid 

soluble protein 1 (BASP1). 
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6.4.2.2 Candidate proteins 

6.4.2.2.1 Glial fibrillary acidic protein 

Levels of (GFAP) were found to be increased in Fc brain tissue of A D cases 

(both PSI and O A D cases) compared to controls. G F A P has previously been found to 

be increased in A D brain by immunohistochemistry and Western blotting (Duffy et al, 

1980; Panter et al, 1985; Griffin et al, 1989; Jorgensen et al, 1990). Such results have 

also been reproduced more recently using 2 D E approaches (Greber et al, 1999; Porchet 

et al, 2003; Shiozaki et al, 2004). Increased levels of G F A P have been detected in A D 

entorhinal cortex (Porchet et al, 2003), the frontal, parietal, temporal and occipital 

cortex regions (Greber et al, 1999). 2 D E after pre-fractionation of brain tissue extracts 

(into more soluble and less soluble proteins) revealed increased G F A P levels in both 

protein fractions from A D compared to control brain tissue (Shiozaki et al, 2004). 

Northern analysis of G F A P message revealed a marked increase in G F A P 

transcription in A D neocortex, particularly in the presenile A D group and in A D cases 

with larger numbers of NFTs (Robinson et al, 1994). This suggests that G F A P levels 

increase in correlation to pathological severity of A D rather than only as a function of 

ageing. Further confirmation for this notion is presented by another study that found a 

significant positive correlation between G F A P m R N A levels and senile plaque density 

in A D temporal neocortex (Le Prince et al, 1993). The current study, thus confirms 

reports in the literature of increased G F A P levels in A D brain and extends the findings 

to include increased G F A P levels in Fc of A D cases with PSI mutations as detected by 

2DE. Since G F A P is a marker of astrocyte activation and inflammatory changes, it is 

likely that the changes observed in A D brain are linked to inflammatory processes. 

However, it remains to be established whether these are early changes or appear with 

advanced pathology, since one study measuring G F A P m R N A in A D brains found no 

changes in expression levels that preceded the appearance of neurofibrillary 

degeneration (Goodison et al, 1993). 

G F A P levels have also been measured in CSF. A study comparing G F A P in 

CSF of adults with global cognitive dysfunction (of various kinds, including A D and 

other chronic, irreversible brain syndromes) found increased levels of G F A P in 

approximately 5 0 % of dementia cases, but G F A P values were not correlated with 

severity of dementia (Crols et al, 1986). Subsequently, a sensitive ELISA method for 

measurement of G F A P in CSF was developed and revealed that G F A P levels increased 

in CSF as a function of age (Rosengren et al, 1994). Levels ranged from below 0.2 
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ng/ml before the age of 20 to between 0.5 and 1.3 ng/ml at approximately the age of 75. 

It was furthermore observed that astrogliosis resulted in a modest increase of G F A P 

levels while acute C N S tissue destruction caused very high elevation of G F A P 

(Rosengren et al, 1994). Finally, specific measurement of CSF G F A P in A D vs control 

cases revealed increased levels of G F A P in A D brain and an apparent correlation 

between G F A P levels and severity of the disease (Fukuyama et al, 2001). From R O C 

curve analysis it was determined that a CSF G F A P concentration of 5 ng/ml could serve 

as a cutoff value for A D compared to control cases (Fukuyama et al, 2001). However, 

since G F A P levels can also be increased in other dementias and forms of C N S 

degeneration (Crols et al, 1986; Rosengren et al, 1994; Fukuyama et al, 2001) it is 

unlikely that CSF levels of this protein alone will provide a reliable specific biomarker 

for A D . A better approach may be to combine several biomarkers in order to attain high 

levels of both specificity and sensitivity. 

Apart from determination of G F A P levels in CSF an alternative means of using 

G F A P as a biomarker for A D presents itself when post-translational modifications of 

this protein are analysed. One study examining oxidative changes in A D brain tissue by 

quantitation of DNP-derivatized carbonyl groups found no significant differences 

between G F A P carbonyl levels in A D and control cases (Aksenov et al, 2001). 

However, a very recent study utilizing an antibody to Af-epsilon^malondialdehyde) 

lysine ( M D A L ) , which is a marker of lipoxidation, found significantly increased M D A L 

formation for G F A P in A D compared to control cases (Pamplona et al, 2005). Since 

D N P reactivity cannot discriminate between different sources of oxidative damage 

(Pamplona et al, 2005), it is possible that the earlier study did not detect oxidative 

changes in G F A P due to the inability of the technique applied to detect the specific form 

of oxidation present. This underlines the importance of exploring all possible avenues 

and make use of various available technologies before dismissing a protein as a poor 

candidate for biomarker purposes. 

Another type of protein post-translational modification that can be useful in the 

search for biomarkers is the differential glycosylation of proteins. Glycosylation 

changes of cytosolic proteins have been investigated in A D and control brains 

(Kanninen et al, 2004). Using Pro-Q Emerald 300 glycoprotein staining (which stains 

periodate-oxidized carbohydrates of lipopolisaccharides with a bright green 

fluorescence that can be visualized by U V transillumination) a three-fold increase in 

glycosylation was detected for G F A P in A D compared to control Fc brain tissue 
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(Kanninen et al, 2004). However, further studies could be done (for example using 

lectins) to find out which saccharide moieties are modified. 

G F A P is also of interest because it has recently been observed that this protein is 

not only expressed in glial cells but certain out-of-frame splice variants have been 

detected in pyramidal neurons of the human hippocampus (Hoi et al, 2003). This 

finding has been associated with A D pathology and Down's syndrome, and it has been 

suggested that it might be a reflection of a survival attempt of affected neurons by retro-

differentiation and consequent induction of proteins not normally transcribed in mature 

neurons (Hoi et al, 2003). However, a new isoform of G F A P (GFAPe) was also found 

to interact with the presenilins (Nielsen et al, 2002) which suggests potential 

involvement of neuronal G F A P in y-secretase generation of A p in A D brains. It is, 

therefore, important to analyse the composition and relative levels of different G F A P 

isoforms in the A D brain in order to examine their role in AD pathology. 2 D E is ideal 

for such an undertaking since it allows for resolution of proteins by molecular weight 

and isoelectric point as well as providing the means for comparison of relative levels of 

the different isoforms detected. 2 D E also represents a valuable method for analysis of 

both G F A P isoforms and post-translational changes. 

The observation of increased levels of G F A P in A D Fc made in the current study 

has validated the methods used in this study since it confirms previous findings in the 

literature. However, G F A P may not only represent a positive control for the validity of 

the 2 D E approach. It also represents a potential multifaceted biomarker that needs to be 

further explored to characterize the different isoforms and modifications and classify 

their suitability for A D diagnosis. A combination of measuring levels of different 

isoforms in CSF as well as determination of extent of post-translational changes may 

provide several diagnostic characteristics that combined could provide better specificity 

and sensitivity for A D diagnosis than measurement of a single biomarker characteristic. 

6.4.2.2.2 hT transporting ATP-synthase 

While G F A P was increased in A D Fc, levels of H + transporting ATP-synthase 

were found to be significantly decreased in this region of the brain in both A D cases 

with PSI mutations and O A D cases compared to controls. The mitochondrial ATP-

synthase is considered an unusual enzyme as it can reverse its function. ATP-synthase 

(also known as FjFo ATPase or Complex V involved in the oxidative phosphorylation 

process in the inner mitochondrial membrane) is involved in A T P synthesis by using a 

proton-motive force across membranes. However, while the intact enzyme performs 
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synthesis, the |3 subunit of the soluble Fi ATPase component has catalytic activity and 

performs A T P hydrolysis (for reviews on ATP-synthase function see Saraste, 1999; 

Senior et al, 2002). Reactions within the mitochondrial respiratory chain lead to 

generation of R O S and over-production of R O S combined with A T P depletion and 

induction of apoptotic mechanisms as a result of mitochondrial dysfunction have been 

implicated in the ageing process as well as pathogenic mechanisms in 

neurodegenerative disorders such as A D (for a recent review see Emerit et al, 2004). 

Alterations in levels of oxidative phosphorylation genes have previously been 

noted in diseases that feature neurodegeneration. Decreased levels of ATP-synthase 

beta chain were detected in Fc of D S patients, while decreased levels of 

ubiquinokcytochrome c oxidoreductase (complex III) were measured in A D temporal 

cortex (Kim et al, 2000). Interestingly, an early study using blue native P A G E to 

characterize oxidative phosphorylation proteins in AD hippocampus found reduced 

levels of ATP-synthase but no alteration in levels of complex III in AD cases (Schagger 

and Ohm, 1995). A recent study employing 2 D E to compare protein maps from A D 

and control brain tissue found increased levels of mitochondrial ATP-synthase p-chain 

precursor and decreased levels of ATP-synthase a-subunit precursor in the temporal 

cortex of A D brains (Tsuji etal, 2002). 

Gene expression analyses have also been conducted. One study using Northern 

blot analysis showed decreased levels of ATP-synthase beta subunit m R N A in A D mid-

temporal cortex (Chandrasekaran et al, 1997) while another study assessing m R N A 

levels by quantitative real-time reverse-tanscriptase P C R showed increased transcription 

of complex III and complex IV gene and down-regulation of complex I mitochondrial 

genes (Manczak et al, 2004). The discrepancy between the results of some of the 

above studies may reflect differences in the brain regions analysed or heterogeneity of 

expression changes in mitochondrial genes between different individuals suffering from 

A D . However, all these studies suggest that some form of mitochondrial dysfunction 

and impairment of energy metabolism occurs in A D , which may lead to oxidative stress 

and neurodegeneration. 

Disturbances in mitochondrial proteins have also been attributed to the action of 

A p (see Chapter 1, Section 1.2.3.4.1). Microarray analysis of c D N A from cerebral 

cortex isolated from mice injected with A p showed down-regulation of Na+/K+-

ATPase (Kong et al, 2005). Addition of A p to cultured primary rat hippocampal 

neurons resulted in a concentration- and time-dependent decrease in Cl(-)-ATPase 

activity (Yagyu et al, 2001). This indicates that A p could contribute to mitochondrial 
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dysfunction, which, in turn, could lead to oxidative stress and induction of cell death 

mechanisms. A study of A p exposure to teratocarcinoma (NT2) cells expressing either 

endogenous mitochondrial D N A or mitochondrial D N A from either A D or control 

subjects showed that cells with A D mitochondrial D N A were more susceptible to A p 

insults than control or wild type cells (Cardoso et al, 2004b). This provides further 

evidence that mitochondria in cells affected by A D pathology are compromised and thus 

can be more detrimentally affected by exposure to toxins like A p , but it does not explain 

whether this is due to previous A p exposure or a result of other mechanisms. 

Prior to the discovery of the role of presenilin proteins in A P P processing, one 

study investigated the effects of H+-ATPase inhibition on A P P processing. Inhibition of 

this enzyme resulted in increased A p secretion in kidney 293 cells stably transfected 

with wild-type APP, while decreased A p production was observed in cells transfected 

with the Swedish A P P mutation (Haass et al, 1995). This suggests that not only could 

increased levels of A P potentially affect cellular respiration, but impaired mitochondrial 

enzyme activity could lead to abnormal A P P processing and increased levels of A p 

production in cases where mutations are not present in the A P P gene. This could have 

the effect of an ever-perpetuating cycle of pathology contributing towards 

neurodegeneration in A D . 

Apart from altered levels and impaired activity of mitochondrial enzymes in A D , 

post-translational modifications have also been investigated. ATP-synthase p-chain was 

found to be affected by lipoxidative damage in the Fc of A D brains (Pamplona et al, 

2005). It is possible that oxidative stress from already impaired cellular respiration 

could lead to oxidative modifications of proteins, including those involved in oxidative 

phosphorylation. Alternatively, oxidative stress resulting from impaired H 2 0 2 clearance 

in the presence of excess levels of A p in A D could lead to oxidative modifications of 

mitochondrial proteins with resultant functional impairment of selected proteins and 

general mitochondrial dysfunction. This event would then lead to exacerbation of A D 

pathology and progressive neurodegeneration. 

Accumulation of the a-chain of ATP-synthase in cytosol of degenerating 

neurons has been observed in early stages of the neurofibrillary degenerating process in 

A D (Sergeant et al, 2003). In addition, a c D N A microarray study on a widely used and 

well characterized A D mouse model (the Tg2576 mouse over-expressing mutant human 

APP) revealed up-regulation of certain mitochondrial genes at two months of age, 

which is long prior to onset of pathologic manifestations (Reddy et al, 2004). This 
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suggests that mitochondrial dysfunction is an early event in A D and may play an 

integral role in promoting chronic neurodegeneration. 

To evaluate whether mitochondrial enzymes can be a valuable peripheral 

biomarker for A D it is important to consider their presence in peripheral tissues such as 

the blood. Oxidative stress has been noted in platelets from A D cases (Kawamoto et al., 

2005). One study reported decreased activity of cytochrome c oxidase in A D platelets 

in combination with diminished A T P levels (Cardoso et al, 2004a) while another study 

observed significantly decreased C O X activity but no significant change in A T P 

synthesis or FIFO-ATP hydrolysis activity between A D and control platelet 

mitochondria (Bosetti et al, 2002). Therefore, further studies to evaluate mitochondrial 

oxidative phosphorylation complexes as peripheral biomarkers for A D are clearly 

warranted, with C O X activity showing promising results from two independent studies. 

6.4.2.2.3 Calmodulin 

A decrease in calmodulin levels, in particular in soluble brain extract fractions, 

was detected in the Fc of A D brains in the current study. Calmodulin is an intracellular 

Ca2 receptor with high affinity and specificity for calcium. Its primary amino acid 

sequence is highly conserved amongst species and, apart from mediating Ca2 + transport 

and Ca2 linked nucleotide and glycogen metabolism (as Ca2 + dependent activator of a 

variety of enzymes), it also plays a role in the cell cycle progression and is associated 

with a number of intracellular structural proteins (for reviews see (Means and Dedman, 

1980; Sano et al, 1988). While ubiquitously expressed in eukaryotic cells, calmodulin 

is present in high concentrations in the brain where it is a major calcium-binding protein 

and is mainly localized in neurons, showing a similar distribution to neuron specific y-

enolase (Seto-Ohshima et al, 1984; Seto-Ohshima et al, 1987). Intracellularly, 

calmodulin is found within the cytoplasm and processes of neurons, primarily at 

postsynaptic sites within neuron cell bodies and in dendrites (Wood et al, 1980). 

Strong evidence exists in support of a hypothesis implicating disrupted calcium 

homeostasis in A D pathogenesis (as reviewed by Mattson et al, 2000; Mattson and 

Chan, 2001; LaFerla, 2002). This is of particular pertinence considering that PSI not 

only plays an integral role in A P P processing, but is also involved in calcium 

homeostasis (Leissring et al, 2000; Yoo et al, 2000; Smith et al, 2002; Herms et al, 

2003). One hypothesis proposes that mutations in PSI can lead to perturbation of 

cellular calcium homeostasis, thus promoting oxidative stress and sensitizing neurons to 

apoptotic death (Guo et al, 1997). Direct assessment of calmodulin levels in AD brain 
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by immunohistochemistry revealed decreased calmodulin immunoreactivity in A D Fc 

(Solomon et al, 2001). Radioimmunoassay for calmodulin levels in A D cerebral cortex 

found decreased levels of calmodulin in frontal, temporal and parietal cortex, while 

levels of this protein were not reduced in brain tissue affected by non-AD dementias 

(McLachlan et al, 1987). This suggests specificity for calmodulin as a biomarker for 

A D pathology in brain tissue. Furthermore, the same study reported that calmodulin 

isolated from A D temporal cortex also had decreased activity, as demonstrated by 

reduced efficacy to activate 3',5' cyclic nucleotide phosphodiesterase (McLachlan et 

al, 1987). 

The current study, therefore, confirms previous findings of reduced calmodulin 

levels in A D brain tissue. Furthermore, significant reductions in only the soluble 

fraction of the brain extract suggest reduced levels of calmodulin specifically in easily 

accessible cellular compartments such as somata. It is, therefore, plausible to suggest 

that there might be a shift in intracellular calmodulin distribution, perhaps from 

cytoplasm to microtubule associated cytoskeletal regions. This hypothesis could be 

tested by gradient centrifugation of brain extracts and investigation of calmodulin levels 

in various fractions pertaining to sub-cellular organelles as well as by ultrastructural 

comparison of calmodulin localization in A D vs control brain cells using electron 

microscopy. 

Ca2+/calmodulin-dependent protein kinase II (CaCaMKII) is involved in tau 

phosphorylation (reviewed by Brion, 1992). Shifts in intracellular calmodulin, could 

therefore, potentially lead to altered activity of this kinase and aberrant tau 

phosphorylation which could contribute towards A D pathology. N F T s in A D neurons 

compromise cellular cytoskeleton integrity. Calmodulin plays a regulatory role in cell 

cycle progression and research on stably transfected cell lines has shown that elevated 

calmodulin levels are associated with decreased levels of tubulin m R N A and can 

influence the organization of microfilaments, intermediate filaments and microtubules 

(Rasmussen and Means, 1992). It is, therefore, possible that a decrease in calmodulin or 

a shift in its intracellular localization may modulate cellular cytoskeletal integrity and 

contribute towards increased susceptibility of A D neurons to a variety of insults. 

While there is ample evidence to implicate calmodulin in pathological 

mechanisms in the A D brain, it remains to be established whether calmodulin levels are 

significantly altered in peripheral tissues such as plasma, in order to establish 

calmodulin as a candidate biomarker for A D diagnosis. However, evidence of aberrant 

calmodulin function in A D peripheral tissues does exist. Perturbed C a 2 + homeostasis 
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has been detected in lymphoblasts from late-onset A D sufferers and it has been 

suggested that this may be due to impaired or diminished intracellular calcium binding 

structures (as reviewed by Ibarreta et al, 1997a). However, an examination of one of 

the three genes encoding calmodulin, CALMS, did not reveal the presence of any 

mutations within the region encoding the calcium-binding domain of this gene in A D 

subjects (Ibarreta et al, 1997b). It remains to be established whether promoter 

polymorphisms may be present in CALM3 or the other two genes codifying calmodulin. 

Such polymorphisms may lead to altered transcription of the genes and altered levels of 

calmodulin in A D lymphocytes and lymphoblasts. 

Very recently, a single nucleotide polymorphism in CALM1 has been linked to 

hip osteoarthritis in a Japanese cohort (Mototani et al., 2005). Further investigation into 

the aberrant Ca2+ homeostasis revealed enhanced proliferation of A D immortalized 

lymphocytes in culture supplemented with serum compared to lymphoblasts from 

healthy controls, and that administration of calmodulin antagonists abrogated this 

process and led to increased sensitivity of cells to serum withdrawal specifically in A D 

lymphoblasts (Urcelay et al, 2001; de las Cuevas et al, 2005). Reactivation of mitotic 

events in mature neurons tends to lead to cell death rather than neuronal division. 

Potential mechanisms of cell cycle activation in A D neurons and implications for cell 

fate are discussed in two recent reviews (Herrup et al, 2004; Arendt, 2005). A n 

observation of similar changes in peripheral cells of A D patients strengthens the case 

for cell cycle proteins as potential biomarkers for A D diagnosis. 

Future directions for the current study include examination of calmodulin levels 

in A D plasma and white blood cells. Furthermore, assessment of post-translational 

modifications, such as glycosylative changes or signs of oxidative damage could help to 

elucidate mechanisms of A D pathology associated with calmodulin. This analysis may 

also provide additional marker characteristics for calmodulin that could increase its 

sensitivity and specificity for A D diagnosis. In addition, an investigation of 

polymorphisms in the promoter region of the calmodulin genes could provide important 

information with regard to the cause of altered levels of calmodulin observed in A D 

brain tissue and could provide a valuable novel biomarker for A D diagnosis. 

6.4.2.2.4 Brain acid soluble protein 1 

Brain acid-soluble proteins (BASPs) constitute a group of very acidic proteins 

enriched in brain tissue that show abnormal mobility during S D S - P A G E electrophoresis 

(Mosevitsky et al, 1994). B A SP1 and B A S P 3 appear to be novel proteins, while 
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BASP2-1 and BASP2-2 were identified as two forms of neuronal GAP-43 (also known 

as neuromodulin)(Mosevitsky et al, 1994). However, even B A S P 3 showed 

immunological similarity to GAP-43. Only B A S P 1 showed no immunological affinity 

with the other members of this protein group and immunological properties were 

species specific (Mosevitsky et al, 1997). B A S P 1 is also called brain abundant, 

membrane attached signal protein 1 or neuronal axonal membrane protein (NAP-22), 

while rat and bovine BASP1 homologues are known as 22 kDa neuronal tissue-enriched 

acidic protein (NAP-22) and the chicken homolog is known as 23 kDa cytoskeleton 

associated protein (CAP-23) (Park et al, 1998). Compared to human BASP1, bovine 

NAP-22 is 8 0 % identical in amino acid sequence, while rat NAP-22 shows 7 0 % and 

chicken CAP-22 shows 4 5 % amino acid sequence identity to human BASP1 

(Mosevitsky et al, 1997). BASP1 is a relatively novel protein and further studies on 

this human member of the brain acid soluble proteins need to be conducted in order to 

investigate its role in the brain and potential role in neuropathological mechanisms. The 

current study appears to be the first to link reduced levels of BASP1 to A D pathology. 

This novel finding remains to be confirmed by Western blot and / or 

immunohistochemical analysis. This will be conducted as soon as a specific anti-

human BASP1 antibody becomes available. 

NAP-22, displays highly anomalous migration on denaturing electrophoresis 

(SDS-PAGE) (Maekawa et al, 1993), which might be due to myristoylation of this 

protein. This phenomenon may account for discrepancies between the predicted 

molecular weight for BASP1 of 22.6 kDa and the observed molecular weight of close to 

50 kDa in the current study. Other proteins that are myristoylated and exhibit similar 

misbehaviour on SDS-PAGE gels include M A R C K S (myristoylated alanine-rich C 

kinase substrate) with a molecular weight of 29.7 kDa but migrating to the 70-80 kDa 

range on the gel and the neuronal protein Neurogranin which has an actual molecular 

weight of 7.5 kDa but apparent SDS-PAGE migration pattern between 14 to 20 kDa 

(Tejero-Diez et al, 1999). GAP-43, a neurospecific calmodulin-binding protein 

(Alexander et al, 1988; Baudier et al, 1989), with an actual molecular weight of 

23.6kDA migrates to a position of around 40-50 kDa (Tejero-Diez et al, 1999), which 

is similar to the observed discrepancies for BASP1 in the current study. Shifts in 

molecular weight of these proteins are also dependent on acrylamide concentration with 

increased acrylamide concentration paradoxically resulting in faster migration of these 

proteins and vice versa (Tejero-Diez et al, 1999). This underlines the importance of 
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peptide mass fingerprinting or amino acid sequencing in the accurate identification of 

proteins from 2 D E analysis. 

NAP-22, the rat homolog of BASP1, has been identified as a major membrane 

protein in the brain, and immunostaining has localized it to growth cones as well as cell 

bodies and dendritic protrusions of rat neurons in primary culture (Maekawa et al., 

1993). Quantification of NAP-22 in highly purified synaptic vesicle fractions revealed 

that this protein accounted for approximately 1.3% of the total protein in that fraction 

(Yamamoto et al, 1997). Furthermore, it appeared to be situated on the external surface 

of the synaptic vesicle membrane, which prompted authors to suggest that it may be 

involved in synaptic vesicle cycling (Yamamoto et al, 1997). One developmental study 

suggests that NAP-22 may play a role in the maturation or maintenance of synapses by 

controlling cholesterol-dependent membrane dynamics (Kashihara et al, 2000). 

Furthermore, it has been shown that NAP-22 is capable of binding to liposomes made 

from phosphatidylcholine and cholesterol and that this binding occurred in a cholesterol 

concentration dependent manner (Maekawa et al, 1999). High serum cholesterol levels 

have also been linked to A D (for a review see Michikawa, 2004). Therefore, it is 

possible that cholesterol imbalances may lead to abnormalities in NAP-22 membrane 

insertion in synaptic vesicles, which may compromise synaptic vesicle integrity. In 

addition, decreased levels of B A S P 1 in A D may further contribute towards decreased 

synapse integrity and increase vulnerability to a range of other pathological 

mechanisms. 

Like GAP-43, B A S P 1 / NAP-22 shows Ca2+-dependent calmodulin binding 

activity (Maekawa et al, 1993). Phosphorylation of NAP-22 by protein kinase C was 

shown to inhibit its association with calmodulin, while calmodulin in turn prevented the 

phosphorylation reaction from taking place (Maekawa et al, 1994). Furthermore, 

calmodulin was also found to inhibit NAP-22 integration into liposomes in a dose-

dependent manner (Maekawa et al, 1999). The presence of an N-terminal myristic acid 

residue appears to play an important role in the specific manner of calmodulin binding 

to NAP-22 (Hayashi et al., 2000). This sets the brain acid-soluble proteins apart from 

other calmodulin binding proteins and it becomes an observation of special interest that 

levels of both of these proteins were found to be decreased in A D Fc. A n investigation 

of BASP1 / calmodulin interaction may provide a further piece in the puzzle in the 

myriad of pathogenic mechanisms linked to A D . 

BASP1 can also be regarded as a potential candidate in the search for peripheral 

biomarkers for A D . While this protein was found to be particularly enriched in the 
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brain, high levels have also been observed in other organs, including kidneys, testes and 

lymphoid organs such spleen and thymus (Mosevitsky et al, 1997). Thus, an extension 

of the current study will involve investigation of B A S P 1 levels in white blood cells 

isolated from peripheral blood obtained by venipuncture. Furthermore, m R N A levels of 

BASP1 will be assessed in brain an peripheral tissues from A D sufferers and control 

subjects to determine whether the decrease in levels could be associated with decreased 

expression of the gene. With regard to the interaction between B A S P 1 and calmodulin, 

an assessment of a potential correlation between B A S P 1 and calmodulin levels or 

calmodulin levels and BASP1 phosphorylation status could provide valuable 

information about A D pathogenic mechanisms. Furthermore, changes in the above 

mentioned correlations between A D and control cases may provide a suitable set of 

biomarker characteristics for A D diagnosis. 

In summary, TRIzol™ extraction of proteins from brain tissue has led to the 

identification of several potential biomarkers for A D pathology, some of which could be 

potential candidates for peripheral biomarkers in A D diagnosis. A n outline of the 

characteristics of the four identified candidate proteins: G F A P , H + ATP-synthase, 

Calmodulin and BASP1 is provided in figure 6.10. 
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Figure 6.10 Summary of interplay between potential candidate biomarkers for A D 
and A D pathological mechanisms: 

V S F A P marks reactive astrocytes 

> Levels T with severity of 
inflammatory pathology 

>• May interact with y-secretase and 
alter Ap levels 

^ i Calmodulin levels may lead 
to calcium dyshomeostasis 
-> A D pathology 

>• Compromised cell cytoskeleton 
(tau phosphorylation) ? 
-> Neurodegeneration 

>AD neuropathology could lead 
A D pflthotbby t0 ̂  ca'roodulin levels 

^ATP-synthase 5*v ..' A Calmodulin 
_______ • 

^ l ATP-synthase levels signal 
aberrant mitochondrial respiration 

-> i cellular ATP 
-» t Oxidative stress 
-» Neurodegeneration 

>AD neuropathology could lead 
to i ATP-synthase levels | BASP1 

>• Interaction between 
calmodulin and BASP1 
may play a role in A D 
pathology ? 

>>L BASP1 levels may lead to 
compromised synaptic vesicle integrity 
-> Neurodegeneration 

>AD neuropathology could lead to 
i BASP1 levels 

(Immunohistochemcial images modified from Okazaki and Scheithauer, 1988 p.220 and 
Rubin and Farber, 1988 p. 1172). 
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6.4.2.3 Sequential extraction of brain proteins for2DE 

TRIzol™ extraction of proteins for 2 D E analysis is a very useful method when 

only small quantities of tissue are present as this technique enables the simultaneous 

extraction of D N A (for genotyping) and R N A (for expression analysis) from the same 

tissue sample. A further advantage of TRIzol™ extraction is the removal of lipids, 

D N A and excess salt from the sample that might otherwise cause problems during the 

isoelectric focusing step. Employment of this technique in the current study led to the 

identification of four candidate A D biomarkers that will be further investigated. 

However, one shortcoming of this method is that an attempt is made to extract and 

separate the entire proteome of the tissue sample in one procedure and view all proteins 

on the same S D S - P A G E gel. As was demonstrated by the analysis of plasma by 2DE, 

the most abundant proteins and those most soluble in the extraction buffer used will 

tend to dominate the protein map created, while less abundant proteins may not be 

detected. 

Thus, while TRIzol™ extraction can offer a wide range of applications for one 

tissue sample, other techniques, such as pre-fractionation or sequential extraction 

procedure, may provide better visualization of a wider range of proteins from the same 

tissue sample. Brain tissue has its own challenges with a great abundance of 

hydrophobic membrane bound proteins. Therefore, the next step in the current study 

was to use sequential extraction procedures for protein pattern comparisons between 

A D and control brains. While this approach did not allow for harvesting of R N A from 

the same tissue sample, it has already produced a larger yield of potential candidate 

proteins from only the first and most soluble protein fraction examined. 

Brain tissue samples were extracted using methods based on protocols by the 

Australian Proteome Analysis Facility (APAF). Brain tissue samples were first 

extracted using 2 0 m M Tris buffer with protease inhibitors in order to release proteins 

that are easily soluble in aqueous solution and do not require rigorous procedures to 

detach them from membranes. After centrifugation at 20,000g for 30 minutes, the 

supernatants were taken for protein map analysis while the pellets were further extracted 

using buffers with multiple chaotrope (urea and thiourea) and / or multiple surfactant 

solutions (CHAPS, Sulfobetaine 3-10, ASB-14) in order to enhance solubilization of 

more hydrophobic proteins and liberation of membrane bound proteins. However, 

isoelectric focusing and second dimension S D S - P A G E on the less soluble protein 

fractions often resulted in smeared protein patterns rather than resolved spots. This may 

be due to the increased content of more alkaline and hydrophobic proteins that would 

246 



Chapter 6 Screen for AT) (Biomarkers in human AT) tissues 

have a greater tendency to precipitate during the isoelectric focusing procedure or 

equilibrate poorly prior to second dimension resulting in incomplete transfer during the 

S D S - P A G E step. 

One of the greatest challenges for proteome analysis is the solubilization of 

hydrophobic / membrane bound proteins and numerous approaches have been 

developed by various research groups to optimize membrane protein extraction from a 

wide variety of tissues and cell types (Lehner et al, 2003; Ephritikhine et al, 2004; 

Bunai and Yamane, 2005; Righetti et al, 2005). The use of narrower range IPG strips 

in the basic p H range in combination with cup-loading procedures that allow protein 

loading on one end of the IPG-strip (the basic or acid end as required) as well as protein 

load adjustments could help to minimize protein precipitation. Prior delipidation and 

D N A extraction could also improve the outcome by removing lipid and charged species 

that could interfere with the isoelectric focusing. 

However, the most soluble fraction (Tris extract) resulted in rich, well resolved 

protein patterns that enabled detection of numerous potential protein candidates 

showing differential spot patterns for A D and control cases. For that reason and due to 

time limitations, the current project focused on the characterization of the soluble 

fraction of proteins from A D and control Fc brain tissue. Optimization of membrane 

protein extraction procedures for brain tissue will be conducted in future studies. 

Using Mann-Whitney Signed Rank test at a 9 9 % confidence level 25 and 20 

candidate spots of interest were detected when comparing P S l m to control cases and 

O A D cases to controls respectively. A comparison between P S l m and O A D cases 

revealed 11 spots of interest, most of them increase in levels for P S l m cases. This 

finding might suggest that increased protein expression (or decreased protein 

degradation) occurs in brains of P S l m when compared to O A D cases. It is unlikely that 

such observations are purely artefactual, since measures were taken to minimize 

introduction of experimental error. All brain tissue samples were treated in the same 

manner throughout the study. Assays on all samples were performed using the same 

batch of buffers and where possible all samples were assayed in one experiment or on 

the same day. Normalization was performed to account for potential technical 

variations. While these measures cannot eliminate all experimental variation, it is more 

likely that significant differences in spot intensities in the current study are due to true 

variation within the samples examined, rather than experimental procedure. 

Furthermore, the minimum numbers of samples / gels that spots were detected 

and compared in was 6 out of 11 P S l m compared to zero out of 17 control gels, or six 
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out of 11 P S l m gels vs zero out of eight O A D gels (see Table 6.2). Nevertheless, 

whenever spots were detected in relatively low numbers of individual samples for both 

of the two separate groups compared in each analysis, these spots will be treated with 

caution. Such spots are more likely to represent "false-positives" than those that could 

be detected in a larger number of samples for both or at least for one of the groups in 

each comparison. Apart from validation of candidates by specific protein / m R N A 

detection procedures used on the brain samples in the current study, these suspect spots 

may require additional validation in a larger sample group. 

Interestingly, a comparison of spots with differential expression between more 

than just one group comparison showed that four spots appeared to have up-regulated 

levels in both P S l m and O A D cases compared to controls (Table I, Appendix XII, page 

A13), suggesting that these proteins may belong to pathways commonly affected in A D 

caused by PSI mutations as well as other forms of A D . One spot however, was 

significantly decreased in the P S l m group compared to both the control cases and the 

O A D group, suggesting that levels of this protein may be affected by PSI mutations. 

Such spots are of highest interest since they may provide novel information about 

differential mechanisms involved in familial A D caused by PS 1 mutations compared to 

other forms of A D . 

A variety of proteomic analyses, many employing 2 D E have been conducted to 

investigate pathological mechanisms of neurodegenerative diseases. Butterfield and 

Boyd-Kimball (2004) provide a comprehensive review of the literature published over 

the recent years, with particular focus on proteomic analysis of A D brain, plasma and 

CSF samples, as well as discussions of techniques used, candidate proteins identified 

and post-translational changes examined, such as differential oxidative and 

phosphorylation patterns (Butterfield and Boyd-Kimball, 2004). 2 D E comparison of 

protein maps from A D and control brain tissue found altered levels of ATP-synthase 

subunit precursors in A D temporal cortex (Tsuji et al, 2002). Interestingly, one 

research group used laser capture microdissection to isolate amyloid plaques from 

postmortem human A D brain tissue. Liquid chromatography in combination with 

tandem mass spectrometry was used to analyse protein composition within the plaques 

(Liao et al, 2004). Apart from obvious markers, such as increased A P and G F A P 

levels, which can be used as positive controls for the analytical procedure, elevated 

levels of Ca2+ tansporting ATPase were also detected in A D plaques (Liao et al, 2004). 

Moreover, one research group used 2 D E analysis to compare protein profiles from 

various brain regions (including temporal and entorhinal cortex, hippocampus, 
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cerebellum, cingulate gyrus and sensorimotor cortex) of A D and control cases. 

Interestingly, amongst a variety of changes between A D and control brains, increased 

levels of Cu/Zn S O D (SODl) were detected in A D hippocampus (Schonberger et al, 

2001). This finding is of particular relevance to the current study considering increased 

levels of S O D l were detected in A D Fc brain tissue (see Chapter 3). Thus observations 

from the current study of increased S O D l and decreased ATP-synthase P-chain levels 

in A D Fc brain tissue provide further evidence in support of recent literature to 

implicate mitochondrial dysfunction and increased oxidative stress mechanisms in A D 

pathology. 

Another recent study performing quantitative 2 D E analysis on A D and control 

brain tissue identified, apart from increased levels of G F A P , altered levels of a range of 

enzymes, molecular chaperones and cytoskeletal proteins in the A D brain (Shiozaki et 

al, 2004). This study employed a sequential extraction procedure that separated 

proteins into two separate fractions (one using NP-40 and urea for solubilization, the 

other using both urea and thiourea as well as both SB3-10 and C H A P S detergents for 

greater membrane protein solubilization capacity). The authors concluded that 

sequential extraction of brain tissue samples can be a useful technique for analyzing 

hydrophobic proteins in the search for A D biomarkers (Shiozaki et al, 2004). With 

regard to the intricacy of membrane-associated protein complex interactions in A D 

(such as the y-secretase complex with proteins like the presenilins that have numerous 

hydrophobic, transmembrane spanning domains), improving solubilization of 

membrane bound and hydrophobic proteins is an important consideration for 

comprehensive protein profile analyses. 

Therefore, sequential extraction procedures to create discrete pools of proteins 

for separate examination of different fractions have emerged as a promising way for 

better detection of a larger assortment of proteins from a wider range of subsets 

pertaining to variability in isoelectric points (acidic as opposed to alkaline) and 

hydrophobic vs hydrophilic properties. This approach may facilitate the creation of 

more comprehensive final protein profiles for the whole tissue sample. In addition 

designing experiments with such considerations in mind could eliminate some problems 

associated with limits to loading capacity of IPG strips and could enable improved 

detection of lower abundance proteins. Sequential extraction of proteins for 2 D E 

analysis will be integrated in our laboratory as a routine approach for future studies, 

with ongoing optimization of protocols to continue to improve extraction and solubility 

of membrane bound hydrophobic proteins. 
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6.4.2.4 Oxidative protein modifications in A D brains 

The current observation of decreased levels of the mitochondrial respiratory 

chain enzyme ATP-synthase in combination with increased levels of the antioxidant 

enzyme S O D l (Chapter 3) in A D Fc clearly indicates that oxidative mechanisms are 

likely to be present and contributing to pathology in the A D brain. Impaired glucose 

utilization in A D entorhinal cortex as determined by 2-[(18)F] fluoro-2-deoxy-D-

glucose/positron-emission tomography (FDG/PET) has been associated with M C I (de 

Leon et al, 2001). Impaired glucose utilization could also be an effect of mitochondrial 

dysfunction. Furthermore, mitochondrial dysfunction also results in increased 

generation of R O S and can lead to cellular apoptosis (Emerit et al, 2004). The brain 

consumes large quantities of total body oxygen relatively to its weight and brain cell 

membranes contain large quantities of polyunsaturated fatty acid side chains that are 

vulnerable to R O S attack (Rao and Balachandran, 2002). It is, therefore, not surprising 

that oxidative stress is a commonly observed feature in the A D brain manifesting as 

lipid peroxidation, D N A damage and protein damage by carbonyl formation, as 

discussed in Chapter 1, Section 1.2.3.4). Signs of oxidative stress have been observed 

very frequently in the A D brains prompting numerous reviews on this subject that 

expound mechanisms of oxidative stress induced neurodegeneration, and discuss 

techniques for measurement of oxidative stress characteristics as markers of A D 

pathology (Gibson and Huang, 2002; Rao and Balachandran, 2002; Butterfield and 

Castegna, 2003; Butterfield, 2004; Emerit et al, 2004). 

Therefore, examining the A D brain for oxidative changes provides an 

opportunity to discover novel biomarkers for A D pathology. Oxidative damage of 

proteins manifests as carbonyl formation, which can occur through R O S mediated 

oxidation of side-chains of certain amino-acid residues (Stadtman and Berlett, 1997). 

Professor Butterfield and his research team are experts at measuring carbonyl 

modifications of proteins by 2 D E and were the first to employ their techniques to 

identify oxidatively modified proteins in sporadic A D brains (Castegna et al, 2002a; 

Castegna et al, 2002b). In a collaboration with Professor Butterfield oxidatively 

modified proteins were detected in Fc from A D cases with PSI mutations. These 

candidate proteins were enolase 2, P-actin, dimethylarginine dimehtylaminohydrolase 1 

( D M D M A H - 1 ) and ubiquitin carboxy-terminal hydrolase LI (UCHL-1). Professor 

Butterfield's group had previously found U C H L - 1 and a-enolase to also be oxidatively 

modified in sporadic A D parietal lobe tissue (Castegna et al, 2002a) and P-actin was 

250 



Chapter 6 Screen for AT) (Biomarkers in human AT) tissues 

found to be oxidatively modified in temporal cortex of sporadic A D brains (Aksenov et 

a/., 2001). 

UCHL-1 appears to have dual functions. It has catalytic hydrolase activity to 

break peptide-ubiquitin bonds in order to recycle ubiquitin for cellular maintenance of 

ubiquitin levels. In addition, a recently discovered ubiquityl ligase activity of dimeric 

UCHL-1 has been shown to promote alpha synuclein aggregation and has been linked to 

Parkinson's disease (Liu et al, 2002c; Healy et al, 2004). Proteasomal dysfunction has 

been associated with a number of neurodegenerative disorders including A D (Forloni et 

al, 2002). Should proteasomal-facilitated protein degradation be disturbed by oxidative 

modification of UCHL-1, this could result in increased ubiquitination of proteins with 

consequent abrogation of normal proteasomal degradation mechanisms and resultant 

accumulation of protein aggregates in AD brain tissue (Butterfield et al, 2003; 

Butterfield and Boyd-Kimball, 2004). In addition, unstable UCHL-1 ubiquityl ligase 

activity could conceivably affect ubiquitination of other molecules that may play a role 

in A D pathology. Expression of UCHL-3, a homolog of UCHL-1 (with possible 

functional redundance) has been detected in thymus by in situ hybridization (Kurihara et 

al, 2000). Therefore, examination of UCHL-1 in peripheral leukocytes could be 

performed to evaluate this protein as a potential biomarker for A D . 

While a-enolase was found to be oxidized in sporadic A D (Castegna et al, 

2002a), its isoenzyme y-enolase showed carbonyl modification in Fc from A D cases 

with PSI mutations (current study). Enolases catalyze the conversion of 2-

phosphoglycelate to phosphoenolpyruvate in glycolysis and are dimers that can be 

formed from three subunits (a, P and y) (Koyama, 1995). While a-enolase is known as 

non-neuronal enolase, y-enolase is present at high concentrations in nervous tissues and 

the neuroendocrine system and is known as neuron specific enolase (Haimoto et al, 

1985; Pechumer et al, 1993). Reduced levels and decreased activity of y-enolase have 

also been detected in a various regions of the A D brain (Kato et al, 1991; Burbaeva, 

1992). It is conceivable that oxidation of enolase enzymes could affect their levels in 

tissues as well as lead to reduced A T P production, which is consistent with diminished 

energy utilization detected in A D brains by P E T scans (Messier and Gagnon, 1996; de 

Leon et al, 2001). Detectable levels of y-enolase isoenzyme as well as the specific 

m R N A species have been reported in tissues other than the nervous system (Haimoto et 

al, 1985; Pechumer et al, 1993; Koyama, 1995). These include y-enolase protein in 

lymphocytes, plasma cells and platelets (Haimoto et al, 1985) and m R N A levels in 

leukocytes (Pechumer et al, 1993). Levels of y-enolase can even be measured in serum 
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and are used as tumor markers for certain neoplasms, such as neuroblastoma (Koyama, 

1995). Levels and oxidative status of enolase isoenzymes may in combination with 

other markers present useful tools for A D diagnosis. 

p-Actin has previously been shown to be oxidatively modified in sporadic A D 

brain (Boyd-Kimball et al, 2005) and to be a target for A p mediated protein oxidation 

(Aksenov et al, 2001). The current study has extended this finding to include familial 

A D cases with PSI mutations. Actin is a core subunit of microfilaments, which play an 

important role in the neuronal cytoskeleton by maintaining the distribution of membrane 

proteins, and segregating axonal and dendritic proteins (Beck and Nelson, 1996). 

Therefore, oxidation of this protein could lead to alterations in cytoskeletal structure and 

membrane fluidity and disrupted trafficking of synaptic proteins in axons. Since actin 

also plays a role in DRP-2 directed elongation of the growth cone, oxidative 

modifications could contribute towards loss of synapse and neuronal communication in 

sporadic as well as familial A D (Coleman and Flood, 1987). Actin in blood platelets 

(Bearer et al, 2002) could be analysed for differences in oxidative status between AD 

and control cases. Should differential actin oxidation also take place in the periphery, it 

may qualify actin oxidation status as another biomarker for A D pathology. 

Finally, D M D M A H - 1 was also found to be oxidatively modified in familial A D 

brain with PSI mutations. D M D M A H - 1 actively metabolises the nitric oxide synthase 

inhibitors NG-monomethyl-L-arginine ( L - N M M A ) and asymmetric NG,NG-dimethyl-

L-arginine ( A D M A ) (Ogawa et al, 1987; Masuda and Azuma, 2002) and is, therefore, 

involved in the regulation of cellular availability of nitric oxide (NO). Increased 

susceptibility to N O has been demonstrated in microglia as a result of PSI mutations 

(Hashimoto et al, 2002; Lee et al, 2002). Interestingly, significantly decreased levels 

of the N O synthase inhibitor A D M A have been shown in A D and correlated with 

decreasing cognitive function (Abe et al, 2001). Previously it has been suggested that 

A D M A may, therefore, play an important role in regulating N O synthesis in A D (Abe et 

al, 2001). However, it is now conceivable that oxidative modification of D M D M A H - 1 

may be an upstream event that could result in decreased A D M A and contribute towards 

the phenomenon of N O damage in A D pathology. The oxidative status of D M D M A H - 1 

in sporadic A D cases remains to be examined in order to determine whether the current 

observation is specific for A D caused by mutations in PSI. Furthermore, investigation 

of D M D M A H - 1 status in peripheral tissues such as blood leukocytes could be 

performed in order to evaluate D M D M A H - 1 as a biomarker for A D pathology. 
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H -transporting two-sector ATPase (ATP-synthase or complex V ) which was 

found to be decreased in A D Fc was recently reported to be oxidized in synaptosomes 

treated with AP42 (Boyd-Kimball et al, 2005). It is conceivable that A P induced 

oxidation of ATP-synthase in A D brain may lead to diminished levels of this enzyme, 

possibly by predisposing it to increased vulnerability for degradation by proteases. 

Interestingly, levels of U C H L - 1 , were found to be significantly decreased in A D 

entorhinal cortex (Schonberger et al, 2001), while G F A P which showed increased 

levels in A D brains in the current study (and previous reports in the literature) was not 

found to show significant carbonyl modifications in the A D brain when compared to 

control brains (Aksenov et al, 2001). If oxidation of proteins were a general event that 

affected all proteins equally, it is likely that a protein which shows comparatively high 

levels in the A D brain, such as G F A P , would present itself as an abundant target for 

these chemical modifications. Results from the current study in combination with other 

studies, therefore, suggest that oxidative damage to proteins in the A D brain may not be 

a global process that affects all proteins indiscriminately. 

Oxidative modifications of amino acid residues in proteins can result in loss of 

specific protein function, conversion of proteins to forms more susceptible to proteinase 

degradation or formation of cross-linked aggregates resistant to degradation by 

proteases (Stadtman, 1990; Dean et al, 1997; Stadtman and Berlett, 1997). Loss of 

protein function, reduced protein levels and protein aggregation are all features 

observed in A D . However, if only selected proteins are targeted, their specific loss of 

function could play a role in the progession of A D pathology. Oxidative modification 

may, therefore, not only provide means for the discovery of suitable novel biomarkers 

for A D diagnosis, but it is likely an event that affects the rate of A D progression. Even 

though extensive research has increased our knowledge about A D associated proteins 

(such as A P , APP, tau and the secretase associated proteins) and their mechanisms of 

action, it would still be of interest to examine oxidative modifications of these known 

proteins, as well as in novel biomarker candidates that show abnormal function or 

differences in levels in A D . Should certain proteins be found to be more oxidatively 

modified than others this may contribute towards an explanation of their altered 

function. 

This is of particular interest since a recent study has identified active y-secretase 

complex formation capable of cleaving A P P and producing A p inside the mitochondria 

(Hansson et al, 2004). Therefore, it is possible that y-secretase proteins can be the 

cause of oxidative stress generation and induction of apoptotic mechanisms in the 
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mitochondria, thus leading to neuronal demise. Alternatively, excessive generation of 

R O S in the mitochondria could be an initial event with detrimental consequences for y-

secretase function. This could lead to induction of A D pathological events, particularly 

for sporadic A D cases where the reason for an initiation of increased A p generation is 

elusive. Although, such oxidative modifications are unlikely to provide the full picture 

to explain neurodegeneration, it is nevertheless important to explore every avenue that 

may lead to A D pathology and piece together all parts of the puzzle in order to obtain a 

comprehensive picture that can be addressed with specific and effective treatment 

strategies. 

It is important to separately examine cases with PSI mutations, since mutations 

in PSI lead to more pronounced A D pathology earlier in the disease progression. 

Studies in mutant PSI knock-in mice have shown oxidatively modified synaptosomal 

membrane proteins in these animals compared to their wild-type counterparts, and have 

also reported that PSI mutations could lead to oxidative stress associated 

conformational alterations in synaptosomal protein structures (LaFontaine et al, 2002). 

In addition, in vivo examination of a mouse model with multiple PSI mutations showed 

decreased activity of S O D l and glutathione reductase in these animals (Leutner et al, 

2000). Since this change was already observed at the early age of three to four months, 

it is likely that it does not correspond to non-specific changes caused by end-stage 

pathology, but may represent early events in A D caused by PSI mutations. This 

suggest that, apart from altered A P P processing, PSI mutations could lead to additional 

pathological events (including oxidative stress) not necessarily in the same manner as 

proposed for sporadic A D cases. 

At a 9 5 % confidence level of significance, comparison of Fc tissue from O A D , 

PSlm and control cases provides further evidence for increasing numbers of carbonyl 

modified proteins in the A D brain, in particular in Fc tissue from cases with PSI 

mutations, when compared to controls. A comparison between P S l m and O A D Fc, on 

the other hand, shows similar numbers of proteins with increased or decreased carbonyl 

levels in P S l m compared to O A D cases. W h e n considering proteins with significant 

oxidative modifications in more than one comparison between two individual groups, 

three proteins were found to be of interest (Table II, Appendix XII, page A13). 

However, numbers were too small (three spots only) to clearly indicate whether PSI 

mutations lead to more oxidative changes in proteins than other forms of A D , though 

elucidation of these specific proteins will determine whether they have crucial 

functional roles in the brain and thus may be sufficient to compromise individuals with 
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PSI mutations more severely than O A D subjects. Despite small numbers, it was clear 

that in both P S l m and O A D groups more oxidative modification of proteins occurred 

than in control cases. All protein identities remain to be established through mass 

spectrometry fingerprinting and amino acid sequencing. Oxidative modification will 

validated through additional experiments, including immunoprecipitation of specific 

proteins followed by Western blot detection of carbonyl derivatives using the 

OxyBlot™ kit. It will then be possible to establish which proteins are differentially 

oxidized between P S l m or O A D and control cases or between P S l m and O A D cases. 

This may not only help to identify specific novel A D biomarkers, but may also 

contribute towards elucidating differences in pathological mechanisms between A D 

cases with PSI mutations and other forms of A D . 

6.4.2.5 Changes in glycosylation patterns in AD brains 

Glycation is the event in which a reducing sugar molecule (for example glucose 

or fructose) binds to a protein or lipid molecule in a chemical reaction (Maillard 

reaction) that is not controlled by enzyme action (McPherson et al, 1988; A h m e d and 

Furth, 1992; A h m e d et al, 2005). Aberrant glycation is a prominent feature in A D with 

numerous reports of accumulation of A G E s in A D tissues (Takeuchi et al, 2004). It is, 

therefore, worth investigating A G E s in various AD tissues as potential biomarkers for 

specific pathology. However, glycosylation, unlike glycation, is an enzyme-directed, 

site-specific process and one of the four principal post-translational modifications that 

membrane proteins, secreted proteins and proteins synthesized in the rough endoplasmic 

reticulum undergo (Alberts et al, 1983). The current study focuses on glycosylation in 

particular, since this is a specific site-directed process. Therefore, any potential patterns 

of changes observed in A D tissues must be due to interference with specific enzyme 

actions, and information gained from this study may not only provide novel biomarkers 

for A D pathology, but may also help to elucidate underlying mechanisms leading to 

propagation of pathological events in A D . 

The current study employed two different lectins, Concanavalin A (ConA) and 

Wheat Germ agglutinin ( W G A ) to examine differences in protein glycosylation patterns 

between A D and control Fc brain tissue. Lectins are carbohydrate-binding proteins 

(other than enzymes or antibodies) that bind to saccharide groups non-covalently and 

reversibly but in a highly specific manner (Ambrosi et al, 2005). C o n A (isolated from 

the jack bean) recognizes a-D-mannose (and a-D-glucose), which are commonly 

occurring sugar structures in a large range of serum and membrane glycoproteins (Smith 
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and Goldstein, 1967). W G A (purified from wheat), on the other hand, recognizes 

oligosaccharides with terminal V-acetylglucosamine and N-acetylneuraminic acid 

structures (Ambrosi et al, 2005). Both of these lectins are, therefore, useful in the study 

of /V-linked glycosylation (involving addition saccharides to the amide nitrogen of 

asparagines side chains) which is for many proteins a prerequisite for proper folding, 

and 0-linked glycosylation, which constitutes addition of saccharide groups to the 

hydroxy oxygen of serine and threonine side chains (Alberts et al, 1983). 

Glycosylation is also important in stabilizing proteins (preventing their untimely 

degradation), or it can play a role in cell-cell adhesion (Alberts et al, 1983). 

The current study optimized a 2 D E and Western blot approach for detecting 

glycosylation changes in brain tissue using C o n A and W G A lectins. Probing with 

ConA revealed a predominant trend for decreased glycosylation in both P S l m and O A D 

cases compared to controls with around two thirds of the candidate glycoproteins 

showing decreased glycosylation compared to one third showing increased 

glycosylation for both AD groups compared to controls. Only one protein had 

significantly different glycosylation between P S l m and O A D groups (Table 6.4), 

showing approximately double the signal intensity in P S l m compared to O A D samples. 

All these candidates will be identified and validated (by immunoprecipitation and one 

dimensional electrophoresis, followed by detection with specific antibodies and lectins). 

This may help to elucidate mechanisms of post-translational aberrations in protein 

processing involved in A D pathology. 

Of particular interest are candidates 7-9 for P S l m vs control cases (column 1, 

Table 6.4) and candidate 3 for O A D vs controls (column 2, Table 6.4). These proteins 

in both A D groups appear to have increased mannose or glucose glycosylation 

compared to controls. For P S l m vs control group comparisons, these three proteins 

were detected in all eight P S l m samples, and two out of three were also detected in all 

eight control samples. This suggests that these are either c o m m o n and relatively highly 

expressed proteins, or alternatively, lower abundance but highly glycosylated proteins. 

Candidate number 8 for P S l m cases is the same protein as candidate number 3 for O A D 

cases (see blot images Figure 6.8 and Table III, Appendix XII, page A13). This 

indicates that at least some of the glycosylation changes observed in A D are c o m m o n to 

both groups (regardless of presence or absence of PSI mutations) while other changes 

may be specific to one group or the other. While a decrease in glycosylation may be 

due to non-specific decline in post-translational modification activity of proteins in cells 
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under stress, an increase in glycosylation suggests a possible increase in level or activity 

of the respective enzymes involved and demands further clarification. 

In contrast, probing with W G A lectin showed only decreased glycosylation of 

proteins in both A D groups compared to controls (Table 6.5) and no differential 

glycosylation between P S l m and O A D cases. However, approximately twice the 

number of proteins was found to show a reduction in A^-acetylglucosamine or N-

acetylneuraminic acid structures when comparing P S l m rather than O A D cases to the 

control group. Four protein candidates showed reduced W G A reactivity in both PSlm 

and O A D cases compared to controls (Table III, Appendix XII, page A13) indicating 

that some underlying disturbances in glycosylation patterns may be common to various 

forms of A D . Reduced W G A binding to A D brain proteins is consistent with a report of 

decreased W G A reactivity to proteins from AD compared to control CSF (Fodero et al, 

2001). However, the larger number of candidates with decreased W G A binding for 

PSlm cases may possibly reflect the severe and aggressive pathological progression in 

cases with PSI mutations, compared to the often somewhat more gradual decline in 

O A D cases, particularly sporadic cases without known genetic predispositions or 

environmental risk factors. Alternatively, this observation could reflect specific 

glycosylation changes resulting from the presence of PSI mutations. Once the 

candidate proteins (for both ConA and W G A probing) are identified and validated, the 

underlying reasons for altered glycosylation will be investigated. This could be done 

effectively with in vitro studies using transfected cell lines. 

Aberrant glycosylation of proteins has previously been investigated in A D . 

Most notable has been the detection of altered glycosylation of A C h E in A D brain tissue 

and CSF. Assessment of differential binding of A C h E to various lectins suggested that 

this enzyme was devoid of terminal galactose, JV-acetylgalactosamine or fucose, but 

binding to ConA and W G A indicated a presence of a-mannose or a-glucose and N-

acetylglucosamine or A^-acetylneuraminic acid (Saez-Valero et al, 1999). The same 

study then used C o n A and W G A binding to examine differential glycosylation in A D 

brain Fc and cerebellum brain tissue as well as in CSF collected postmortem. Altered 

A C h E was detected in A D CSF and Fc but not in A D cerebellum. It was determined 

that this was due to expression of different isoforms of A C h E between A D and control 

cases (Saez-Valero et al, 1999). Subsequent analysis of A C h E in CSF collected 

antemortem by lumbar puncture also showed increased levels of an A C h E isoform with 

diminished binding to C o n A specifically for A D cases and not other forms of dementia 

(Saez-Valero et al, 2000). 
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Additional evidence for this finding was provided by a study using a transgenic 

mouse model of A D . Increased levels of the minor A C h E isoform that does not bind 

ConA were detected at early stages (as early as four months of age prior to plaque 

deposition in the brain) in A P P ( S W or Tg2576) mice compared to age-matched 

background strain controls (Fodero et al, 2002). Since soluble human A p could also be 

detected at a similar age in these animals, this finding indicates that examination of 

altered glycosylation patterns can be a productive method to detect altered isoform 

expression that may be an important event in the very early stages of initiation of A D 

pathology. Another recent publication describes a correlation between levels of 

glycosylated forms of A C h E and butyrylcholinesterase (BuChE) and duration of A D 

(Saez-Valero et al, 2003b). Therefore, A C h E appears to be a useful biomarker for 

monitoring of A D progression. However, though animal work suggests that changes in 

A C h E isoform expression can occur early in the A D brain, a correlation of altered CSF 

A C h E with duration of the disease indicates that this isoform m a y be a valuable marker 

to help improve definitive antemortem diagnosis of A D but it may not be available in 

CSF in sufficient levels for early diagnosis of the disease. 

Another important A D associated protein that has been examined for 

glycosylative alterations is tau. Early studies focused on lectin binding to plaques and 

neurofibrillary tangles. Histopathological examination of A D brains with biotinylated 

lectins (detected by avidin-horseradish peroxidase) revealed binding of Helix pomatia 

agglutinin (HPA), Dolichos biflorus agglutinin ( D B A ) and W G A but not other lectins 

including ConA to peripheral areas of plaques and W G A but not C o n A stained amyloid 

deposits in blood vessel walls (Szumanska et al, 1987). This is consistent with findings 

of decreased levels of the ConA binding A C h E isoform in A D brain and CSF, as 

discussed above. Furthermore, examination of N F T paired helical filaments for 

glycosylation patterns in A D by enzyme-linked lectin assay (with D B A and W G A 

lectins) and colloidal gold-labeled lectins in electron microscopy revealed a relative lack 

of binding of these lectins, thus indicating very low levels or absence of N-

acetylglucosamine or ̂ -acetylgalactosamine residues in N F T paired helical filaments 

(PHF) (Sparkman et al, 1990). However, further investigation and comparison 

between different forms of tau in A D and control cases is required to establish this 

observation as being linked to A D pathology. 

A more recent study isolated various pools of tau from A D and control brains, 

representing different stages of tau pathology: Normal tau from control brains (N-tau), 

non-hyperphosphorylated tau from A D brains (AD-tau), abnormally 
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hyperphosphorylated tau from A D brains ( A D P-tau) and paired helical filament 

aggregates (PHF). This study found differential binding of lectins (including ConA) to 

hyperphosphorylated tau isolated from A D brain compared to tau isolated from normal 

brain (Liu et al., 2002b). Further in vitro phosphorylation experiments indicating that 

glycosylated tau was a better substrate for cAMP-depedent protein kinase than the 

deglycosylated form. (Liu et al, 2002b). The same research group also showed that 

deglycosylation of tau can decrease subsequent phosphorylation of tau by protein kinase 

A at serine residues in vitro (Liu et al, 2002a). These studies provide evidence to 

indicate that glycosylation may predispose tau to hyperphosphorylation in A D . 

Interestingly, a subsequent study comparing (7-linked Af-acetylglucosamine 

glycosylation of tau-enriched cytoskeletal fractions from AD and control brains found a 

decrease of this type of glycosylation in A D cases (Robertson et al, 2004). The authors 

suggest an inverse relationship between 0-glycosylation and phosphorylation of tau, 

which is in contrast to findings discussed earlier. Further clarification of tau 

glycosylation effects on its phosphorylation state is clearly necessary and may help to 

establish tau glycosylation as a useful biomarker for A D pathology. 

The current study is not the first to use 2 D E for examination of differential 

glycosylation patterns in A D brains. Another research group has used a 2 D E approach 

employing a commercially available stain for carbohydrates (Pro-Q Emerald 300 dye) 

to compare protein maps from A D and control Fc (Kanninen et al, 2004). The authors 

report increased glycosylation of G F A P in the A D brain. In light of the discovery of a 

new splice variant of G F A P (GFAPe) that interacts with the presenilins (Nielsen et al, 

2002) this could have potential implications for y-secretase generation of A P in A D and 

requires further investigation. 

While using a non-specific dye to examine carbohydrate groups can yield useful 

information, the use of lectins allows for immediate determination of the specific sugar 

groups that are affected. Therefore, the current approach may provide more meaningful 

data quicker, since both the protein identity and type of glycosylation can be determined 

from the same analysis and only a small number of lectins cover the majority of sugar 

modifications found on proteins. Literature searches indicate that the present study may 

be the first to combine 2 D E with a lectin immunoblotting approach to examine 

differential glycosylation patterns of brain proteins in different A D and control groups. 

Analysis up to this point shows promise for the detection of further biomarkers for A D 

diagnosis using this approach. Once candidate proteins are identified in A D brain tissue 

their glycosylation status is also going to be compared between A D and control plasma 
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samples to determine whether changes in glycosylation patterns mirror those observed 

in A D brain and have potential for use as diagnostic markers for A D . 

A summary of oxidative and glycosylative changes observed in Fc protein 

extracts from PSlm, O A D and control cases and their potential relevance to A D 

pathology is provided in Figure 6.11. 
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Figure 6.11 S u m m a r y of interplay between A D pathology and potential oxidized 
candidate biomarkers of A D as well as protein glycosylation changes in A D : 
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6.5 Summary 

The current study has used 2 D E to compare protein extracts from Fc brain tissue 

of A D cases with PSI mutations, A D cases without PSI mutations and control cases 

without neurodegenerative disorders. Extraction by TRIzol allowed for comparison 

of total protein content of tissue samples and simultaneous extraction of R N A for 

expression analyses. Levels of G F A P were found to be increased in A D Fc brain, while 

levels of H+-ATP-synthase, calmodulin and B A S P 1 were decreased in A D cases 

compared to controls. Decreased levels of H+-ATP-synthase and calmodulin were 

confirmed by one dimensional electrophoresis and immunoblotting with specific 

antibodies. 

2 D E analysis was also performed on Fc brain tissue from A D and control cases 

after sequential extraction of proteins in an attempt to improve detection of lower 

abundance proteins and extraction of hydrophobic and membrane proteins. Analysis of 

the most soluble protein fraction has provided a number of potential candidate proteins 

that will be identified, validated and further investigated in future studies. 

Investigation of oxidatively modified proteins in Fc tissue from cases with PSI 

mutations revealed oxidation of D M D M A H - 1 , U C H L - 1 , P-actin and y-enolase. 

Comparison of profiles of oxidatively modified proteins from A D cases with and 

without PSI mutations and control cases revealed increased levels of oxidatively 

modified proteins in both A D groups (in particular the P S l m group) compared to 

control group Fc tissue. 

Examination of differences in glycosylation using 2 D E and lectin blotting 

revealed decreased N-acetylglucosamine/TV-acetylneuraminic acid glycosylation ( W G A 

binding) in A D cases, while C o n A probing revealed predominantly decreased a-

mannose/a-glucose glycosylation, but a small number of proteins showed increased 

ConA reactivity. 

The above study provides evidence that 2 D E analysis for differential protein 

levels and for assessment of post-translational modifications is a promising technique 

for the detection of biomarkers for A D diagnosis. Further work is needed for validation 

of these biomarkers and to assess their diagnostic significance either individually or in a 

select combination. 
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Chapter 7 

Biomarkers of AD pathology in brain tissue from AD mouse 

models 

7.1 Introduction 

Analysis of human tissue that shows the pathological signs of a given disorder is 

still the recognized standard for detection of underlying molecular changes that are of 

relevance to the disease state and represent changes that are specific not only to the 

illness itself but also to the tissue it targets. Therefore, analysis of human brain tissue is 

an integral part of this project and several candidate A D biomarkers have already been 

identified in human A D brain that will be evaluated as potential biomarkers for A D 

diagnosis by examining their levels or post-translational modifications in peripheral 

tissues such as plasma. 

While many studies using human brain tissue have successfully produced 

valuable data, working with human tissues, especially C N S tissues, has its limitations. 

These involve potential compromise of molecular species integrity through such factors 

as medical history, immediate antemortem status, agonal state and postmortem (and 

sometimes post-autopsy) intervals increasing tissue vulnerability to protein / R N A / 

D N A degradation (Hynd et al, 2003). Another obstacle in the human model is the 

inability to control experimental conditions tightly or to minimize genetic variability 

within a limited sample size. In addition, it is not possible to do primary intervention 

experiments with a novel drug or treatment approach on a human population without 

efficacy and potential toxicity trials first conducted in an animal model. Therefore, the 

current study employed two separate approaches for identification of novel biomarkers 

for A D . The first approach used the human model (see Chapter 6), while the second 

approach involved an investigation of two mouse models of A D for differential protein 

levels in brain tissue and differences in oxidative modification of proteins. 

The first mouse model chosen for the current study is a knock-in mouse in which 

an exon encoding the M l 46V mutations of the human PSI gene was exchanged for the 

homologous murine exon (in a C57BL/6 background strain), so that homozygous 

PS1M146V mice produce only mutant PSI and no endogenous wild-type mouse PSI 

(Guo et al, 1999a). This mouse model is particularly applicable for the study of 

familial forms of A D . The presence of both the mutant (human) and wild-type (murine) 
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form of the gene in many transgenic animal models may obscure the physiological 

manifestations of the introduced mutation, while conversely over-expression of a 

particular gene may result in adverse effects regardless of whether a mutation is also 

present or not. It has, therefore, been suggested that the PS1M146VKI mouse might 

more closely reflect familial A D than transgenic mice because the corresponding 

"knocked-in" gene is not expressed at supraphysiological levels but at normal levels and 

the endogenous wild-type murine gene is absent (Guo et al, 1999a). In addition the 

PS1M146VKI mouse shows several signs of A D like pathology, such as perturbed 

neuronal calcium homeostasis, exacerbated oxidative stress and mitochondrial 

dysfunction leading to an increased sensitivity to excitotoxic neuronal death (Guo et al, 

1999a). In addition, the classic observation of increased A p in A D has also been made 

for PS1M146VKI mouse brain tissue. These animals do not show overt amyloid 

deposition. However, even at one to four months of age a slight (but not significant) 

elevation of AP40 levels was detected in PS1M146VKI brain tissue, while AP42 levels 

were significantly increased in brains from both homozygous and heterozygous 

PS1M146VKI mice compared to their wild-type counterparts (Guo et al, 1999b). 

Furthermore, primary hippocampal neurons from these mice showed increased 

vulnerability to A p toxicity (Guo et al, 1999c). The specific increase of the longer and 

more amyloidogenic form of A p is a distinct feature of PSI mutations in human AD. 

Therefore, examination of the PS1M146VKI is likely to provide relevant biomarkers for 

A D pathology. 

The other mouse model used in the current study is a well characterized mouse 

model of A D pathology. The Tg(HuAPP695.K670N/M671L)2576 mouse is also 

known as A P P 6 9 5 S W E or Tg2576 mouse. This transgenic mouse model (produced 

from C57B6*SJL/J hybrids) over-expresses the 695-amino acid isoform of human APP 

(lacking the Kunitz-like proteinase inhibitor domain of the A P P 751 and 771 isoforms) 

containing a Lys670 -> Asn and Met671 -> Leu mutation (Hsiao et al, 1996). It shows 

cognitive deficits (learning and memory impairments) accompanied by increased levels 

of Ap 4 0 (five fold) and Ap 4 2 (14 fold) and appearance of A p plaques from 

approximately 9 months of age onwards (Hsiao et al, 1996). Therefore, this mouse is a 

good model to compare with the PS1M146VKI mouse. This approach will allow for 

examination of any correlations between changes observed in the knock-in model 

(expressing physiological levels of a mutant gene linked to early onset F A D but no 

overt A D phenotype) with signs of development of an overt pathological phenotype in 

the transgenic mouse model. However, neither mouse represents a complete model of 
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A D , since key features of characteristic pathology (such as NFTs and neuronal loss) are 

not present. Nevertheless, these animals can be used to assess impacts of alterations in 

hormone levels, which makes them useful for this project (see below). Comparison 

with the human model will determine relevance of observations from the mouse study. 

While an underlying premise for the discovery of novel biomarkers for A D 

pathology is the examination of affected tissues, a more sophisticated approach can 

include a search for biomarkers that are affected by intervention strategies and as such 

could serve as markers for pathological progression and monitoring of treatment 

efficacy as well as providing novel insights into pathological mechanisms. With regard 

to this strategy, another advantage inherent to the use of animal models is the ability to 

manipulate pathological outcomes through experimental intervention. The current 

study, therefore, exploited this concept by employing the above mentioned mouse 

models of A D to investigate potential effects of administration of sex hormones 

(estradiol and testosterone) on development of A D associated pathological signs. 

Numerous clinical studies as well as animal studies and in vitro work have 

provided evidence for an involvement of sex hormones in A D pathology. Many 

reviews have been written about the potential role of estrogen (Cutter et al, 2003; 

Norbury et al, 2004; Amantea et al, 2005), testosterone (Bialek et al, 2004; Raber, 

2004; Bates et al, 2005) and gonadotropins (Casadesus et al, 2004; Webber et al, 

2004; Atwood et al, 2005; Casadesus et al, 2005; Gregory and Bowen, 2005; Webber 

et al, 2005a) in the modulation of A D . Since controversy exists with regard to the 

benefits or risks of hormone replacement therapy (HRT) (Bluming, 2004; Brinton, 

2004; Henderson, 2004; Maki, 2004; Peterson et al, 2004; Smith et al, 2004; Warren 

and Halpert, 2004; Wise et al, 2005), the demonstrated beneficial effects of sex 

hormones require further investigation. One of the effects estrogen can have is to 

modulate oxidative stress in A D (Behl et al, 2000; Gandy, 2003; Behl, 2005). This is 

an effect that could be readily investigated in the two mouse models discussed above. 

Therefore, the current study used female and male mice of the PS1M146VKI (PS1-KI) 

and Tg2576 (APPtg) mouse models to examine effects of estradiol or testosterone 

deprivation / administration on brain protein profiles by 2 D E followed by colloidal 

Coomassie staining of gels or 2 D E combined with the OxyBlot™ immunoblotting 

approach. 

265 



Chapter 7 Screen for AT) (Biomarkers in AT) mouse models 

7AA Aims 

• To search for novel A D biomarkers by examining effects of estrogen deprivation 

on protein profile changes in brain tissue of two mouse models of A D using 

2DE. 

• To examine changes in profiles of oxidatively modified proteins in two mouse 

models of A D after deprivation of estrogen in female mice and testosterone in 

male mice using 2 D E in combination with OxyBlot™ immunoblotting. 

7.2 Materials and Methods 

Brain cortex tissue was obtained from male and female PS1M146VKI (PS1-KI) 

mice and their corresponding PSI wild-type (PS1-WT) background strain as well as 

from Tg2576 (APPtg) mice. The animals first underwent differential treatments 

involving ovariectomy or castration and estrogen or testosterone supplementation. 

Brain tissue was extracted using Tris buffer, p H 7.4 or p H 8.0 as described in Chapter 2, 

Section 2.2.6.2 and protein concentrations determined as outlined in Section 2.2.8. 2DE 

was performed as described in Chapter 2, Section 2.2.12. 2 D E was combined with 

Western immunoblotting to examine oxidative protein modifications using the 

OxyBlot™ kit (Chemicon Australia Pty. Ltd., Boronia, Vic, Australia) as described in 

Chapter 2, Section 2.2.12.3. Protein map comparisons were conducted using 

PDQuest® 2-D analysis software (BioRad, Hercules, CA, U S A ) . Serum cholesterol 

and triglyceride levels were determined by Dr Tricia Knox, Royal Perth Hospital (Perth, 

W A , Australia) using a Hitachi® 917 automated biochemistry analyzer (Roche 

Diagnostics and Hitachi HighTechnology Inc., Walpole, M A , US A ) . Serum estradiol 

and testosterone levels were assessed by Dr Tricia Knox and Mario Taranto at Royal 

Perth Hospital (Perth, W A , Australia), with consultation of Professor Brendan Waddell 

(Dept of Anatomy & Human Biology, U W A , Perth, W A , Australia). The Immulite 

System (Diagnostic Products Corporation, Los Angeles, California, U S A ) , a solid-

phase, competitive chemiluminescent enzyme immunoassay, was used for estradiol 

measurement. Total serum testosterone was measured using the Coat-A-Count® Total 

Testosterone radioimmunoassay from Diagnostic Products Corporation (Los Angeles, 

California, USA). 
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All animal work was conducted with full approval from the institutional animal 

ethics committee. Female mice were either ovariectomized at the age of 6-8 weeks, fed 

a phytoestrogen free diet (Glen Forrest Stockfeeders, Glen Forrest, W A , Australia) for 

6months and then fed a diet supplemented with 17p-estradiol (Sigma-Aldrich Corp., St. 

Louis, M O , U S A ) or they were ovariectomized but kept on a phytoestrogen free diet for 

7 months without further estrogen supplementation. A control group consisted of intact 

animals kept on the same phytoestrogen free diet as the other two groups for 7 months. 

Similar treatments were applied to male mice, except male mice were orchidectomized 

(castrated) and received testosterone (Sigma-Aldrich Corp., St. Louis, M O , U S A ) 

instead of estradiol supplementation. Estradiol or testosterone was administered as a 

supplement to the phytoestrogen free feed and the daily dose of hormone was 

approximately 5 m g per kg of mouse body weight. This amount was based on a dosage 

that showed maximum reduction of brain A p levels in a previous study performed on 

guinea pigs (Petanceska et al, 2000). 

A large number of female mice, however, did not eat the estradiol supplemented 

diet. This diet was completely ignored by these mice. The animals started to lose 

weight until the diet was changed back to the previous phytoestrogen free diet without 

hormone supplement. Therefore, a pilot experiment was set up in which some of these 

animals received subcutaneous, slow-release (over 30 days) 17p-estradiol pellets 

(Innovative Research of America, Sarasota, FL, U S A ) instead. Dosage of pellets was 

0.1 m g - 0.125 m g of 17p-estradiol (depending on mouse body weight). Mice treated 

with subcutaneous pellets remained without estradiol for an additional three months 

compared with mice that received estradiol through food. Summaries of animal groups 

and treatments are given in Tables 7.1 and 7.2. Diet manipulation, surgical 

interventions, animal sacrifices and tissue collection were performed as described in 

Chapter 2, Section 2.2.1.1. 
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Table 7.1: Mouse groups: Original number of mice in different groups of the 

'estradiol or testosterone-supplementation-in-diet' experiments. 

M o u s e strains 

PS1M146VKI(PS1-KI) 

Background strain (PS1-WT) 

Tg2576 (APPtg) 

Female mice 

NONE 

16 

18 

16 

ONE 

16 

18 

16 

OEF 

16* 

16* 

16* 

Male mice 

NCNT 

16 

16 

16 

CNT 

16 

16 

16 

CT 

16 

16 

16 

Mouse age at performance of ovariectomies / castrations: 6-8 weeks; time spent on 
phytoestrogen free diet: 6 months; duration of estradiol supplementation through food: 
30 days. Mice sacrificed aged 8.5 - 9 months. A selected number of mice 

*Note: Table 7.1 shows original number of female mice allocated to or available for 
the study. Many O E F mice did not eat the estradiol supplemented phytoestrogen free 
diet. These mice as well as three mice each from the N O N E and O N E groups for each 
strain were, therefore, set aside for an additional study using estradiol administration by 
subcutaneous slow-release pellet insertion. In this pilot study all N O N E and O N E mice, 
as well as selected O E P mice, were examined for this chapter (see Table 7.2). 

Table 7.2: Mouse groups: Female mice in different groups for estradiol 

administration by subcutaneous pellet insertion. 

M o u s e strains 

PS1-KI 

PS1-WT 

APPtg 

NONE 

3 

3 

3 

ONE 

3 

3 

2* 

OEP 

3 

3 

3 

*One mouse died prematurely 

Mouse age at performance of ovariectomies: 6-8 weeks; time spent on phytoestrogen 
free diet: 9 months; duration of estradiol supplementation through food: 30 days. Mice 
sacrificed aged 11.5-12 months. 

N o ovariectomy (intact mice) + no estradiol administration 
Ovariectomized mice + no estradiol administration 
Ovariectomized mice + estradiol (5mg/kg body weight/day) 
supplemented through diet 

Ovariectomized mice + estradiol administration through slow-
release, subcutaneous, pellets (-0.167 mg/kg body weight/day) 
Not castrated (intact mice) + no testosterone administration 
Castrated + no testosterone administration 
Castrated + testosterone (5mg/kg body weight/day) supplemented 
through diet 

Groups: 

NONE 
ONE 
OEF 

OEP 

NCNT 
CNT 
CT 
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7.3 Results 

7.3.1 Proteome comparison of PS1-WT female mouse groups, 

estradiol administered through diet 

In order to study changes in protein profiles in different AD mouse models after 

manipulation of sex hormone levels, male and female PS1M146VKI (PS1-KI) and 

background (PS1-WT) mice, as well as Tg2576 (APPtg) mice, were castrated or 

ovariectomized, followed by an estrogen free period of 6-9 months which concluded 

with either administration of estradiol or testosterone through food or subcutaneous 

pellets for a duration of 30 days. Control groups consisted of mice not surgically 

interfered with and receiving the same phytoestrogen free diet as the other experimental 

groups (but without hormone supplementation) for the duration of the study. 

The current study was based on a guinea pig study using a similar method of 

estradiol supplementation in phytoestrogen free food (Petanceska et al, 2000). 

However, difficulties were encountered when mice, due to receive the estradiol 

supplemented diet, did not eat it which was evident from the food remaining untouched 

and mice starting to lose weight. However, approximately two thirds of the P S 1 - W T 

O E F mice actually consumed the estradiol supplemented food and were able to be used 

as part of this experimental set-up. Prior to sacrifice the body weight of each mouse 

was determined and after sacrifice the brain as well as serum and uteri were collected. 

Mean uterine weights for all P S 1 - W T estradiol by food groups ( N O N E , O N E and O E F ) 

are shown in Figure 7.1 A. Ovariectomies led to a profound and significant decrease in 

uterine weights, while administration of estradiol in the feed brought uterine weights 

back to approximately the same weight as for intact animals. Ovariectomies appear to 

have led to a gain in body weight that was not reversible through administration of 

estradiol (Figure 7.1 B). 

Due to time limitations only a selected number of animals could be further 

examined in the current project. The remaining mouse samples are stored at -80°C and 

will be investigated in future studies. In the sub-set of mice further examined (four 

animals each from the N O N E , O N E and O E F groups), animals showed the same 

significant decrease in uterine weights as observed for the complete set of samples 

(Figure 7.2 A ) , while only a non-significant trend for increased body weight was 

observed for ovariectomized animals (B) in this sub-set of samples. Total serum 

cholesterol levels were significantly increased for both ovariectomized groups 

compared to the intact group in this sub-set of mice (C), while serum triglyceride levels 
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showed some variation in the O N E group but no significant difference between the 

three groups in this sub-set of animals (D). However, serum cholesterol and triglyceride 

levels for the remaining samples need to be determined before final conclusions can be 

drawn. 

In order to determine whether changes in protein pattern or differential protein 

oxidation between different groups were associated with increased or decreased 

estradiol levels, examination of estradiol levels was performed. Estradiol was only 

detected in serum from P S 1 W T O E F mice (22, 24,34, and 42 pmol/L, detection limit of 

assay is 20 pmol/L). It is possible that in the current study serum estradiol levels for 

intact animals and ovariectomized mice not supplemented with estradiol were below 

detection limit. Various studies manipulating estradiol levels in mice or measuring 

estradiol levels in untreated intact mouse serum or plasma using different approaches 

have reported a variety of normal range values (see Appendix IX, page A9) and serum 

estradiol concentrations achieved with different treatments (see Appendix X, page A10). 

Unfortunately, A p levels in mouse brain and serum could not be measured in the current 

study due to difficulties encountered with the sensitivity of A p antibodies for the A p 

ELISA protocol used in our laboratory. Once a more sensitive assay has been 

established all serum samples will be tested for murine A p 4 0 and A p 4 2 levels. 
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Figure 7.1: Relative comparison of body and uterine weights for all female PS1-

W T mice in the 'estradiol-supplementation-in-diet' experiment: PS1-WT 

ovariectomized mice were either fed estradiol supplemented food after six months of 

estrogen deprivation (OEF, n = 12) or were kept on a strict phytoestrogen free diet for 

the duration of the experiment (ONE, n = 15). A control group consisted of mice not 

ovariectomized but fed the same phytoestrogen free diet as the other animals for the 

duration of the experiment (NONE, n = 15). Mouse uterine (A) and body (B) weights 

(Mean values of O N E and O E F groups after expressing each individual signal value as 

a percentage of the N O N E mean value). One-Way A N O V A with Tukey's Post Hoc 

analysis (*p < 0.001 for both O E F and N O N E groups compared to O N E group; #p < 

0.001 for both O E F and O N E groups compared to N O N E group). All statistical 

analysis was performed on raw data prior to conversion to percentages for graphic 

comparison. Error bars represent standard error of the mean. 971 
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Figure 7.2 Assessment of body and uterine weights and cholesterol and 

triglyceride levels in PS1-WT female mice: For four animals from each of the 

treatment groups (NONE, O N E , OEF) of the PS1-WT female mice, 'estradiol-

supplementation-in-diet' experiment (Figure 7.1) not only (A) uterine weights and (B) 

body weights were determined, but also (C) serum cholesterol and (D) triglyceride 

levels. Serum cholesterol and triglyceride levels were determined using a Hitachi® 917 

automated biochemistry analyzer. One-Way A N O V A with Tukey's Post Hoc analysis 

(*p <0.001 for both OEF and N O N E compared to O N E group, #p <0.05 for both OEF 

and N O N E compared to O N E , §p <0.001). Horizontal bars represent mean values. 
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Comparison of protein profiles for the P S 1 - W T N O N E , O N E and O E F groups 

revealed numerous candidate markers with differential protein levels between O E F and 

N O N E , O N E and N O N E and O E F and O N E groups (Figure 7.3 A-C). Spots with 

significantly different signal intensities at a 9 5 % confidence level are listed in Table 7.3. 

Most spots in Table 7.3 are indicated in Figure 7.3 on gels A-C. Red ellipses show 

spots significantly different between O E F and N O N E groups, yellow squares marked 

significantly different spots between O N E and N O N E groups and blue triangles show 

such spots between O E F and O N E groups. Spots significantly different in more than 

just one combination of group pairs are pointed out by blue arrows. Where spots were 

not present in one of the groups in each comparison pair (for example present in O E F 

mice but not in control animals) no ratios of signal intensities for these spots could be 

given. Such spots were only included in the list if they were present in at least three out 

of four samples in one of the groups compared. 

A larger number of protein spots showed increased rather than decreased levels 

when comparing O E F and N O N E groups, while a more even balance existed for spots 

in the O N E to N O N E group comparison. This may be the reason for the observation of 

only increased levels of certain proteins in the O E F group when compared to the O N E 

mice. Three spots showed increased levels after estradiol administration (OEF mice) 

compared to both N O N E and O N E groups (Table I, Appendix XIII, page A15). One 

spot showed decreased levels after estradiol depletion. Levels rose again after estradiol 

administration to show no significant difference between intact animals and 

ovariectomized mice on estradiol supplement in food (Table I, Appendix XIII, page 

A15). It is unlikely that these results are an artifact due to unequal protein loads for 

samples between different groups or other experimental error. All samples were treated 

the same at all times. They were assayed for total protein content at the same time and 

using the same equipment (for example pipettes) and the same reagents. It is possible 

that estradiol supplementation may have led to increased expression of various proteins 

in the respective mouse group. However, differential spots still remain to be identified 

(by mass spectrometry fingerprinting or amino acid sequence analysis) and validated by 

independent analysis to determine identities of proteins affected by estradiol 

supplementation and confirm their change in levels. 
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Figure 7.3 'Estradiol-supplementation-in-diet' experiment: 2 D E of female PS1-

W T mouse brain tissue extracts: Colloidal Coomassie stained 2 D E SDS-PAGE 

second dimension gels of 150 pg total protein from female PS1-WT mouse brain cortex 

samples (20 m M Tris solution extract supernatants), see Chapter 2, Sections 2.2.6.2 and 

2.2.12. (A) Representative Coomassie gel from a mouse that was ovariectomized with 

subsequent estradiol administration in food (OEF), (B) Representative gel of 

ovariectomized mouse with no estradiol supplementation (ONE), and (C) Gel from a 

mouse not ovariectomized and with no estradiol supplementation (NONE). Red 

ellipses indicate protein spots in the O E F group significantly different in signal 

intensity compared to the N O N E group, yellow squares indicate spots with significant 

signal intensity changes in the O N E compared to the N O N E group and blue triangles 

represent such spots in the O E F compared to O N E group. Overlap of spot markers 

(blue arrows) indicates spot signal differences between more than one combination of 

group pairs (NONE, O N E , OEF), with the colour and shape of the markers indicating 

which groups. For these spots the spot number for all comparisons involved is 

provided. 
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Table 7.3: Signal intensity ratios of spots significantly different between OEF and 

NONE, ONE and NONE and OEF and O N E groups. 

OEF 

Spot# 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 
26 
27 
28 
29 

mice vs 
mice 

NONE 

Signal ratios 

0.35 

0.53 

0.67 

0.77 

1.11 

1.14 

1.18 

1.26 

1.29 

1.47 

1.48 

1.52 

1.62 

1.66 

1.70 

1.72 

1.76 

1.76 

2.03 

2.14 

2.16 

2.20 

5.87 
* 

* 

* 

* 

* 

* 

[2 E / 4 N ) 

(4 E / 4 N ) 

(1E/4N) 
[3 E / 4 N ) 

(4 E / 4 N ) 

(4 E / 4 N ) 

(4 E / 4 N ) 

(4 E / 2 N ) 

(4 E / 4 N ) 

[4 E / 4 N ) 

(4 E / 4 N ) 

(4 E / 4 N) 

(4 E / 4 N) 

(4 E / 4 N) 

(4 E / 4 N ) 

(4 E / 4 N ) 

(4 E / 4 N ) 

[4 E / 2 N ) 

(4 E / 2 N ) 

(4 E / 3 N) 

(4 E / 4 N ) 

(4 E / 3 N ) 

(4 E / 2 N) 
(3 E / 0 N ) 

(3 E / 0 N ) 

(3E/0N) 
(3 E / 0 N ) 

(3 E / 0 N) 

(3 E / 0 N) 

O N E mice vs N O N E 

mice 

Spot# 

1 
2 
3 
4 
5 
6 
7 
8 

9 

10 

Signal ratios 

* (0 O / 4 N) 
* (0O/4N) 
* (0O/4N) 
0.64 (4 O / 4 N) 
1.33 (4 O / 4 N) 
1.46 (4 O / 4 N) 
1.56 (3 O / 4 N) 
1.59 (4 O / 4 N) 
* (3 O / 0 N) 
* (3 O / 0 N) 

OEF mice vs ONE mice 

Spot 

# 

1 
2 
3 
4 

5 

6 
7 

Signal ratios 

1.36 (4 E / 3 O) 

1.59 (4E/4 0) 

1.82 (4 E / 4 O) 

1.83 (4 E / 4 O) 

2.14 (4E/2 0) 

* (4 E / 0 O) 

* (4 E / 0 O) 

o | (4 b / 0 O) 

*A signal for these spots was present in one but not the 
other set of blots directly compared (e.g. for OEF vs N O N E 
groups, the spots were detected on the OEF but not the 
N O N E gels). Therefore, no ratios are available for these 
particular spots. However, the shading (green or yellow) 
can be used to derive in which group the spots were present 
or absent. 

_ 

OEF - Ovariectomized PSI- wild-type (WT) mouse, estradiol supplemented through food, 
O N E = Ovariectomized PS1-WT mouse, no estrogen supplement, 
N O N E = Not ovariectomized PS1-WT mouse, no estrogen supplement (control group). 

Ratios: OEF/NONE, ONE/NONE and OEF/ONE respectively (spots are numbered and sorted 

according to ratio magnitude and listed in numerical order from lowest to highest ratio). 
Numbers in brackets indicate in how many O E F vs N O N E gels (E / N ) , O N E vs N O N E gels (O / N ) 
or O E F vs O N E gels (E / O ) the spot was detected. For all 3 groups n = 4. 

Yellow highlights spot intensities lower and green highlights spot intensities higher for OEF or 
O N E groups with regard to their comparison group. BioRad PDQuest 2-D Analysis Software, 
version 7.3 was used to compare spot signal intensities and perform statistical analysis (all spots 

M w l l 8c " I 'igniflcantly different f ° ™ the corresponding spots in control gels using 
Mann-Whitney Signed Rank Test at a 95o/0 confidence level, p = 0.05). Not all spots listed above 
were detectable on all gels. Therefore, not all of these spots are present on the gels in figure 7.3. 
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A marked clear increase in oxidatively modified proteins was detected in the 

O E F and O N E groups compared to the N O N E group (Figure 7.4). Statistic analysis 

using Mann-Whitney signed rank test at a 9 5 % confidence level (p = 0.05) was 

performed using PDQuest® software, but only one spot showed a significant difference 

between the N O N E and O E F groups. Even without statistical analysis, by visual 

comparison alone, this spot showed markedly higher intensity in the O E F blots 

compared to the N O N E group (spot marked red in Figure 7.4). The spot detection and 

comparison difficulty was most likely due to the relatively low OxyBlot™ signal for the 

N O N E group compared to the other two groups. The variation in signal intensities for 

the O N E group may be the reason why no significant differences were detected when 

comparing this group with the N O N E or O E F groups. 

A second approach used qualitative analysis of gels to look for spots present in 

one group but absent in another and quantitative comparison (without statistic analysis) 

to look for increases in spot intensity of two times or above and decreases in spot 

intensity to half the intensity and lower for combinations of the three treatment groups. 

Due to the small sample size, only spots detected in at least three out of four gels, in at 

least one of the two groups compared at a time, were considered valid candidates for 

further investigation. However, probably due to the above mentioned spot detection and 

matching difficulties, this approach did not identify any further spots with differential 

signal intensities for this group of samples. 

Nevertheless, it is apparent from qualitative visual comparison that a marked 

increase in oxidatively modified proteins is present in the O N E and, in particular, the 

O E F samples compared to the N O N E group. Furthermore, it appears that the 

OxyBlot™ signal may be somewhat stronger in the O E F than in the O N E group. 

However, variation between different mouse samples is also apparent for the O N E and 

O E F groups. Therefore, it is important to repeat the experiment with larger sample 

numbers per group in order to enable meaningful statistic comparison between all 

samples and in order to be able to clarify whether differences in protein oxidation can 

be detected between the ovariectomized group (ONE) and the ovariectomized mice 

supplemented with estradiol (OEF). Should the difficulties with computer analysis of 

spot patterns consistently prevail, spots will be chosen based on visual comparison of 

individual blots and their oxidative status will be verified using a one dimensional 

electrophoresis approach once the protein identities have been established by mass 

spectrometry or amino acid sequencing. 
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Figure 7.4 'Estradiol-supplementation-in-diet' experiment: OxyBlot™ detection 

of oxidatively modified proteins in female PS1-WT mouse brain tissue: Western 

blot ECL signals for 50 ug total protein from 12 female PS1-WT mouse brain cortex 

samples (20 mM Tris solution extract supernatants, see Chapter 2, Section 2.2.6.2) 

treated using the OxyBlot™ Protein Oxidation Detection kit for detection of oxidative 

modifications of proteins (see Chapter 2, Section 2.2.12.3). (1-4) Blots showing 

oxidatively modified proteins (OxyBlots) for the control group [not ovariectomized and 

no estradiol supplement (NONE)]. (5-8) OxyBlots for ovariectomized mice, not 

supplemented with estradiol (ONE). (9-12) OxyBlots for ovariectomized mice 

supplemented with estradiol through their diet (OEF). Red marks a spot significantly 

different in intensity between OEF and NONE groups (Mann-Whitney Signed Rank 

Test at a 95% confidence level, p - 0.05). Four all three groups n = 4. 
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7.3.2 Proteome comparison of PS1-WT, PS1-KI and APPtg 

female mouse groups, estradiol administered through 

subcutaneous pellets 

Measurement of uterine weights for each of the groups and every mouse species 

showed a similar trend as for the uterine weights of P S 1 - W T mice where estradiol had 

been administered through diet (Figure 7.5 A ) . Ovariectomy resulted in a marked 

reduction of uterine weights, while estradiol supplementation rescued this effect. The 

rescue effect was the mildest in the P S 1 - W T mice, and strongest for the APPtg mice, 

where uterine weights after estradiol supplementation exceeded uterine weights of intact 

animals. Body weights also showed similar trends as that observed with the estradiol in 

food study. Ovariectomized mice tended to have higher body weights compared to 

intact animals regardless of subsequent exposure to estradiol (Figure 7.5 B). The only 

exception were the APPtg mice, where the variation in the N O N E and O E P groups 

made it impossible to determine any trends 

Serum total cholesterol levels behaved similarly to those observed for 

administration of estradiol by diet (Figure 7.6 A ) , in that for both PS1-KI and APPtg 

mice a very mild trend for increased cholesterol levels was observed after ovariectomy, 

regardless of estradiol supplementation. Only for the P S 1 - W T strain did cholesterol 

levels appear to be decreasing in the O E P compared to N O N E group. However, great 

variation in the O N E group makes it impossible to determine whether there is a trend or 

the O E P group is singled out. W h e n examining serum triglyceride levels it did appear 

that the P S 1 - W T O E P groups had decreased levels compared to both the N O N E and 

O N E groups. Levels of triglycerides were relatively similar for the three PS1-KI groups 

(with some spread between individual values). For the APPtg strain the O N E group 

showed somewhat higher average triglyceride levels than the other two groups. Overall 

no clear trend could be detected encompassing all three strains. It is likely that due to 

the low sample numbers it is not possible to see clear effects. Future studies with larger 

animal numbers will be conducted to clarify these initial observations. 

As for the estradiol supplementation by diet study, estradiol levels in serum of 

all samples from the three different strains were not detectable using a 

chemiluminescent assay with a detection limit of 20 pmol/L. However, uterine weights 

indicate that estradiol administration of-0.167 mg/kg body weight/day by subcutaneous 

pellet insertion did have a physiological effect, at least on peripheral tissues. Detection 

of estradiol will be attempted again in future studies that may use a radioimmunoassay 
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approach for greater sensitivity. Brain and serum A p 4 0 and A p 4 2 levels could also not 

be obtained in the current study due to insufficient sensitivity of the human ELISA 

procedure for mouse tissue samples. 
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Figure 7.5 Uterine and body weights of female PS1-WT, PS1-KI and APPtg mice: 

Ovariectomized mice either received a subcutaneous slow-release pellet implant after 

six months of estrogen deprivation (OEP, n = 3) or were kept on a strict phytoestrogen 

free diet for the duration of the experiment (ONE, n = 3, except for APPtg group where 

n = 2). A control group consisted of mice not ovariectomized but fed the same 

phytoestrogen free diet as the other animals for the duration of the experiment ( N O N E , 

n = 3). Prior to sacrifice mice were weighed (A) and after sacrifice their uterine 

weights were determined (B). Horizontal bars represent mean values. 

281 



Screen for AT) (Biomarkers in AT) mouse models 

Figure 7.6 Serum cholesterol and triglyceride levels in PS1-WT, PS1-KI and 

APPtg female mice: Mouse groups are the same as described for figure 7.4. Serum 

cholesterol (A) and triglyceride (B) levels were measured by Dr John Beilby (Queen 

Elizabeth II hospital). Horizontal bars represent mean values. 
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Comparison of PS1-WT, PS1-KI and APPtg OEP, O N E and N O N E brain cortex 

proteome profiles showed numerous spots with differential signal intensities. Due to 

the small number of samples no statistical analysis was performed. Instead spots were 

sought that showed either <0.5 times or >2 times the signal intensity (a two-fold 

difference) in one treatment group relative to the treatment group it was compared with. 

The other criterion for candidate spot selection in this small sample was the condition 

that a spot had to be present in all three gels of at least one of the two treatment groups 

compared in each analysis. The higher the difference in spot signal intensity between 

treatment groups and the higher the number of gels the spot is actually found in (except 

for a scenario where a spot shows up strongly in one group but is not detectable at all in 

another group) the less it is likely that this difference could be due to experimental error. 

However, concentrating on only large differences could leave smaller but important real 

differences in levels of other proteins undetected. Therefore, the current study will 

evaluate spots with smaller intensity changes (<2 times but >0.5 times) subsequently to 

analysing spots that show at least two-fold differences in protein levels (as listed in 

Tables 7.4, 7.5 and 7.6 and illustrated in Figures 7.7, 7.8 and 7.9). 

Protein spots for P S 1 - W T mice are listed in Table 7.4, which shows the number 

of spots with increased (green) or decreased (yellow) protein levels in a comparison of 

following treatment group pairs: O E P vs N O N E , O N E vs N O N E and O E P vs O N E 

(listed in the three table columns respectively). The PS1-WT O E P group shows 

approximately six times more spots that appear to be down-reglated rather than up-

regulated compared to the N O N E group (Table 7.4). In contrast, only roughly one third 

of spots in group O N E show decreased levels compared to the N O N E group. This trend 

is also reflected when comparing O E P and O N E groups. The O E P group shows 

approximately seven times more spots that appear to be up- rather than down- regulated. 

Most of the spots listed in Table 7.4 can be visualized on representative OEP, O N E and 

N O N E gels in Figure 7.7. Spots from all three comparisons are shown in Figure 7.7 C. 

Where the same spot showed differencs in levies in more than just the comparison of 

one group pair, this spot is indicated with more than one marker and is labelled 

accordingly with the appropriate spot numbers for the groups involved in the 

comparisons. Several spots on O E P gels show decreased levels and one spot shows 

increased levels compared to both the N O N E and O N E groups (see Table II, Appendix 

XIII, page A15) indicating a potential effect of estrogen supplementation. Some spots 

are decreased, while one spot is increased in both the O E P and O N E groups compared 
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to the N O N E group (Table II, Appendix XIII, page A15) suggesting an effect caused by 

ovariectomy rather than estradiol administration. 

For PS1-KI mice the O E P group also shows more spots below half the signal 

intensity of the respective N O N E group spots (Table 7.5). In contrast, more than half 

the spots in the O N E vs N O N E group comparison showed higher than two times the 

protein amounts in the O N E group. Comparison between O E P and O N E mice showed 

almost equal numbers of seemingly up- and down- regulated proteins (at the above 2x 

or below 0.5x level) for both groups. As for P S 1 - W T mice most spots from Table 7.5 

are indicated on representative OEP, O N E and N O N E gels in Figure 7.8. The majority 

of protein spots with decreased levels in the estradiol supplemented group (OEP) 

compared to the N O N E group also showed decreased levels in O E P compared to O N E 

mice suggesting the difference may have been due to estradiol administration (see spots 

4,5,7,11, column 1, Table III, Appendix XIII, page A16). One spot that showed no 

difference between ovariectomized (ONE) and N O N E mice appeared to be up-regulated 

after estradiol administration (OEP mice) compared to both N O N E mice and O N E 

group animals (spot 21, column 1, Table III, Appendix XIII, page A16), suggesting that 

this protein may be up-regulated by estradiol. One spot (number 21 column 2, Table III, 

Appendix XIII, page A16) was increased in O N E compared to N O N E but decreased 

again in OEP compared to O N E mice, while two spots (numbers 4 and 8, column 2 

Table III, Appendix XIII, page A16) showed the opposite trend with decreased levels 

after ovariecomy followed by an increase after estradiol supplementation. Since for 

these spots no difference was observed for O E P vs N O N E mice this suggests that levels 

returned back to pre-ovariectomy status after supplementation with estradiol. 

For APPtg mice spots are shown in Figure 7.9. A comparison between O E P and 

N O N E groups showed almost seven times more spots that appeared upregulated rather 

than downregulated in the O E P group (see Table 7.6). Similarly, four times more spots 

showed levels twice as high or above in O N E mice compared to N O N E mice, and 

approximately three quarters of spots of interest in the O E P group showed levels two 

times higher or above compared to the same spots in the O N E group. This trend is not 

consistent with the other two mouse strains. However, when examining Tables 7.4, 7.5 

and 7.6 together the overall picture is not sufficiently clear to suggest any differential 

trends between the different mouse strains. The biggest difference in trends appears 

between the APPtg mice and the background strain mice (PS1-WT). 

In APPtg mice, most spots with increased levels in the O E P compared to N O N E 

mice also showed increased levels in O N E compared to N O N E mice (Table IV, 
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Appendix XIII, page A16) suggesting that the difference may be due to ovariectomy 

rather than estradiol administration. In contrast, three spots decreased in 

ovariectomized mice (ONE) compared to N O N E animals showed increased levels in 

O E P compared to O N E mice (Table IV, Appendix XIII, page A16), suggesting that 

estradiol deprivation may decrease levels of this protein while administration of 

estradiol may rescue this effect and even lead to exaggerated up-regulation. 

Furthermore, one protein spot showed increased and another one decreased levels in 

O E P mice compared to both N O N E and O N E mice (Table IV, Appendix XIII, page 

A16), also suggesting a potential estradiol effect. 
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Figure 7.7 'Subcutaneous-estradiol-pellet' experiment: 2 D E of female P S 1 - W T 

mouse brain tissue: Colloidal Coomassie stained 2 D E SDS-PAGE second dimension 

gels of 150 pg total protein from female PS1-WT mouse brain cortex samples (20 m M 

Tris solution extract supernatants), see Chapter 2, Sections 2.2.6.2 and 2.2.12. (A) 

Representative Coomassie gel from a mouse ovariectomized and supplemented with a 

subcutaneous, slow-release estradiol pellet (OEP), (B) Representative gel of 

ovariectomized mouse with no estradiol supplementation (ONE), and (C) Gel from a 

mouse not ovariectomized and with no estradiol supplementation (NONE). Red 

ellipses indicate protein spots in the O E P group <0.5x or >2x in signal intensity 

compared to the N O N E group, yellow squares indicate spots with such signal intensity 

changes in the O N E compared to the N O N E group and blue triangles represent such 

spots in the O E P compared to O N E group. Overlap of spot markers indicates spot 

signal differences between more than one combination of group pairs (NONE, O N E , 

OEP), with the colour and shape of the markers indicating which groups. For these 

spots the spot number for all comparisons involved is provided. 
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Table 7.4: Female PS1-WT mice: Signal intensity ratios of spots with <0.5x or >2x 

the intensity in O E P compared to N O N E , O N E compared to N O N E and O E P 

compared to O N E groups. 

OEP mice vs NONE 

Spot# 
_. 
l 2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

mice 
Signal ratios 
0.11 (1E/3N) 
0.15 (1 E/3N) 
0.16 (1 E/3N) 
0.19 (1 E/3N) 
0.25 (3 E / 1 N) 
0.26 (2E/3N) 
0.27 (2E/3N) 
0.27 (1 E/3N) 
0.28 (3E/3N) 
0.29 (2E/3N) 
0.30 (2E/3N) 
0.33 (1 E/3N) 
0.33 (3E/3N) 
0.34 (3E/2N) 
0.34 (1E/3N) 
0.38 (1 E/3N) 
0.40 (1 E/3N) 
0.40 (3E/3N) 
0.41 (3E/3N) 
0.41 (1 E/3N) 
0.42 (1 E/3N) 
0.44 (1 E/3N) 
0.45 (2E/3N) 
0.46 (2E/3N) 
0.46 (3E/1N) 
0.46 (1E/3N) 
0.47 (2E/3N) 
0.47 (2E/3N) 
0.47 (2E/3N) 
0.48 (3E/3N) 
0.49 (1 E/3N) 
0.49 (2E/3N) 
0.49 (2E/3N) 
0.50 (3E/3N) 
0.50 (3 E / 2 N) 
2.16 (2E/3N) 
2.18 (3E/1N) 
2.29 (3 E / 2 N) 
2.38 (3E/2N) 
2.65 (3 E / 1 N) 
3.48 (3E/3N) 
3.72 (1 E/3N) 

ONE mice vs NONE 

Spot# 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

mice 
Signal ratios 
0.33 (2 0/3N) 
0.38 (10/3N) 
0.39 (3 0/3N) 
0.40 (2 0/3N) 
0.40 (3 O / 1 N) 
0.46 (3 0/2N) 
0.48 (2 0/3N) 
0.49 (10/3N) 
0.50 (2 0/3N) 
2.02 (3 0/2N) 
2.03 (3 O / 3 N) 
2.13 (3 0/3N) 
2.16 (3 0/2N) 
2.18 (2 0/3N) 
2.20 (3 0/1 N) 
2.30 (3 0/3N) 
2.40 (3 0/3N) 
2.48 (3 0/3N) 
2.62 (3 O / 1 N) 
3.00 (3 0/2N) 
3.14 (3 0/2N) 
3.17 (2 0/3N) 
3.17 (2 0/3N) 
3.20 (3 0/1N) 
3.98 (3 O / 1 N) 

OEP mice vs ONE 

Spot# 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

mice 
Signal ratios 
0.05 
0.16 
0.19 
0.20 
0.25 
0.26 
0.29 
0.34 
0.34 
0.38 
0.39 
0.42 
0.43 
0.45 
0.45 
0.47 
0.47 
0.48 
0.49 
0.49 
0.49 
0.50 
2.17 
2.47 
3.55 

(1 E/3 0) 
(IE/3 0) 
(1 E/3 0) 
(2 E / 3 O) 
(2 E / 3 O) 

(IE/3 0) 
(1 E/3 0) 
(2 E / 3 O) 

(2 E / 3 O) 
(2 E / 3 O) 
(2 E / 3 O) 
(3 E / 2 O) 
(1 E/3 0) 
(2 E / 3 O) 
(3 E / 3 O) 
(2 E / 3 O) 
(3 E / 3 O) 
(2 E / 3 O) 
(3 E / 3 O) 
(3E/3 0) 
(3 E / 2 O) 
(2 E / 3 O) 
(1 E/3 0) 
(2 E / 3 O) 
(3 E / 3 O) 

Groups ( N O N E and O N E ) and ratios and information in brackets are as for table 7.3. O E P 
replaces O E F and stands for ovariectomized and supplemented with estradiol through 
subcutaneous, slow-release pellet. Only spots are included that were detected in all three 
gels of at least one of the comparison groups. For all three groups n = 3. 

Yellow highlights spot intensities lower than 0.5x and green highlights spot intensities 
higher than 2x for O E P or O N E groups with regard to their comparison group. BioRad 
PDQuest 2-D Analysis Software, Version 7.3 was used to compare spot signal intensities. 
Due to a small sample size (maximum n = 3) no statistical comparison of spot intensities 
was performed. Spots are illustrated in Figure 7.7. 
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Figure 7.8 'Subcutaneous-estradiol-pellet' experiment: 2 D E of female PS1-KI 

mouse brain tissue: Colloidal Coomassie stained 2 D E S D S - P A G E second dimension 

gels of 150 pg total protein from female PS1-KI mouse brain cortex samples (20 m M 

Tris solution extract supernatants), see Chapter 2, Sections 2.2.6.2 and 2.2.12. (A) 

Representative Coomassie gel from a mouse ovariectomized and supplemented with a 

subcutaneous, slow-release estradiol pellet (OEP), (B) Representative gel of 

ovariectomized mouse with no estradiol supplementation (ONE), and (C) Gel from a 

mouse not ovariectomized and with no estradiol supplementation (NONE). Red 

ellipses indicate protein spots in the O E P group <0.5x or >2x in signal intensity 

compared to the N O N E group, yellow squares indicate spots with such signal intensity 

changes in the O N E compared to the N O N E group and blue triangles represent such 

spots in the O E P compared to O N E group. Overlap of spot markers indicates spot 

signal differences between more than one combination of group pairs ( N O N E , O N E , 

OEP), with the colour and shape of the markers indicating which groups. For these 

spots the spot number for all comparisons involved is provided. 
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Table 7.5 : Female PS1-KI mice: Signal intensity ratios of spots with <0.5x or >2x 
the intensity in O E P compared to N O N E , O N E compared to N O N E and O E P 
comparec 1 to O N E groups. 

OEP mice vs NONE 

Spot# 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 
14 
15 

16 
17 
18 
19 
20 
21 
22 
23 

mice 
Signal ratios 
0.18 (3E/2N) 
0.23 (3E/3N) 
0.30 (3E/1N) 
0.30 (3E/3N) 
0.33 (3E/3N) 
0.35 (3E/3N) 
0.35 (2E/3N) 
0.27 (1 E/3N) 
0.41 (2E/3N) 
0.42 (3 E / 1 N) 
0.43 (2E/3N) 
0.44 (3E/3N) 
0.46 (3E/1N) 
0.47 (3E/1N) 
0.47 (3E/3N) 
0.48 (3E/3N) 
0.49 (3E/3N) 
2.06 (3E/3N) 
2.06 (2E/3N) 
2.30 (3E/2N) 
2.70 (3E/3N) 
2.73 (1E/3N) 
6.10 (3E/1N) 

ONE mice vs 

Spot# 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25 

mice 
NONE 

Signal ratios 
0.11 
0.31 
0.34 
0.38 
0.39 
0.39 
0.43 
0.43 
0.44 
0.45 
0.45 
2.11 
2.15 
2.22 
2.38 
2.50 
2.51 
2.54 
2.68 
2.73 
2.75 
2.86 
3.13 
3.23 
4.81 

[30/2N) 
;3 0/2N) 
[3 O / 1 N) 
(30/2N) 
(3 O / 3 N) 
(2 O / 3 N) 
(3 O / 3 N) 
(2 O / 3 N) 
(3 O / 1 N) 
(30/1N) 
(20/3N) 
(2 O / 3 N) 
(2 O / 3 N) 
(3 O / 3 N) 

(1 0/3N) 
(3 0/2N) 
(3 O / 2 N) 
(3 O / 3 N) 
(3 O / 3 N) 
(3 O / 1 N) 
(3 O / 2 N) 
(3 O /1 N) 
(3 O / 3 N) 
(3 O / 3 N) 
(3 0/2N) 

OEP mice vs ONE 

Spot# 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 

27 
28 
29 

mice 
Signal ratios 
0.18 (1 E/3 0) 
0.22 (2 E/3 0) 
0.28 (2 E/3 0) 
0.31 (2E/3 0) 
0.32 (3 E / 1 O) 
0.33 (2 E/3 0) 
0.37 (3E/10) 
0.41 (IE/3 0) 
0.42 (2 E/30) 
0.43 (2 E/30) 
0.46 (3 E/3 0) 
0.47 (3 E/3 0) 
0.49 (1 E/3 0) 
0.50 (2E/3 0) 
2.03 (3 E / 1 O) 
2.09 (I E / 3 O) 
2.09 (2E/3 0) 
2.11 (3E/3 0) 
2.13 (2E/3 0) 
2.14 (3E/10) 
2.20 (1 E/30) 
2.43 (3E/2 0) 
2.48 (1 E/3 0) 
2.61 (3 E / 1 O) 
2.64 (3 E / 1 O) 
2.97 (3E/2 0) 
2.97 (3E/2 0) 

3.25 (3 E /1 O) 
7.27 (IE/3 0) 

Groups (NONE and O N E ) and ratios and information in brackets are as for table 7.3. O E P 
replaces OEF and stands for ovariectomized and supplemented with estradiol through 
subcutaneous, slow-release pellet. Only spots are included that were detected in all three 
gels of at least one of the comparison groups. For all three groups n = 3. 

Yellow highlights spot intensities lower than 0.5x and green highlights spot intensities 
higher than 2x for O E P or O N E groups with regard to their comparison group. BioRad 
PDQuest 2-D Analysis Software, Version 7.3 was used to compare spot signal intensities. 
Due to a small sample size (maximum n = 3) no statistical comparison of spot intensities 

was performed. Spots are illustrated in Figure 7.8. 
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Figure 7.9 'Subcutaneous-estradiol-pellet' experiment: 2DE of female APPtg 

mouse brain tissue: Colloidal Coomassie stained 2DE SDS-PAGE second dimension 

gels of 150 pg total protein from female APPtg mouse brain cortex samples (20 m M 

Tris solution extract supernatants), see Chapter 2, Sections 2.2.6.2 and 2.2.12. (A) 

Representative Coomassie gel from a mouse ovariectomized and supplemented with a 

subcutaneous, slow-release estradiol pellet (OEP), (B) Representative gel of 

ovariectomized mouse with no estradiol supplementation (ONE), and (C) Gel from a 

mouse not ovariectomized and with no estradiol supplementation (NONE). Red 

ellipses indicate protein spots in the OEP group <0.5x or >2x in signal intensity 

compared to the N O N E group, yellow squares indicate spots with such signal intensity 

changes in the O N E compared to the N O N E group and blue triangles represent such 

spots in the OEP compared to O N E group. Overlap of spot markers indicates spot 

signal differences between more than one combination of group pairs (NONE, O N E , 

OEP), with the colour and shape of the markers indicating which groups. For these 

spots the spot number for all comparisons involved is provided. 
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Table 7.6 : Female APPtg mice: Signal intensity ratios of spots with <0.5x or >2x 

the intensity in O E P compared to N O N E , I 

compared to O N E groups. 

OEP mice vs NONE 

Spot# 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

mice 
Signal ratios 
0.38 (1 E / 3 N ) 
0.39 (2E/3N) 
0.42 (3E/2N) 
0.49 (3E/3N) 
0.50 (1 E / 3 N ) 
2.01 (2E/3N) 
2.03 (3 E / 3 N ) 
2.04 (2E/3N) 
2.04 (2E/3N) 
2.06 (2E/3N) 
2.07 (2E/3N) 
2.08 (3E/3N) 
2.09 (3 E / 3 N) 
2.11 (3E/3N) 
2.13 (2E/3N) 
2.17 (2E/3N) 
2.17 (3E/3N) 
2.20 (2E/3N) 
2.23 (3 E / 3 N ) 
2.24 (3E/3N) 
2.31 (2E/3N) 
2.33 (3E/3N) 
2.35 (2E/3N) 
2.36 (3 E / 3 N) 
2.37 (3E/2N) 
2.44 (1 E / 3 N ) 
2.44 (3E/3N) 
2.45 (2E/3N) 
2.45 (2E/3N) 
2.50 (2E/3N) 
2.52 (3E/3N) 
2.53 (3 E / 1 N) 
2.55 (3 E / 3 N ) 
2.59 (3 E / 3 N) 
2.60 (3E/3N) 
2.65 (1 E / 3 N ) 
2.66 (2E/3N) 
2.71 (1E/3N) 
2.97 (2E/3N) 
3.82 (1 E / 3 N ) 
4.72 (2E/3N) 

ONE mice vs 

Spot# 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

mice 

ONE compared to NONE and OEP 

NONE 

Signal ratios 
0.22 
0.37 
0.38 
0.38 
0.39 
0.40 
0.47 
2.00 
2.01 
2.01 
2.06 
2.06 
2.11 
2.13 
2.18 { 
2.19 1 
2.22 I 
2.25 1 
2.39 I 
2.42 < 
2.52 ( 
2.53 ( 
2.60 ( 
2.60 ( 
2.65 ( 
2.72 ( 
2.81 ( 
2.81 ( 
2.84 ( 
3.23 ( 
3.50 ( 
3.57 ( 
3.81 ( 
3.83 ( 
4.39 ( 
5.23 ( 
5.64 ( 
5.73 ( 

[2 O / 3 N) 
(1 0/3 N) 
(1 0/3 N) 
[2 O / 3 N) 
[2 O / 3 N) 
[1 0/3 N) 
[10/3N) 
(10/3N) 
[2 O / 3 N) 
;2 0/3N) 
[2 O / 3 N) 
[2 O / 3 N) 
;i 0/3N) 
;i 0/3N) 
;i 0/3N) 
2 0/3N) 
1 O / 3 N) 

2 O / 3 N) 
2 0/3N) 
2 O / 3 N) 
2 O / 3 N) 
2 O / 3 N) 
2 O / 3 N) 
1 O / 3 N) 
1 O / 3 N) 

10/3N) 
10/3N) 
20/3N) 
1 O / 3 N) 
10/3N) 
20/3N) 
1 O / 3 N) 
1 O / 3 N) 
1 0/3N) 
1 O / 3 N) 
1 O / 3 N) 
1 O / 3 N) 
1 O / 3 N) 

OEP mice vs ONE 
mice 

Spot# 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Signal ratios 
0.29 (3 E / 1 O) 
0.29 (3E/2 0) 
0.44 (3E/2 0) 
2.03 (3 E / 1 O) 
2.06 (3E/2 0) 
2.16 (3E/2 0) 
2.45 (3 E / 1 O) 
2.58 (3 E / 2 O) 
2.61 (3 E / 1 O) 
4.79 (3 E / 2 O) 

1 3.1Z (J C, Z KJ) 

Groups (NONE and O N E ) and ratios and information in brackets are as for table 7.3. OEP 
replaces OEF and stands for ovariectomized and supplemented with estradiol through 
subcutaneous, slow-release pellet. Only spots are included that were detected in all three 
gels of at least one of the comparison groups. For all three groups n = 3. 

Yellow highlights spot intensities lower than 0.5x and green highlights spot intensities 
higher than 2x for OEP or O N E groups with regard to their comparison group. BioRad 
PDQuest 2-D Analysis Software, Version 7.3 was used to compare spot signal intensities. 
Due to a small sample size (maximum n = 3) no statistical comparison of spot intensities 
was performed. Spots are illustrated in Figure 7.9. 
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Analysis of oxidatively modified proteins was performed by 2 D E in 

combination with OxyBlot™ immunoblotting. In contrast to the samples from the 

mouse study where estradiol was supplemented in the diet, no marked difference was 

observed between blots from different groups by visual examination alone. PDQuest® 

2-D analysis software was used to identify spots of equal to or above two times the 

intensity or equal to or below 0.5 times the intensity in one treatment group compared to 

the other. All spots of interest are listed in Table 7.7 and are marked on representative 

blots for each of the three groups and all three mouse strains (Figures 7.10, 7.11, 7.12). 

Overall, a greater number of proteins showed increased rather than decreased 

oxidation levels in the O E P and O N E groups compared to the N O N E groups. However, 

this was not the case when PS1-WT groups were examined separately. Only one spot of 

interest was identified for the comparison between PS1-WT O E P and N O N E groups 

(Table 7.7 and Figure 7.10 A). This spot actually shows less than 0.5 times the signal in 

OEP compared to N O N E groups. The same spot also showed reduced signal intensity 

in O E P mice compared to mice in the O N E group (Table 7.7, spot number 1 and Figure 

7.10 C, spot number 1,1). However, three spots appeared to be more oxidized in the 

OEP compared to O N E group (Table 7.7, spots 2-4, Figure 7.10 C, spots: [1,4], 2 and 3 

with blue triangle). Spot 1 for the O N E group (Table 7.7 spot 1) was found to be less 

oxidized compared to both the N O N E and O E P groups (Figure 7.10 spot 1,4). These 

spots are also listed in Table V, Appendix XIII, page A17. 

For PS1-KI animals comparison between O E P and N O N E mice yielded only 

one spot of interest and it showed increased oxidation in the O E P group (Table 7.7 spot 

1 and Figure 7.11 A). N o differentially oxidatively modified proteins were detected in 

the comparison between O N E and N O N E mice, while comparing O E P and O N E mice 

showed one spot (not the same as for O E P vs N O N E mice) with higher levels of protein 

oxidation in O E P mice (Table 7.7 spot 1 and Figure 7.11 C, spot 1 with blue triangle). 

For APPtg mice comparison between O E P and N O N E mice and O N E and 

N O N E mice yielded only spots with increased levels of oxidative modifications for both 

ovariectomized compared to the N O N E group (Table 7.7 and Figure 7.12 A, B). A n 

OEP to O N E group comparison revealed one spot with higher and one with lower signal 

intensity in the O E P group. However, it is important to keep in mind that as for the 

Coomassie stained gels, no statistic analysis was performed and spots with intensity 

differences in the range between 0.5 to 2.0 times were not examined in these 

comparisons. In order to gain information from these experiments, it is first necessary 

to identify the spots of interest and verify their differential oxidation levels by 
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independent analysis. As for confirmation of differential protein levels it is also 

important to use a larger sample size for 2 D E or I D E analysis in order to validate 

relevance of these findings to a larger population. In addition protein differential 

protein oxidation within the range of 0.5 to 2.0 times the signal intensity will also be 

taken into consideration in future experiments as subtle oxidative modifications may 

also have important functional implications and m a y show significance in a larger 

sample size. Differences in appearance of "OxyBlots" from the previous group of 

female animals used for experiments with estradiol supplementation through diet 

compared to this group, m a y be due to a slight change in protein extraction procedure. 

Instead of Tris, p H 7.4, Tris p H 8.0 buffer was used to extract brain cortex proteins from 

these mice (see Discussion, Section 7.4.1). 
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Figure 7.10 'Subcutaneous-estradiol-pellet' experiment: OxyBlot detection of 

oxidatively modified proteins in female P S 1 - W T mouse brain tissue: Western blot 

E C L signals for 50 pg total protein from female PS1-WT mouse brain cortex samples 

(20 m M Tris solution extract supernatants), see Chapter 2, Section 2.2.6.2, treated using 

the OxyBlot™ Protein Oxidation Detection kit for detection of oxidative modifications 

of proteins and separated using 2 D E (see Chapter 2, Section 2.2.12.3). (A) 

Representative OxyBlot from a mouse ovariectomized and supplemented with a 

subcutaneous, slow-release estradiol pellet (OEP), (B) OxyBlot of ovariectomized 

mouse with no estradiol supplementation (ONE), and (C) OxyBlot from a mouse not 

ovariectomized and with no estradiol supplementation (NONE). Red ellipses indicate 

protein spots in the O E P group <0.5x or >2x in signal intensity compared to the N O N E 

group, yellow squares indicate spots with such signal intensity changes in the O N E 

compared to the N O N E group and blue triangles represent such spots in the O E P 

compared to O N E group. Overlap of spot markers (blue arrows) indicates spot signal 

differences between more than one combination of group pairs ( N O N E , O N E , OEP), 

with the colour and shape of the markers indicating which groups. For these spots the 

spot number for all comparisons involved is provided. 
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Figure 7.11 'Subcutaneous-estradiol-pellet' experiment: OxyBlot™ detection of 

oxidatively modified proteins in female PS1-KI mouse brain tissue: Western blot 

E C L signals for 50 pg total protein from female PS1-KI mouse brain cortex samples 

(20 m M Tris solution extract supernatants), see Chapter 2, Section 2.2.6.2), treated 

using the OxyBlot™ Protein Oxidation Detection kit for detection of oxidative 

modifications of proteins and separated using 2 D E (see Chapter 2, Section 2.2.12.3). 

(A) Representative OxyBlot from a mouse ovariectomized and supplemented with a 

subcutaneous, slow-release estradiol pellet (OEP), (B) OxyBlot of ovariectomized 

mouse with no estradiol supplementation (ONE), and (C) OxyBlot from a mouse not 

ovariectomized and with no estradiol supplementation (NONE). Red ellipses indicate 

protein spots in the O E P group <0.5x or >2x in signal intensity compared to the N O N E 

group and blue triangles represent spots with such signal intensity changes in the O E P 

compared to O N E group. N o spots in the O N E were detected with <0.5x or >2x the 

signal intensity of these spots in the N O N E group (lack of yellow squares). 
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.TM Figure 7.12 'Subcutaneous-estradiol-pellet' experiment: OxyBlot detection of 

oxidatively modified proteins in female APPtg mouse brain tissue: Western blot 

E C L signals for 50 pg total protein from female APPtg mouse brain cortex samples (20 

m M Tris solution extract supernatants), see Chapter 2, Section 2.2.6.2), treated using 

the OxyBlot™ Protein Oxidation Detection kit for detection of oxidative modifications 

of proteins and separated using 2 D E (see Chapter 2, Section 2.2.12.3). (A) 

Representative OxyBlot from a mouse ovariectomized and supplemented with a 

subcutaneous, slow-release estradiol pellet (OEP), (B) OxyBlot of ovariectomized 

mouse with no estradiol supplementation (ONE), and (C) OxyBlot from a mouse not 

ovariectomized and with no estradiol supplementation (NONE). Red ellipses indicate 

protein spots in the O E P group <0.5x or >2x in signal intensity compared to the N O N E 

group, yellow squares indicate spots with such signal intensity changes in the O N E 

compared to the N O N E group and blue triangles represent such spots in the O E P 

compared to O N E group. 
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Table 7.7: Female PS1-WT, PS1-KI and APPtg mice: OxyBlot1 M Signal intensity 
ratios of spots with <0.5x or >2x the intensity in O E P compared to N O N E , O N E 
compared to N O N E and O E P compared to O N E groups. 

OEP mice vs NONE 
mice 

Spot # Signal ratios 

PS1-WT mice 

1 | 0.36 (3E/3N) 

PS1-KI mice 

1 ! 2.12 (3E/3N) 

APPtg mice 
l | 2.01 (2 E / 3 N) 

ONE mice vs NONE 
mice 

Spot# Signal ratios 

PS1-WT mice 
1 
2 
3 

0.44 (3 0/3N) 
0.44 (3 0/3N) 
2.00 (3 0/2N) 

PS1-KI mice 
No spots detected 

APPtg mice 
1 ~ 

2 
2.31 (2 0/2N) 
2.37 (2 0/2N) 

OEP mice vs ONE 
mice 

Spot# Signal ratios 

PS1-WTmice 
1 
2 
3 
4 

0.33 (3 E/3 0) 
2.01 (3 E/3 0) 
2.23 (3 E/3 0) 
2.68 (3 E/3 0) 

PS1-KI mice 
1 2.01 (3 E/3 0) 

APPtg mice 
1 
2 

0.49 (2E/2 0) 
4.06 (2E/2 0) 

OEP = Ovariectomized PSI- wild-type (WT) mouse, estradiol supplemented through insertion of 
subcutaneous, slow-release pellet (n = 3), 

ONE = Ovariectomized PS1-WT mouse, no estrogen supplement (n = 3), 

NONE = Not ovariectomized PS1-WT mouse, no estrogen supplement (control group, n = 3). 

Ratios: OEP/NONE, ONE/NONE and OEF/ONE respectively (listed in progressively increasing 
order down each column). Numbers in brackets indicate in how many OEP vs N O N E (control) 
blots (E / N), O N E vs N O N E blots (O / N) or OEP vs O N E blots (E / O) the spot was detected. 

Yellow highlights spot intensities lower than 0.5x and green highlights spot intensities 
higher than 2x for O E P or O N E groups with regard to their comparison group. BioRad 
PDQuest 2-D Analysis Software, Version 7.3 was used to compare spot signal intensities. 
Due to a small sample size (maximum n = 3) no statistical comparison of spot intensities 
was performed. Spots are illustrated in Figures 7.10, 7.11 and 7.12. 
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7.3.3 Proteome comparison of PS1-WT, PS1-KI and APPtg male 

mouse groups, testosterone administered through diet 

While manipulation of estrogen levels was performed in female mice, 

testosterone levels were altered in male animals by castration or castration with 

subsequent replenishment of testosterone through administration of this hormone in the 

mouse diet. Due to project time limitations it was not possible to examine all animals in 

time for inclusion of data into this thesis. This chapter, therefore, shows results only for 

the first batch of animals examined, consisting of three mice each for every mouse 

strain and treatment group. As for female mice animal body weight was determined 

prior to sacrifice total cholesterol and triglyceride levels were measured in serum. 

Interestingly, for all three mouse strains body weight dropped after castration, an effect 

that was not rescued by subsequent administration of testosterone in food (Figure 7.13 

A). Total serum cholesterol levels showed little average variation between mouse 

strains and treatment groups (Figure 7.13 B). P S 1 - W T mice showed the highest 

variation between individual animals in different treatment groups. Serum triglyceride 

levels showed interesting and unexpected trends (Figure 7.13 C). For P S 1 - W T males 

triglyceride levels dropped for the castrated groups consistent with a drop in body 

weight. 

However, for the PS1-KI groups a trend was observed for increased triglyceride 

levels in the C N T (castrated, no testosterone supplement) and C T (castrated + 

testosterone supplement) groups compared to the intact animals of the N C N T (not 

castrated and no testosterone supplement) group. O n the other hand, APPtg mice 

showed amongst the highest triglyceride levels overall (compared to the other two 

mouse strains), but no particular trends were observed between the three treatment 

groups. While these results are interesting, animal numbers are so low and variation 

between groups or individual animals in each group so high that no conclusive 

deductions can be made from this data. The only consistent trend was an apparent 

decrease in body weight after castration of the animals. Examination of tissues from all 

the remaining mice in the nine experimental groups will be performed to enable 

statistical comparison of data. 

Serum total testosterone levels were also determined for all three mouse strains 

and their respective treatment groups (Figure 7.14). All three mouse strains showed a 

substantial drop in testosterone after castration ( C N T group), often below the assay 

detection limit, compared to intact animals ( N C N T group). Unfortunately, 
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administration of testosterone through diet did not lead to the detection of a marked 

increase in serum testosterone levels. In P S 1 - W T mice a noticeable difference between 

the castrated groups with and without testosterone supplementation ( C N T and C T 

respectively) was noticeable. However, in male PS1-KI and APPtg mice, the difference 

between C N T and C T group testosterone levels appeared negligible (Figure 7.14). 

Brain and serum AfUo and Ap42 levels will be determined in future experiments when 

the ELISA protocol is optimized for mouse samples. 
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Figure 7.13 Body weights and serum cholesterol and triglyceride levels of male 

PS1-WT, PS1-KI and APPtg mice: Castrated mice were either fed testosterone 

supplemented food after six months of testosterone deprivation (CT, n = 3) or were kept 

on a strict phytoestrogen free diet for the duration of the experiment (CNT, n = 3). A 

control group consisted of mice not castrated but fed the same phytoestrogen free diet 

as the other animals for the duration of the experiment ( N C N T , n = 3). Prior to 

sacrifice mice were weighed (A). Serum cholesterol and triglyceride levels are shown 

by graphs (B) and (C) respectively. Horizontal bars represent mean values. 
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Figure 7.14 Serum total testosterone levels for male PS1-WT, PS1-KI and APPtg 

mice: Mouse groups are the same as described for figure 7.8. Total testosterone levels 

in serum were determined for PS1-WT (A), PS1-KI (B), and APPtg (C) N C N T (n = 3), 

C N T (n = 3) and C T (n = 3) mouse groups. Horizontal bars represent mean values. 

Testosterone levels are shown as three separate graphs for the three mouse strains, in 

order to allow for adjustment of the y-axis scale, to enable better visualization of the 

existence of some difference in levels between C N T and C T groups (in particular when 

these differences are very small). 
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Oxidatively modified proteins were also examined in male mice in three 

different treatment groups and mouse strains. Determination of profiles of oxidatively 

modified proteins was of higher priority under the time constrictions of the project, 

because the relatively lower abundance of spots on the "OxyBlots" compared to 

Coomassie gels would make it easier to determine whether protein profiles would match 

between male and female mice. Coomassie gels are less likely to show substantial 

changes in protein levels between a large number of protein spots and require time 

consuming computer analysis of spot patterns. Differential protein oxidation, however, 

can be present to a much greater extent (as for the P S 1 - W T female mice in the estradiol 

through food administration study) and under such circumstances much information is 

gained even from visual comparison of blots without the need for computer analysis. 

However, comparison of protein level profiles through staining of gels with colloidal 

Coomassie is also an essential part of the overall investigation and will be conducted in 

future studies. 

Protein spots differentially oxidized between the three different groups and for 

each mouse strain are listed in Table 7.8. These spots are also shown in Figures 7.15 -

7.17. Criteria for spot selection were the same as for the female mice in the estradiol 

through pellet insertion analysis. Spots of interest showed either <0.5 times or >2 times 

the signal intensity in one treatment group relative to the comparison group. The other 

condition was that a spot had to be present in all three gels of at least one of the two 

treatment groups compared to one another. Red ellipses represent spots differentialy 

oxidized between C T and N C N T groups, yellow squares show such spots between C N T 

and N C N T groups and blue triangles show these spots of interest between C T and C N T 

groups. Spots that show differences in more than just one comparison are pointed out 

by blue arrows (Figures 7.15 C, 7.16 C and 7.17 C). 

Interestingly, for the P S 1 - W T mice proteins in the C T group that experienced 

testosterone supplementation appear to be markedly more oxidized than proteins in the 

castrated only group (CNT) and the intact animals ( N C N T ) as shown in Figure 7.15. 

The C N T group showed some increase in protein oxidation compared to the N O N E 

group. Unfortunately, the same computer analysis problem occurred as for the OxBlots 

from the female mice on estrogen supplemented food. It appears that due to the large 

difference in spot intensities, the programme was not able to detect and match certain 

spots across different groups. So incongruously, the only spots identified by computer 

analysis as different between the C T and N C N T groups actually showed less oxidation 

in the C T group (Table 7.8 spots 1 and 2, Figure 7.15 A ) . A comparison between C N T 
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and N C N T groups was also affected by this analysis problem and the only spot revealed 

as differentially oxidized showed decreased oxidation levels in the C N T group (Table 

7.8 spot 1, Figure 7.15 spot B). Comparison between C T and C N T groups revealed 

predominantly higher oxidation levels in the C T group (Table 7.8 spots 1-5, Figure 7.15 

C). The only spot that showed differential oxidation for the C N T group showed more 

than three times higher signal intensity in the C T group (Table 7.8 spot 5, Figure 7.15 C 

spot 1,5). Spots one and two for the C T group that showed less apparent oxidation in 

the N C N T group were found to be more oxidized in the C T group compared ot the C N T 

group (Table 7.8 spots 1 and 5, Figure 7.15 spots 1,1 and 2,4). Possibly the spot of 

greatest interest in the P S 1 - W T male mice is spot number 1 (Table 7.8, column 2) 

showing decreased levels of oxidative modifications after castration, but showing a 

return to the pre-castration state after administration of testosterone (spot 5, Table 7.8, 

column 3 and Table VI, Appendix XIII, page A17: spot 1, column 2 and spot 5 column 

3, wild-type mice). However, with this particular analysis it is important to keep in 

mind that accurate spot detection and comparison was hindered by the software 

problems encountered. Therefore, computer analysis alone will not be the only guide 

for spot selection. Visual comparison of individual blots will also be performed to pick 

candidate spots for further evaluation. 

W h e n comparing OxyBlots of PS1-KI mice, overall differences in oxidative 

status of proteins were not marked between different treatment groups as for the PS1-

W T mice. However, visually a slight trend towards more increased levels of oxidation 

in the C T groups was noted (Figure 7.16). However, this trend was not reflected by 

computer comparison of spot patterns, with equal numbers of spots showing increased 

and decreased levels of oxidation in C T compared to N C N T and C N T compared to 

N C N T groups (Table 7.8). W h e n comparing C T with C N T mice one spot was more 

oxidatively modified and two spots showed less oxidation in the C T group (Table 7.8 

spots 1-3 and Figure 7.16 C). One spot, (number 4, 1 and 3 across the three columns of 

Table 7.8 under PS1-KI mice, Figure 7.16 spot 4,1,3) was more oxidized in C T 

compared to N C N T groups, less oxidized in C N T vs N C N T groups and also more 

oxidized in C T compared to C N T mice (see also Appendix XIII, Table VIX). This 

suggests that testosterone depletion may lower oxidation levels of this protein, while the 

particular testosterone supplementation regime employed in this study increased 

oxidation levels even beyond those found in intact mice. 

For APPtg mice overall oxidation appeared to be strongest for C T animals 

consistent with the trend observed for the previous two mouse strains. Only spots with 
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increased oxidative modification were observed for both C T vs N C N T and C N T vs 

N C N T comparions (Table 7.8, Figure 7.17 A and B ) suggesting that this may be a 

castration effect. The comparison between C T and C N T mice also showed only spots 

with increased protein oxidation for the C T group compared to the C N T mice. Spots 1 

and 2 in column 1, Table 7.8 are the same as spots 1 and 2 in column 3, Table 7.8 (also 

see Figure 7.17 spots 1,1 and 2,2 and Table VI, Appendix XIII, page A17). This is 

consistent with the trend of increased oxidation occuring in castrated animals which 

may be further exacerbated by replenishment of testosterone. 

While the current analysis comparison revealed some interesting trends, further 

information could be obtained from extending the analysis to include signal intensity 

differences within the range of 0.5 to 2.0 times, and by analysing additional mouse 

samples to enable statistical comparison of results. 
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Figure 7.15 'Testosterone-supplementation-in-diet' experiment: OxyBlot 

detection of oxidatively modified proteins in male P S 1 - W T mouse brain tissue: 

Western blot E C L signals for 50 pg total protein from male P S 1 - W T mouse brain 

cortex samples (20 m M Tris solution extract supernatants, see Chapter 2, Section 

2.2.6.2) treated using the OxyBlot™ Protein Oxidation Detection kit for detection of 

oxidative modifications of proteins (see Chapter 2, Section 2.2.12.3). (A) 

Representative OxyBlot from a mouse not castrated, with no testosterone 

supplementation (NCNT, control group), (B) OxyBlot from a mouse castrated but 

supplemented with testosterone through diet (CT) or (C) OxyBlot from a mouse 

castrated, with no testosterone supplementation (CNT). Red ellipses indicate protein 

spots in the C T group <0.5x or >2x in signal intensity compared to the N C N T group, 

yellow squares indicate spots with such signal intensity changes in the C N T compared 

to the N C N T group and blue triangles represent such spots in the C T compared to C N T 

group. Overlap of spot markers (blue arrows) indicates spot signal differences between 

more than one combination of group pairs (CT, C N T , N C N T ) , with the colour and 

shape of the markers indicating which groups. For these spots the spot number for all 

comparisons involved is provided. 
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Figure 7.16 'Testosterone-supplementation-in-diet' experiment: OxyBlot 

detection of oxidatively modified proteins in male PS1-KI mouse brain tissue: 

Western blot E C L signals for 50 pg total protein from male PS1-KI mouse brain cortex 

samples (20 m M Tris solution extract supernatants, see Chapter 2, Section 2.2.6.2) 

treated using the OxyBlot™ Protein Oxidation Detection kit for detection of oxidative 

modifications of proteins (see Chapter 2, Section 2.2.12.3). (A) Representative 

OxyBlot from a mouse not castrated, with no testosterone supplementation (NCNT, 

control group), (B) OxyBlot from a mouse castrated but supplemented with testosterone 

through diet (CT) or (C) OxyBlot from a mouse castrated, with no testosterone 

supplementation (CNT). Red ellipses indicate protein spots in the C T group <0.5x or 

>2x in signal intensity compared to the N C N T group, yellow squares indicate spots 

with such signal intensity changes in the C N T compared to the N C N T group and blue 

triangles represent such spots in the C T compared to C N T group. Overlap of spot 

markers (blue arrows) indicates spot signal differences between more than one 

combination of group pairs (CT, C N T , N C N T ) , with the colour and shape of the 

markers indicating which groups. For these spots the spot number for all comparisons 

involved is provided. 
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Figure 7.17 'Testosterone-supplementation-in-diet' experiment: OxyBlot 

detection of oxidatively modified proteins in male APPtg mouse brain tissue: 

Western blot E C L signals for 50 pg total protein from male APPtg mouse brain cortex 

samples (20 m M Tris solution extract supernatants, see Chapter 2, Section 2.2.6.2) 

treated using the OxyBlot™ Protein Oxidation Detection kit for detection of oxidative 

modifications of proteins (see Chapter 2, Section 2.2.12.3). (A) Representative 

OxyBlot from a mouse not castrated, with no testosterone supplementation (NCNT, 

control group), (B) OxyBlot from a mouse castrated but supplemented with testosterone 

through diet (CT) or (C) OxyBlot from a mouse castrated, with no testosterone 

supplementation (CNT). Red ellipses indicate protein spots in the C T group <0.5x or 

>2x in signal intensity compared to the N C N T group, yellow squares indicate spots 

with such signal intensity changes in the C N T compared to the N C N T group and blue 

triangles represent such spots in the C T compared to C N T group. Overlap of spot 

markers (blue arrows) indicates spot signal differences between more than one 

combination of group pairs (CT, C N T , N C N T ) , with the colour and shape of the 

markers indicating which groups. For these spots the spot number for all comparisons 

involved is provided. 
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Table 7.8: Male P S 1 - W T , PSl-FQ and APPtg mice: OxyBlot1 M signal intensity 
ratios of spots with <0.5x or >2x the intensity in C T compared to N C N T , C N T 
compared to N C N T and C T compared to N C N T groups. 

CT mice vs N C N T 
mice 

Spot# Signal ratios 

PS1-WTmice 
1 
2 

0.20 (3T/3N) 
0.20 (2T/3N) 

PS1-KI mice 
1 
2 
3 
4 

0.14 (3T/2N) 
0.25 (3T/2N) 
1.36 (3T/3N) 
2.20 (3T/3N) 

APPtg mice 
, 

1 -̂  

5.37 (3T/1N) 
7.15 (3T/1N) 

CNT mice vs NCNT 
mice 

Spot # Signal ratios 

PS1-WTmice 
1 0.41 (3C/3N) 

PS1-KI mice 
1 
2 
3 
4 

Wlitlli 
A 

0.26 (3C/3N) 
0.75 (3C/3N) 
1.19 (3C/2N) 
3.40 (3C/2N) 

\PPtg mice 
1.55 (3C/1N) 

CT mice vs C N T 
mice 

Spot # Signal ratios 

PS1-WTmice 
1 
2 
3 
4 
5 

0.22 (3T/3C) 
0.27 (2T/3C) 
0.28 (3T/3C) 
0.31 (2T/3C) 
3.63 (3T/3C) 

PS1-KI mice 
1 
2 
3 

0.09 (3T/3C) 
0.25 (3T/3C) 
8.32 C3T/3C) 

1 
2 

APPtg mice 
3.13 (3T/1C) 
4.33 (3 T / 3 C) 

CT = Castrated mouse, testosterone supplemented through food (n =3 ) 

CNT = Castrated mouse, no testosterone supplement (n = 3) 

NCNT = Not castrated mouse, no testosterone supplement (control group, n = 3). 

Ratios: CT/NCNT, CNT/NCNT and CT/CNT respectively (listed in progressively increasing order 
down each column). Numbers in brackets indicate in how many CT vs N C N T (control) gels (T / 
N), C N T vs N C N T gels (C / N) or CT vs C N T gels (T / C) the spot was detected. 

Yellow highlights spot intensities lower than 0.5x and green highlights spot intensities 
higher than 2x for C T or C N T groups with regard to their comparison group. BioRad 
PDQuest 2-D Analysis Software, Version 7.3 was used to compare spot signal intensities. 
Due to a small sample size (maximum n = 3) no statistical comparison of spot intensities 
was performed. Only spots are included that were detected in all three gels of at least one 
of the comparison groups. Spots are illustrated in Figures 7.15, 7.16 and 7.17. 

317 

file:///PPtg


Chapter 7 Screen for AT) (Biomarkers in AT) mouse models 

7.4 Discussion: 

The current study examined differences in 2 D E protein patterns and differential 

protein oxidiation in brain tissue from three different strains of mice after estrogen or 

testosterone deprivation and supplementation. Results suggest that early and long-term 

deprivation of estrogen and testosterone can lead to differential protein patterns and 

increased oxidation of proteins in the brain. However, these preliminary observations 

require further clarification and validation in larger animal numbers, as well as 

confirmation in human studies. For all protein changes observed, m R N A anlaysis will 

be conducted to determine whether these changes are due to differential transcription 

activity and / or m a y be a result of altered protein degradation mechanisms. 

7.4.1 Experimental challenges 

The initial idea of administering estradiol or testosterone through diet was valid 

since it was successfully applied in a guinea pig model to show modulation of brain A p 

levels through estradiol supplemented food (Petanceska et al., 2000). However, certain 

mice did not eat the estradiol supplemented diet in this study. Since the same 

phytoestrogen free diet that the mice had been consuming for the entire duration of the 

experiment was later supplemented with estradiol, it could only have been the estradiol 

that made a difference, perhaps by altering the taste. It is possible that this potential 

taste difference did not affect guinea pigs but only certain strains of laboratory mice. 

However, this cannot explain the observation in the current study that not all mice of 

each strain refused the supplemented diet. A large proportion of female P S 1 - W T mice 

did eat the diet without reservation, while a small proportion preferred to starve rather 

than consume it. None of the PS1-KI mice ate the diet and at this point it was decided 

to insert pellets for the remainder of the animals including all APPtg mice. It appears 

that difficulties with substance administration through food supplementation can be 

unpredictable and such studies require prior pilot experiments to determine 

compatibility of animals used with the particular diet supplement. Even then it is 

possible that in larger scale studies a proportion of animals will happily submit to the 

administration of the new diet while others will react adversely (as was observed in this 

study). 

Insertion of subcutaneous pellets m a y represent a more advantageous alternative 

to food or water supplementation. Subcutaneous slow release pellets can ensure a 

relatively consistent delivery of the hormone into the body since it is virtually 
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impossible to tailor adjust hormone supplementation to fit exact levels of food or fluid 

intake for every single animal and every day for the duration of the experiment. While 

daily injections of the hormone could solve this problem, this approach might be more 

expensive, is more labour intensive and may cause undue repeated stress to the animals. 

Furthermore, it is likely that less hormone needs to be used in subcutaneous pellet 

administration compared to supplementation through diet, since the hormone in the diet 

may not be absorbed through the intestines in the same amount. Hormone 

supplemented diet also requires frequent change and disposal of "left-over" food since 

light and temperature changes can cause hormone degradation and fresh food needs to 

be available for animals on a daily basis, thus resulting in a lot of wasted hormone and 

higher expenses. Therefore, subcutaneous pellet insertion is a much more efficient 

method to reduce variation and obtain more reproducible results and has been applied 

by a number of studies in the literature (Bebo et al, 2001; Zheng et al, 2002; Heikkinen 

et al, 2004; Matejuk et al, 2004). For our laboratory subcutaneous pellet insertion will 

be the choice of hormone / drug delivery into animals in future studies. Every future 

study will also include animal groups inserted with placebo pellets to control for 

potential effects of other pellet ingredients. However, not enough animals were left to 

employ such an approach in the current study. 

A p ELISA assays are a routine procedure in our laboratory for measurement of 

A P levels in human tissues. However, adaptation of this assay for mouse tissues 

requires more development as it appears that the sensitivity may need to be improved. 

Once this is achieved both AP40 and A p 4 2 levels will be measured in mouse serum and 

brain tissue. Serum rather than plasma was collected since that is preferable for 

hormone level measurement. It was not practical to collect both serum and plasma in 

this study since maximum blood volumes obtained from each mouse by heart puncture 

resulted in serum volumes that ranged from approximately 400 to 600 pi, a substantial 

proportion of which was required for other assays, including measurement of hormone 

levels. However, plasma is preferable for A P measurement since A P released from 

platelets may lead to detection of misleadingly high serum levels of A P (Van Nostrand 

et al, 1991b; Chen et al, 1995; Li et al, 1998). Therefore, for the current mouse 

studies the measurement of A p changes in the brain will be deemed a more reliable 

indicator of estradiol / testosterone effects on A p levels as it would be more pertinent to 

A D pathology. 

Estradiol and testosterone measurements in mouse serum proved more difficult 

than anticipated. Levels could only be determined for P S 1 - W T O E F mice (mice 
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supplemented with estradiol through food). For some animals these levels were close to 

the assay detection limit (20 pmol/L estradiol). Endogenous estradiol levels in intact 

animals could not be detected for either the administration via food or subcutaneous 

pellet insertion study. In contrast, only endogenous murine testosterone levels could be 

detected in the intact male mice. Castrated animals supplemented with testosterone in 

the feed showed at best very low to negligible levels of testosterone that approached the 

assay detection limit of 0.3 nmol/L total testosterone. Estradiol was measured by a 

solid-phase, competitive, chemiluminescent enzyme immunoassay, while testosterone 

was detected by a radioimmunoassay approach (see materials and methods section of 

this chapter). It is possible that the antibody used in the estradiol assay could not 

recognize endogenous murine estradiol. Likewise, serum levels of endogenous murine 

estradiol and serum estradiol levels in mice with subcutaneous hormone pellets may 

have been below detection range for the assay. Appendces IX and X show murine 

serum and plasma estradiol ranges detected by various studies with or without 

supplementation with estradiol through subcutaneous pellet insertion. 

Aministration of 5 mg/kg body weight/day estradiol in food resulted in serum 

estradiol levels of 499 pmol/L (135.9 pg/ml) in guinea pigs (Petanceska et al, 2000). 

However, a similar study conducted in mice and using subcutaneous pellets instead of 

supplementation through diet led to serum estradiol levels of-2100 pmol/L (572 pg/ml) 

for the 5 mg/pellet for slow release over a period of 90 days (Zheng et al, 2002). 

Estradiol levels for both of these studies were determined by radioimmunoassay 

(Petanceska et al, 2000; Zheng et al, 2002). It has been demonstrated in human studies 

that insensitive estradiol immunoassays might account for some publications in the 

literature that reported reduced estradiol levels in A D (Hogervorst et al, 2003c). In 

order to obtain valid data, it is therefore important to maximize detection sensitivity. 

This would apply to mouse studies as much as to human studies, in particular if lower 

levels of estradiol may be expected in mice. Therefore, in future studies a 

radioimmunassay approach will be tested in order to determine whether this will lead to 

better sensitivity. Should this not solve the problem, it is still possible to collect uteri 

for weighing, as well as histopathological analysis to determine whether any biological 

effects have ensued from the administration of estradiol. 

Testosterone was detected by radioimmunassay. In the N C N T mouse groups, 

that only had endogenous murine testosterone (not castrated and no testosterone 

supplements), levels of this hormone appeared high compared to those detected by 

another study (Figure 7.14, Appendix XI, page A12). While it has been reported that 
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the Coat-A-Count Total Testosterone radioimmunoassay (Diagnostic Products 

Corporation) is not susceptible to interference by S H B G (Bodlaender, 1990), it is still 

possible that other serum constituents may have led to a falsely elevated result. It is, 

therefore, of interest to examine total testosterone levels by another assay (such as the 

Immulite System). Testosterone levels dropped as far as below assay detection limit in 

most animals in the C N T group. However, administration of testosterone through diet, 

did not elevate serum levels of this hormone sufficiently to distinguish C N T mice from 

the C T (testosterone supplemented) groups. It is possible that this particular assay for 

total testosterone may not detect the commercial testosterone (order number T1500, 

Sigma-Aldrich Corp., St. Louis, M O , U S A ) very well and other assays for total 

testosterone may be considered for future analyses. However, it is also possible that the 

testosterone administered through diet did not become absorbed or reach the circulation 

to an equal extent in every mouse. For clarification of these initial findings, testosterone 

levels will also be determined for the remaining mice in all experimental groups. 

Nevertheless, OxyBlot™ results suggest that testosterone administration through 

diet in the current study may have had a biological effect in the mouse brains. A s for 

female mice, male mice were kept on phytoestrogen free diets for the duration of the 

experiment. The only differences between intact mice ( N C N T ) and castrated, 

testosterone supplemented animals (CT) were the amount (and possibly type) of 

testosterone present in the circulation. It may be of benefit to determine levels of free, 

bioavailable [albumin-bound + free testosterone] and SHBG-bound testosterone, in case 

a shift from one pool to another could have led to evasion of detectability by the 

testosterone assay used in the current study. Another approach for future studies could 

be to use subcutaneous pellet insertion instead of supplementation through food. This 

may lead to higher and better detectable concentrations of circulating testosterone. In 

the current study, prostates were collected from each male mouse sacrificed. 

Testosterone depletion has been reported to cause atrophy in accessory sex organs such 

as the ventral prostate and vesicular gland (Yamasaki et al, 2001). Histopathological 

screening of such tissues for steroidal hormone effects m a y help to determine whether 

testosterone administration by diet did have a physiological effect in the mice used for 

the current study. 

Serum testosterone or estradiol levels alone or examination of peripheral tissues, 

however, are not necessarily a conclusive marker for the presence or absence of sex 

hormone effects in the brain. One approach to examine this question would be by 

immunohistochemical localization and quantitation of androgen and estrogen receptor 
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levels in different brain tissue regions from intact animals, castrated or ovariectomized 

mice, and those animals first deprived of and then supplemented with estrogen or 

testosterone. Several studies have linked brain region-specific alterations of levels as 

well as subcellular distribution of these receptors to A D pathology (Ishunina et al, 

2002; Lu et al, 2003; Hestiantoro and Swaab, 2004; Hong-Goka and Chang, 2004; Lu 

et al, 2004; Ishunina et al, 2005). In addition, a novel estrogen receptor-a splice 

variant has recently been identified (Ishunina et al, 2005) as well as novel estrogen 

receptor (not another splice variant), termed estrogen receptor-X that is expressed in the 

brain of a transgenic mouse model of A D (Toran-Allerand, 2005). It is, therefore, 

possible that deprivation as well as supplementation of estradiol or testosterone may 

have differential and measurable effects on the respective hormone receptors in brains 

of mice that develop A D pathology compared to those that do not. 

It was also observed in this study that OxyBlots from the estradiol in food 

supplementation experiments looked somewhat different to those from the estradiol by 

subcutaneous pellet insertion experiments. This may be due to the slight difference in 

protein extraction procedure used for these two approaches. While the diet 

supplementation experiment used Tris buffer, p H 7.4, the p H was increased to 8.0 for 

protein extraction in the subcutaneous pellet study. This m a y have contributed towards 

a smearing effect of the more acidic proteins on the OxyBlots. N o apparent difference 

was noted for Coomassie stained gels. The difference in extraction buffer used 

precludes comparison of OxyBlots between the two different estradiol administration 

experiments. The p H was changed from 7.4 to 8.0 in order to enable 2 D E comparison 

by Fluorescence 2-D Difference Gel Electrophoresis (DIGE, Amersham Biosciences 

Pty Ltd, Castle Hill, N S W , Australia). This will be further discussed in the following 

chapter. Different extraction methods enrich for different subpopulations of proteins. 

As long as the extraction method is identical for all samples of one experiment or study 

that need to be analysed together, the most important consideration is to pick the right 

extraction method for the protein groups of interest (for example, basic or acidi proteins, 

hydrophobic and membrane proteins, etc.). 

However, mice subjected to pellet insertions were around three months older 

than mice on the supplemented diet. Therefore, direct comparions of oxidatively 

modified proteins between those two experimental groups would not have been prudent 

in any case. Furthermore, since diet alterations during the study may have had a 

potential influence on experimental outcomes, comparisons could only be made 

between different mouse groups that ate the diet or mouse groups that received 
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subcutaneous pellets, but subgroups of mice that ate the diet could not be directly 

compared to subgroups in the subcutaneous pellet category. 

7.4.2 Use of the Tg2576 and PS1M146VKI mouse models for 

biomarker studies 

Both the P S 1 M 1 4 6 V K I and the Tg2576 mouse showed differences in protein 

patterns and differential protein oxidation in the different treatment groups compared to 

the P S 1 - W T background strain. Some differences between oxidatively modified 

proteins were observed in particular for the male mice in the testosterone deprivation / 

supplementation study. The P S 1 - W T mice appeared to show the greatest increase in 

oxidatively modified proteins in the mice supplemented with testosterone after six 

months of castration induced testosterone depletion (Figure 7.15). The other two mouse 

strains showed a similar trend but with less pronounced increases in oxidatively 

modified proteins in the C T groups (Figures 7.16 and 7.17). It is conceivable that, for 

the knock-in and transgenic strains, hormone deprivation or administration may not 

have had the same severe impact as for wild-type mice where no underlying 

pathological mechanisms were already present. In the AD mouse models the brains 

would already be subjected to underlying pathogenic mechanisms occurring due to the 

gene alterations. A further insult caused by hormone deprivation / supplementation 

may, therefore, have had only a comparatively small additional effect. It would be of 

interest to examine the brains of all three mouse strains and treatment groups for levels 

and activity of antioxidant enzymes. S O D levels were previously found to be increased 

in human A D frontal cortex (see Chapter 3). It is possible that similar changes may 

occur in the AD mouse models. Increased S O D and glutathione peroxidase activity has 

already been demonstrated in Tg2576 mouse cortical tissue during the ageing process 

(Apelt et al, 2004). Finding increased levels of antioxidant enzymes in the brains of 

these mice would not imply that these animal models are less suitable for the study of 

A D pathogenic mechanisms. O n the contrary, it would validate them as reflecting more 

authentic AD-like pathology than appreciated thus far. However, the preliminary 

results produced with the small number of animals examined to date need to be 

confirmed with further analysis of the rest of the animals in the different treatment 

groups. 

Should this trend be substantiated with larger animal numbers it would have 

implications for both future animal and human studies. It is unlikely that any animal 
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model will ever be able to accurately replicate all aspects of a human disease process to 

encompass the entirety of all intricate interplay of pathological mechanisms in different 

organs. However, the current study suggests that using genetic modification of a 

complex organism in an attempt to generate at least certain components of known 

pathological processes could result in relatively good models that accurately reproduce 

more complex human pathological mechanisms than anticipated. This suggests, that 

using only inbred mouse strains, such as C57BL/6 mice, m a y be useful for exploration 

of physiological processes but may not produce data that accurately reflects the human 

A D condition. Transgenic animals, even those expressing supraphysiological levels of 

certain disease linked proteins, are likely to produce more relevant data. For human 

studies this suggests antioxidant mechanisms in A D brains need to be studied 

specifically for that condition. While certain c o m m o n mechanisms may exist for 

oxidative stress effects in neurodegenerative diseases such as A D , Parkinson's disease, 

Huntington's disease and amyotrophic lateral sclerosis, differences have also been 

observed, as recently reviewed by (Chong et al, 2005b). Therefore, caution must be 

exercised when generalized implications are made for A D from data generated by 

studies on other neurodegenerative disorders. 

Mouse models have previously been used to search for biomarkers for A D . This 

includes the PS1M146VKI (PS1-KI) mouse examined in the current study. Perturbed 

calcium homeostasis has been a feature observed in the earliest characterization of this 

animal model (Guo et al, 1999a). Subsequently it has been shown that fibroblasts 

isolated from these animals show impaired capacitative (or store-operated) calcium 

influx (Leissring et al, 2000). Calmodulin, which was found to be decreased in A D 

frontal cortex (see Chapter 6) has been shown to play a role in the regulation of this 

mechanism (Singh et al, 2002; Litjens et al, 2004). The original aim of the current 

study was to verify candidate biomarkers discovered using the mouse models by 

examining their levels or post-translational modifications in human brain tissue. From 

that perspective there is no need to validate decreased levels of calmodulin detected in 

human brain by examining its levels in a mouse model. However, finding decreased 

calmodulin levels in our mouse models of A D will further validate them as good models 

for A D pathology and will be conducted in future studies. 

Microarray profiling of brain c D N A from a PSI knock-out mouse model 

revealed transcriptome changes of potential relevance to findings from the current study 

(Mimics et al, 2003). Levels of calmodulin binding protein 1 were found to be 

increased in PSI-/- animals, while decreased levels of proteins such as B A S P 1 and o> 
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enolase were observed (Mimics et al, 2003). ApoE m R N A was also found to be 

decreased in the PSI-/- mice by c D N A microarray analysis (Mimics et al, 2003). A 

different study using proteome pattern comparisons of brain tissue from mice transgenic 

for human tau 40 (htau40-l mice) detected decreased cerebral levels of y-enolase, and 

increased levels of ATP-synthase a-subunit (although not significant to a 9 5 % 

confidence level) (Tilleman et al, 2002). The current study showed decreased levels of 

calmodulin and B A S P 1 as well as oxidatively modified y-enolase in A D frontal cortex 

(see Chapter 6), while increased levels of apoE were detected in the cerebellum of 

human A D cases with PSI mutations (see Chapter 3). This indicates that certain A D 

mouse models can be a useful tool in the study of this disease, since a wide range of 

similar biochemical pathways appear to be affected in both the human brain and these 

particular mouse models. 

This study may be the first to compare both proteome profiles and post-

translational modification of proteins in both human A D brains and brain tissue from 

the PS1M146VKI and Tg2576 mice. It appears to be a very useful and complementary 

combination to work on both mouse and human brain tissue in one study, since all 

mouse results can be validated in human tissue, while mouse models can also be use to 

manipulate pathological outcomes with experimental treatments. It is also beneficial to 

compare two mouse models in one study, such as the PS1-KI mouse and the APPtg 

mouse to see how changes in one model relate to development of pathological signs in 

the other model. A background animal model provides contrast to what happens when 

there is no underlying pathology and can be compared to human control cases to 

validate findings. Therefore, this approach will continue in our laboratory. 

7.4.3 Effects of ovariectomy or castration and estrogen or 

testosterone supplementation 

7.4.3.1 Body weight and serum lipids 

The first observations made for male and female mice in the current study were 

body weight differences between castrated / ovariectomized animals and intact controls. 

Most female mouse groups gained weight after ovariectomy, while male mice showed a 

consistent trend for decreased weight after castration. Neither weight change was 

counteracted by subsequent supplementation with estradiol or testosterone. 

Evidence for an increase in body weight after ovariectomy has also been 

provided by other studies (Reynolds et al, 1978; Thawornkaiwong et al, 2003). 
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Subsequent long-term (over 10 weeks) administration of estradiol, starting two days 

after the surgeries were performed, was able to prevent this gain of weight 

(Thawornkaiwong et al, 2003). A n early study examining the effect of estrogen 

deprivation proposed that estrogen played a role in the regulation of weight gain not 

solely through modulation of food intake but also through an independent effect on 

metabolic processes (Mueller and Hsiao, 1980). Since then studies have shown that 

ovariectomy can lead to increased insulin resistance which can be rescued by 

administration of estradiol (Kumagai et al, 1993; Gonzalez et al, 2002a; Liu et al, 

2004). This is believed to occur through a dose dependent effect of estradiol on insulin 

receptor levels, with low doses of estradiol leading to high expression of the receptor 

,while high doses caused diminished expression of the insulin receptor in various tissues 

(Gonzalez et al, 2002b). 

In the current study ovariectomy was followed by an increase in body weight, 

but subsequent administration of estradiol did not reverse this effect as seen in other 

studies. One possible explanation could be that the dosage administered in both the 

food and through subcutaneous implantation may have been so high as to reduce 

estrogen receptor levels. Estradiol doses will be discussed in more detail in the 

following section. It appears more likely that the prolonged time period during which 

female mice were deprived of estradiol could have influenced this outcome. Animals 

were ovariectomized at a young age (6-8 weeks) and spent the next six or nine months 

of their lives deprived of estrogen. This was followed by 30 days of estradiol 

administration either through diet or subcutaneous slow-release pellets. Therefore, the 

animals spent most of their lives experiencing effects of induced weight gain due to 

estradiol deprivation. The subsequent administration of estradiol for a much shorter 

proportion of time at a later stage in their life may not have been sufficient to noticeably 

reverse the previous long-term effects. 

Another study using the Tg2576 mouse model to study effects of estrogen 

deprivation and supplementation, ovariectomized mice at the age of 13 weeks with 

simultaneous implantation of 90-day-release 17p-estradiol pellets (1.7 m g or 5 m g per 

pellet) and animals sacrificed at seven months of age (Zheng et al, 2002). The study 

reported increased A p levels in ovariectomized mice, while those animals that were 

ovariectomized and received estradiol replacement showed A p (both A p 4 0 and Ap42) 

levels equivalent to sham operated animals or significantly lower when high doses of 

estradiol were administed (Zheng et al, 2002). A study using double transgenic PSI 

and A P P mutant mice to investigate estrogen deprivation and supplementation effects 
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on spatial learning ability performed ovariectomies when animals were threee months of 

age and estradiol supplementation (0.18 m g 17p-estradiol subcutaneous slow-release 

pellet) occurred for the last 90 days of an animal's lifetime (Heikkinen et al, 2004). 

Mice were sacrificed at 6, 9 and 12 months of age. This resulted in a maximum period 

of estrogen deprivation of around six months, similar to the animals that received 

estradiol supplementation in their feed, but three months less than mice that received 

subcutaneous pellets in the current study. Estradiol supplementation appeared to have a 

positive effect on certain spatial learning tasks (Heikkinen et al, 2004). The above two 

studies suggest that ovariectomy at a later age (for example 12 weeks instead of six to 8 

weeks) and longer estradiol administration periods (three months instead of only one 

month) as well as shorter time-periods of estradiol deprivation may yield more 

prominent effects. Ovariectomy at a later age with only a short time period prior to 

estradiol supplementation would also represent a better model for postmenopausal loss 

of estrogen followed by hormone replacement therapy. 

The dosage used in the project study spread over only 30 days equates to a 1.5 to 

2 times higher concentration of estradiol than used by Heikkinen and colleagues 

(Heikkinen et al, 2004) suggesting a potential greater impact from prolonged duration 

of administration rather than higher dosage short-term adminstation of estradiol. 

However, an effect on uterine weights was observed in the current study as well as an 

effect on oxidative modifcation of proteins (discussed in Section 7.4.3.3). Therefore, 

estradiol administration can elicit effects even after prolonged deprivation of this 

hormone, however, duration of hormone deprivation and timing and duration of 

subsequent supplementation may be critical for establishment of a valid model for 

estrogen replacement therapy in post-menopausal women. 

Contrary to the female animals, male mice experienced a trend towards 

decreased body weight after castration, and this trend was not reversed by subsequent 

administration of testosterone. Castration has been shown to lead to atrophy of 

accessory sex organs (such as prostate and vesicular gland) as well as an overall 

decrease in weight (Yamasaki et al, 2001). Depletion of testosterone generally leads to 

decreased muscle mass and strength, accompanied by increased fat mass and 

osteoporosis as well as decreased hematocrit (leading to a lower oxygen supply to 

muscles) and poor glucose utilization (as reviewed by Winters, 1999; Zitzmann and 

Nieschlag, 2003). Numerous clinical trials have shown that these effects can be largely 

reversed by administratin of testosterone (Brodsky et al, 1996; Katznelson et al, 1996; 

Wang et al, 1996; Bhasin et al, 1997; Snyder et al, 1999; Snyder et al, 2000; W a n g et 
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al, 2000; Wittert et al, 2003). It is, therefore, possible that in the current study a loss in 

muscle mass and bone mineral density through the long-term depletion of testosterone 

may have resulted in the lower body weights observed in the castrated animals. Since 

the animals were castrated at a very young age, it is even more likely that the loss of 

testosterone may have resulted in an inability to lay down as much muscle mass during 

their growth phase. As for the female ovariectomized mice supplemented with 

estradiol, supplementation with testosterone in male mice may have provided too late an 

intervention and for too short a time to detect any reversal of the long-term hormone 

depletion effects. 

Another observation were changes in total serum cholesterol levels, particularly 

in some of the female mouse groups. Male mice had unaltered cholesterol levels across 

different treatment groups or mouse strains. While body weights and serum cholesterol 

levels tended to show fairly consistent and relatively clear trends between males and 

females and for different treatments, this was not the case for serum triglyceride levels. 

N o changes were observed for the three different treatment groups for P S 1 - W T female 

mice in the estradiol supplemented diet experiment. For other female mouse groups 

and, in particular the male mice, trends varied between different strains. However, it 

does appear that for the APPtg mice triglyceride levels tend to be overall higher in both 

male and female animals compared to the other two mouse strains. 

Increased cholesterol levels have been associated with increased risk for A D (for 

a recent review see Reiss, 2005). One study examining lipids in A D reports a 

characteristic lipid profile of elevated total cholesterol, low density lipoprotein (LDL) 

and triglycerides with normal levels of high density lipoprotein (HDL) and total 

cholesterol to H D L ratio (Sabbagh et al, 2004). Cross-sectional large-scale population 

studies suggest that L D L levels increase after menopause (to a degree similar to that 

observed after ovariectomy but larger than the increase observed in m e n following 

andropause for the same age span), an effect that can be reversed by some forms of 

estrogen replacement therapy (as reviewed by Davidson et al, 2002). A pooled analysis 

of 248 studies from 1974 to 2000 revealed that estrogen replacement therapy alone 

(without other hormonal replacements) raised H D L , and lowered L D L and total 

cholesterol, while serum triglycerides were raised or lowered depending on whether 

estrogen was administered orally or transdermally (Godsland, 2001). Transdermal 

administration of estradiol was also found to have a beneficial effect on serum 

triglyceride levels in an independent study (Sanada et al, 2004) suggesting that the 
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mode of administration of the hormone m a y be an important consideration in order to 

elicit m a x i m u m benefit with minimal adverse side-effects. 

In both male rats and rabbits castration tends to lead to increased serum 

cholesterol levels which can be reversed through administration of androgens (Bai and 

Kurup, 1976; Haug et al, 1986; Cinci et al, 1993; Hussein et al, 1999). Serum 

triglyceride levels were found to be increased in one rabbit study (Bai and Kurup, 1976) 

but decreased in a rat study (Haug et al, 1986). In human trials one study examining 

effects of castration in m e n with prostate cancer showed that this intervention leads to 

only mild changes in plasma lipids, such as a 1 0 % increase in plasma cholesterol 

(Wallentin and Varenhorst, 1981) while another study comparing estrogen treatment to 

castration observed no significant serum lipid changes after castration or testosterone 

treatment (Berglund et al, 1996). 

The trend towards increased cholesterol levels in most female animal groups 

after ovariectomy is consistent with effects observed in the literature. Triglyceride 

levels did not show consistent trends but this may be due to low numbers. For male 

mice no increase in cholesterol was observed in the current animal study. This does not 

reflect observations in the literature. However, since human studies exist that have 

shown little or no effect of castration or testosterone supplementation on serum lipid 

levels, the observation of the current study may not be contradictory to effects in the 

human model, and as such remains valid. Triglyceride levels also appear to vary 

between different studies. Therefore, the current observation of variable trends in 

different male mouse strains does not contradict any overall consensus. It m a y be of 

interest, however, to also examine serum H D L and L D L levels rather than only total 

cholesterol in order to determine whether ovariectomy / castration or hormone 

replacement had differential effects on these cholesterol fractions and whether no 

overall effect occurred because changes in one fraction may have been masked / 

compensated for by changes in the other. Unlike other reports in the literature, estradiol 

or testosterone supplementation did not reverse any serum lipid effects observed in the 

current study. A s already noted for body weight increases this finding might be due to 

the long-term effects of hormone deprivation that might not be easily reversible at a late 

stage and by relatively short duration of hormone replacement. 

It is also interesting to note that different mouse strains should show different 

serum lipid profile trends, as was observed most prominently for the serum triglyceride 

levels. This may reflect underlying genetic mechanisms of lipid synthesis or metablism 

that are differentially affected in these genetically altered mice. This is of particular 
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interest for the APPtg (Tg2576) mice where triglyceride levels are elevated above the 

levels of P S 1 - W T and PS1-KI animals for both male and female mice. It m a y be of 

interest to examine these mouse models further in order to elucidate their serum lipid 

profiles, since it m a y be of relevance to the mechanisms of A D like pathological events 

in these mice. It must be noted that these current data on serum lipids represent 

preliminary work and further clarification needs to be obtained from larger animal 

numbers. This work will be completed in future studies. 

7.4.3.2 Differential protein profiles 

Deprivation of estrogen in the female mice as well as deprivation followed by 

supplementation of estradiol has produced some differences in protein profiles between 

the three different treatment groups when estradiol was supplemented through diet or 

administered through insertion of subcutaneous slow-release pellets. One notable 

observation was that P S 1 - W T mice with estradiol supplemented in their diet showed a 

preponderance of apparently up-regulated proteins while the opposite was observed for 

PS1-KI mice that received estradiol supplemetation through subcutaneous pellet 

insertions. However, it is important to keep in mind that for the diet experiment more 

mice were available and statistical analysis was used to identify spots of interest. 

Therefore, for the O E F mice spots with >0.5x but <0.2x intensity levels were not 

excluded from the comparisons. For the O E P mice, on the other hand, larger numbers 

and statistical analysis may have revealed a different trend. Another very important 

consideration is the mode of administration of estradiol. Randomized controlled clinical 

trials have shown that transdermal compared to oral administration of estradiol can have 

differential effects on serum triglyceride levels (Sanada et al, 2004) and insulin 

sensitivity (Spencer et al, 2000). It is possible, that likewise, levels of various proteins 

may be differentially affected by oral compared to subcutaneous, slow-release estradiol 

administration. 

Overall there were no clear trends towards predominantly increased or decreased 

protein levels for the ovariectomized mice or ovariectomized mice on estradiol 

supplements. Howevever, valuable insights m a y still be gained from changes in 

selected proteins, particularly those that were specifically altered following ovariectomy 

and returned to normal after hormone replacement. Such changes indicate that estrogen 

may have had a specific effect on the levels of these proteins. 

Candidate proteins depicted in the results section will be identified through mass 

spectrometry fingerprinting or amino acid sequencing. It can then be established 
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whether certain protein patterns are identifiable for particular treatment groups across 

all mouse strains examined, or whether large differences in protein profiles exist 

between the different mouse strains. Quantitative m R N A analysis will determine 

whether altered protein levels are due to expression differences. In the A D mouse 

models differential disturbance of biochemical pathways modulated by estrogen or 

testosterone compared to the background mouse strain may provide further evidence to 

implicate sex hormones in A D pathology and provide additional insights into the effects 

of sex hormone deprivation and replacement on the development of A D . Candidate 

proteins will also be examined in human brain tissue to confirm their relevance to 

human A D pathology and, where approprite, their levels will be examined in human 

control and A D plasma or peripheral blood leukocytes in order to evaluate them as 

potential diagnostic biomarkers. 

7.4.3.3 Oxidative modifications of proteins 

Ovariectomy is used to create models of oxidative stress since it increases lipid 

peroxidation and leads to decreased levels of antioxidant enzymes superoxide 

dismutase, catalase and glutathione peroxidase (Ha, 2004). Oxidative stress generated 

by ovariectomy has also been noted in the brain (Kume-Kick et al, 1996). In the 

periphery at least signs of ovariectomy induced oxidative stress can be reversed by 

estrogen treatment (Hernandez et al, 2000). Castration of male mice leads to signs of 

oxidative stress in the ventral prostate (Pang et al, 2002; Tarn et al, 2003) that can be 

at least partially reversed after replacement of testosterone (Tarn et al, 2003). The 

current study, therefore, examined effects of ovariectomy and castration as well as 

hormone replacement on oxidative protein modifications in the female and male mouse 

brain. 

Some oxidative modification of proteins was detected for all samples examined. 

However, it appears that for the male and female mouse experiments, where the 

hormone was added to the feed, ovariectomy and castration led to an increase in protein 

oxidation, and this was further exacerbated by subsequent administration of estradiol or 

testosterone. In the mouse groups where estradiol was administered by subcutaneous 

pellet, differences in protein oxidation between the intact animals, the ovariectomized 

mice and ovariectomized mice with estradiol supplementation did not show such a clear 

trend. Computer analysis worked well for these groups because the spot patterns were 

relatively similar, as opposed to mouse treatment groups with marked inter-group 

oxidation differnces, where visual examination of blots may provide a more 
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representative evaluation. All spots of interest will be identified, and their oxidative 

status validated in human A D brain tissue. Should certain proteins that showed altered 

levels in A D also show differential oxidation in A D , this would provide additional 

information about potential mechanisms of action of these sex hormone modulated 

proteins and the nature of disturbances of these mechanisms in A D pathology. 

Furthermore, it could provide novel biomarkers for A D diagnosis with more than one 

measurable quality applicable for diagnostic purposes. 

Estradiol was detected in serum from mice that were fed the estradiol 

supplemented diet, but no estrogen could be detected in the intact animals in this 

experiment or in any of the treatment groups in the estradiol through subcutaneous 

pellet administration experiment. However, it was possible to determine uterine 

weights for all these animals and these show that clearly estradiol supplementation, 

whether through diet or subcutaneous pellet had an effect, at least on the periphery. For 

male mice, where virtually no supplemented testosterone was detected in serum, it 

becomes even more important to examine the prostate tissue in order to confirm the 

presence of a peripheral effect of testosterone supplementation. A s discussed in section 

7.4.1 investigation of the presenence of any potential hormone supplementation effects 

on the brain could be performed by examination of estrogen and androgen receptor 

density and distribution in relevant brain regions of the different mouse groups. 

However, there is clearly a trend for male mice to show increased protein 

oxidation after castration and even higher oxidation levels afer adminstration of 

testosterone, in particular in the P S 1 - W T mice without A D linked genetic 

modifications. It appears that in these wild-type animals the reaction to the insult is 

strongest compared to the A D mouse models. Likewise, for the female mice in the diet 

supplementation experiment a marked and very clear trend for increased oxidation 

following ovariectomy and in particular after subsequent administration of estradiol was 

detected. Therefore, even without estrogen or androgen receptor examination, this 

provides evidence to suggest that estradiol and testosterone supplementation did have an 

effect in the brain, since these were the only variables introduced. All other diet 

constituents remained identical, therefore, it is highly unlikely that any other outside 

factor has caused this effect. 

Given that depletion of estrogen and testosterone can cause oxidative stress it 

could reasonably be expected that this effect would be reversed or rescued through 

subsequent administration of the missing hormone. However, this was not detected in 

the current study. Estrogen can, under certain circumstances have pro-oxidant 
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properties, for example when converted to catecholestrogen through oxidation (as 

reviewed by (Nathan and Chaudhuri, 1998) and testoserone has been implicated in 

oxidative stress induction in the rat prostate (Siddiqui et al, 2005). However, in the 

current study it may be more likely that in certain treatment groups mice may have 

received simply too high a dosage of hormone to be of benefit. Another possibility is 

that mice were deprived of hormone for too long a time for effects to be reversible 

through subsequent short term replacement of the hormones. Rather than reversing any 

prevoius damage, hormone administration at an inappropriate time might then have 

exacerbated the problem. Hormone dosage and timing of hormone deprivation and 

replacement will be discussed further in section 7.4.3.4. 

A n increase in oxidatively modified proteins after castration was detected for the 

PS1-WT mice compared to the A D mouse models. The same trend towards markedly 

increased oxidative stress following hormone replacement was also detected in 

ovariectomized P S 1 - W T female mice. These wild-type animals are not models of A D 

and the chronic oxidative stress effects over a period of six months are solely caused by 

hormone deprivation. However, in the A D mouse models the hormone effects are 

superimposed on a background of underlying pathological manifestations occuring as a 

response of specific gene modifications. Therefore, in these animals the potentially 

more subtle effects of hormone depletion and replacement may not stand out as much as 

they might in a wild-type mouse. 

However, it remains to be explained why the female mouse estradiol pellet 

supplementation experiment did not show similar strong trends for increased oxidation 

of proteins after ovariectomy and further exacerbation after subsequent estradiol 

replacement. In these mice the hormone dosage was lower (approximately 0.167 m g 

estradiol / kg body weight /day for each mouse, as opposed to 5 m g estradiol / kg body 

weight / mouse / day in the food supplementation study). These mice were also 

deprived of estrogen for nine compared to six months and proteins were extracted 

slightly differently compared to the food supplementation group. Given the reduced 

estradiol dosage and administration after nine months of estrogen deprivation and for a 

comparatively short period of time, additional hormonally induced oxidative stress 

effects may, therefore, have been less pronounced. It is plausible that this could largely 

be caused by the more advanced age of these animals. Signs of increased oxidative 

stress in Tg2576 mouse brains have been demonstrated at the ages of nine to twelve 

months (Apelt et al, 2004). At around 12 months of age oxidative stress in the brain 

may, therefore, have progressed to a higher degree in all experimental groups as a 
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function of ageing, and thus early (and possibly initially strong) differences caused by 

estradiol deprivation / supplementation m a y have become masked by more 

overwhelming age effects in all mouse strains examined (see also discussion in section 

7.4.2). 

7.4.3.4 Hormone dosage vs time and duration of administration 

T w o issues for discussion arising from the current project are a question of most 

effective dosage of estrogen / testosterone and best timing for surgical deprivation as 

well as replacement of these hormones. Administration of hormones through food or 

pellets has already been discussed (section 7.4.1) and the conclusion reached that 

problems inherent in supplementation through diet can be avoided through 

administration of subcutaneous pellets, which is also a better approach to ensure a 

constant rate of administration of the hormone at an accurate dose over the chosen 

period of time. 

In the current study estradiol or testotesterone were either administered at a rate 

of 5 m g / kg body weight / mouse / day through diet or estradiol was administered as 

subcutaneous slow-release pellets at a dose of approximately 0.167 m g estradiol / kg 

body weight /day for each mouse (corresponding to 0.1 or 0.125 m g pellets with slow-

release of hormone over 30 days). The amount of estradiol for the food experiment 

represented a high dosage that was previously shown to decrease Ap4o and A p 4 2 levels 

in a guinea pig model (Petanceska et al, 2000). Administration through diet was an 

approach that did not require a second exposure of animals to anaesthetic and invasive 

procedures. It also simulated oral hormone replacement therapy approaches. The high 

dose was chosen in order to increase the probability of observing any effect even if less 

hormone than anticipated should be absorbed through the diet. However, since the 

estradiol supplemented diet was not eaten by a large number of animals, the best 

alternative was to use estradiol subcutaneous pellets for these mice. This provided an 

opportunity to decrease the amount of estradiol administered without the fear that small 

differences in food consumptions may have relatively large effects on the hormone dose 

absorbed. 

The same research group doing the study in guinea pigs also performed a study 

with Tg2576 mice using 5 m g and 1.7 m g subuctaneous pellets for slow release of 

estradiol over a period of 90 days (Zheng et al, 2002). The higher dosage resulted in 

serum estradiol levels 77 times higher than in the intact animals, while the lower dosage 

still led to levels three times higher than for intact animals. This represents hormone 
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concentrations that are several times above physiological levels. Therefore, the current 

study did not use the same estradiol dosage. Another study used 0.18 m g estradiol 

pellets over a period of 90 days in A P P and PSI mutations double transgenic mice and 

found that this resulted in improved spatial learning but did not have significant effects 

on A p accumulation and plaque formation (Heikkinen et al, 2004). A number of 

different studies have used varying amounts of estradiol released over different periods 

of time (see Appendix X ) . The dosage of estradiol administered in the current study 

was around five times lower than the lowest dose given to the Tg2576 mice (Zheng et 

al., 2002), while at the same time still being up to twice as high as the dose given to the 

A P P /PSI mutant double transgenic mice (Heikkinen et al, 2004). It was hoped that 

this dose might provide closer to low physiological levels of estradiol than for the 

Tg2576 mouse study above. The A P P / P S I double transgenic mouse study 

subsequently confirmed that this dosage was not below a range for which physiological 

effects could be observed. With higher levels of estradiol than for the A P P /PSI double 

transgenic mice a detectable effect on A P levels is also more likely. 

The reason for using as low a dose as possible was to determine whether low 

doses of estrogen can have a beneficial effect, since administration of high doses may 

not produce physiologically or clinically relevant data, in particular with regard to side 

effects that can be caused by excess estrogen. A study comparing low-dose to 

conventional hormone replacement therapy found fewer side effects for the low-dose 

treatment and recommended that H R T should commence at a low dose and only be 

increased if this is required for better menopausal symptom control (Mattsson et al, 

2004). Low-dose H R T can be effective at preventing postmenopausal bone density loss 

as well as a range of other symptoms, while also potentially being more effective than 

conventional H R T for reducing risk of breast cancer (as reviewed by Yasui et al, 2003). 

However, it must be taken into consideration that H R T regimes often involve a 

combination of estrogen and progesterone and more research is required to explore 

potential differential effects of different treatment strategies. 

Nevertheless, further evidence exists to advocate low-dose estradiol 

supplementation. Ovariectomy can lead to insulin resistance that can be rescued by 

administration of estradiol (Kumagai et al, 1993). However, it has been shown that this 

effect is linked to estradiol dose dependent regulation of the insulin receptor gene 

expression and its phosphorylation status in various target tissues (Kumagai et al, 1993; 

Gonzalez et al, 2002a; Gonzalez et al, 2002b). L o w doses of estradiol led to improved 

insulin sensitivity after ovariectomy through upregulation of insulin receptor expression 

335 



Chapter 7 Screen for AT) (Biomarkers in AT) mouse models 

(Kumagai et al, 1993; Gonzalez et al, 2002a; Gonzalez et al, 2002b) as well as 

upregultion of insulin receptor substrate 1 (Gonzalez et al, 2001). This beneficial 

effect, however, was reversed and impaired insulin sensitivity was observed upon 

adminstration of high doses of the hormone (Gonzalez et al, 2001; Gonzalez et al, 

2002a; Gonzalez et al, 2002b). Therefore, it is a prudent approach to use minimal 

initial doses of estradiol treatment and increase them only if no effect is observed. 

The dosage used in the current study clearly had a physiological effect as 

evidenced by the uterine weight measurements. A potential effect in the brain remains 

to be evaluated through further studies using both 2 D E in combination with Western 

blotting approaches as well as immuohistochemical analysis of oxidative stress markers 

and other protein alterations in these mouse brains. It is, therefore, also possible that for 

the mice receiving a low dose estradiol subcutaneous supplement, the lower dose of 

estradiol may contribute towards an explanation of why less striking oxidative pattern 

differences were observed in this experiment compared to the high dose estradiol 

supplementation by diet. Lower doses of estradiol may have provided some benefit 

while higher doses led to exacerbation of oxidative damage. 

While the dosages used in the current study are likely to be high enough to elicit 

a physiological response, the question of timing of ovariectomies and onset and duration 

of estradiol supplementation remains. Since A D pathology in humans develops over a 

number of years, this experiment aimed to study the effects of long-term sex hormone 

deprivation on A P levels, gene expression and signs of oxidative stress, and to 

determine whether any of these effects could be ameliorated or reversed with 

subsequent replenishment of hormones. This approach would allow examination of 

potential pathological changes that occur when sex hormones are suddenly deprived (for 

example during menopause, after hysterectomy and during chemical castration for 

treatment of prostate cancer) without being replenished immediately. Furthermore, 

subsequent "late" administration of these hormones (for example H R T administered 

years after menopausal symptoms have declined) would allow a comparison of potential 

benefits vs harmful effects such a strategy might provide. 

Animal studies over the recent years have provided evidence that administration 

of estradiol can be of benefit under certain conditions while it leads to deleterious 

effects in other circumstances, depending on age of the recipient animal. Young rats (4 

months of age) and acyclic reproductively senescent animals (13-16 months) were 

ovariectomized and received estradiol or placebo treatment followed by excitotoxic 

injury to the forebrain (Nordell et al, 2003). While in the young animals estrogen 
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replacement led to a decreased expression of the pro-inflammatory cytokines such as 

interleukin-1 P, administration of estrogen in the senescent females produced the 

opposite effect (Nordell et al, 2003). Another experiment testing blood brain barrier 

(BBB) permeability in young compared to reproductively senescent animals after 

ovariectomy and subsequent estrogen replacement showed that ovariectomy led to 

higher B B B permeability (in particular in the hippocampus and the olfactory bulb) in 

the senescent animals compared to the younger groups (Bake and Sohrabji, 2004). In 

addition, estrogen supplementation was able to attenuate this effect only in the younger 

animals. In the reproductively senescent females B B B permeability was instead further 

exacerbated (Bake and Sohrabji, 2004). 

This suggested that estrogen may be of benefit when administered early prior to 

the body being conditioned to exposure to lower levels. However, it appears that 

administration of estrogen after a prolonged estrogen deficient state may not only fail to 

rescue the original effects caused by estradiol deprivation but may instead further 

exacerbate the neuronal damage. These effects may be associted with age-related 

changes in the estrogen receptor systems (as reviewed by Sohrabji, 2005). These 

findings are consistent with observations of the current study that estradiol 

supplementation after prolonged sex hormone starvation tended to exacerbate any 

oxidative stress caused by initial ovariectomy. This effect was most evident in mice fed 

larger doses of estradiol (or testosterone following castration in the male study) 

compared to animals that received lower doses by subcutaneous pellet insertion. 

Potential reasons for why ovariectomy alone in these particular mouse groups did not 

cause a marked increase in oxidative stress compared to the intact animals are discussed 

in section 7.4.3.3. 

Additional evidence for a potential detrimental role of estrogen has recently 

been provided by the first long-term, large scale randomized, double-blind, placebo-

controlled trial of w o m e n aged 65-79 years (the Women's Health Initiative Memory 

Study or W H I M S ) assessing the effects of H R T on risk of development of all-cause 

dementia (see also Chapter 1, Section 1.4.1.1). This study reported a doubling of the 

risk for all-cause dementia associated with estrogen plus progestin therapy (Rapp et al., 

2003; Shumaker et al, 2003) as well as hormone replacement therapy with conjugated 

equine estrogens (Shumaker et al, 2004). This unexpected outcome was contradictory 

to numerous previous basic science or observational studies and prompted a surge of 

critical literature reviews attempting to rationalize and reconcile these controversial 

findings. 
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What stands out in many of these reviews is their questioning of the time frame 

of hormone replacement therapy. There appears to be a c o m m o n consensus amongst a 

large number of authors that there are windows of opportunity for effective treatment 

with H R T , namely during early stages of menopause, potentially as a prophylaxis 

against onset of dementia, while long-term adminstration or commencement well after 

menopause may not have any beneficial effects or could lead to exacerbation of existing 

underlying pathology (Henderson, 2005; Ancelin and Berr, 2003; Brinton, 2004; 

Henderson, 2004; Kopernik and Shoham, 2004; Maki, 2004; Brinton, 2005; Craig et al, 

2005; Sherwin, 2005a; Sherwin, 2005b). A very recent review surveyed a number of 

randomized, double-blind, placebo-controlled trials of estrogen or estrogen and 

progestin H R T effects on cognition. The findings were presented separately for w o m e n 

above or below the age of 65 years and suggest that any H R T treatment was of little 

benefit for older w o m e n but had some potential beneficial effects for younger women, 

in particular for symptomatic w o m e n who had recently undergone menopause (Maki, 

2005). It is also important to note that beneficial effects m a y be limited to short 

treatment periods, not exceeding six months duration (Hogervorst et al, 2005; 

Hogervorst et al., 2002a; Hogervorst et al, 2002b). 

Therefore, the current study provides further evidence to show that belated 

administration of estradiol, subsequent to previous long-term sex hormone deprivation, 

may lead to detrimental rather than beneficial effects. This is consistent with both 

previous animal studies and large-scale human trial outcomes. Furthermore, the current 

study extends these findings to also include effects of testosterone replacement. While 

the literature provides extensive explanation for the effects observed with estrogen, the 

current study may be providing the first evidence for a similar effect caused by 

testosterone. It is conceivable that testosterone conversion to estradiol by the aromatase 

enzyme in the brain could, at least in part, contribute towards an explanation for the 

similarity of effects observed for both estradiol and testosterone administration by diet. 

This initial finding needs to be further explored by examining the remaining animals in 

the current study. It is also important to explore this phenomenon in the human 

population, as could be done by examining oxidative protein changes in blood plasma 

proteins from cohorts of chemically castrated m e n undergoing treatment for prostate 

cancer. Any differential patterns between these treatment groups and age-matched 

controls could then be correlated to potential changes in brain or plasma A p levels or 

cognitive impairment (for example spatial learning deficits) in order to establish 

relevance to A D pathology. 
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7.4.3.5 A role for gonadotropins in AD? 

Estrogen and testosterone (gonadal hormones) are controlled by a complex 

feedback loop made up of a number of other hormones, such as hypothalamic 

gonadotropin releasing hormone (GnRH) and the pituitary gonadotropins luteinizing 

hormone (LH) and follicle stimulating hormone (FSH). These are all part of the 

hypothalamic-pituitary-gonadal axis (HPGA). A n alteration of estrogen or testosterone 

levels, whether through menopause or andropause or artificially induced, will also have 

an effect on other hormones of the H P G A (as reviewed by Atwood et al, 2005). In 

recent years dysregulation of H P G A activity has been implicated in A D pathology. 

One study assessing circulating levels of gonadotropins in dementia found 

increased levels of both L H and F S H in serum of dementia cases compared to age-

matched controls (Bowen et al, 2000). Another independent study reproduced this 

finding but noted that levels of L H and F S H were increased specifically in w o m e n not 

on estrogen replacement therapy (Short et al, 2001). O n the other hand, the same study 

found no significant alteration in gonadotropin levels were observed for men with AD. 

However, androgen levels in men decline more gradually over the years compared to a 

dramatic reduction of estradiol in w o m e n during menopause. It is possible, that no 

significant effect was detected in the male group due to sufficiently high levels of 

testosterone still available to protect against potential detrimental effects from rising 

gonadotropin levels. Another study has reported no difference in L H (and F S H ) levels 

in men with AD compared to controls and since decreased testosterone levels were 

observed in the same study the findings supported secondary rather than primary 

hypogonadism (Hogervorst et al, 2003b). However, a subsequent study with a larger 

cohort determined that L H levels were significantly higher in A D cases, particularly in 

elderly participants, and that low free testosterone was an independent risk factor for 

A D (Hogervorst, et al, 2004). Further studies to determine whether changes in 

gonadotropin and testosterone levels precede cognitive decline and whether testosterone 

replacement therapy may be indicated in hypogonadal men at risk for A D are clearly 

warranted (Hogervorst et al, 2003b). 

Interestingly, a presence of L H was reported in the cytoplasm of pyramidal 

neurons and levels of this hormone were found to be increased in A D cases compared to 

age-matched controls (Bowen et al, 2002). This discovery provided intriguing 

evidence for a role for L H in neurodegeneration. The detection of L H receptor 

expression in human brain microglial cells then led to the hypothesis that increasing L H 

levels in A D may lead to activated microglia and inflammatory-mediated 
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neurodegenerative events (Bukovsky et al, 2003). However, perhaps the most striking 

evidence casting gonadotropins in a derogatory light as major culprits in A D pathology 

has been the discovery that L H potentiates the metabolic processing of A P P to A p (in 

neuroblastoma cells) and that in vivo suppression of L H with concomitant suppression 

of sex steroids (using leuprolide) in mice was sufficient to elicit a reduction of brain A p 

levels (Bowen et al, 2004). Further exploration using L H to treat M l 7 neuroblastoma 

cells resulted in a shift of A P P processing down the amyloidogenic pathway as 

indicated by increased secretion and insolubility of A p , decreased sAPPa and increased 

p-C 99 fragment (Bowen et al, 2004). These findings directly implicate L H in AD 

pathology. 

With mounting evidence for a central role for gonadotropins in A D pathology, it 

is not surprising that leuprolide acetate which lowers both sex steroids and L H levels is 

now in phase II trials for the treatment of A D (Casadesus et al, 2004). Over the last 

two years numerous researchers have espoused the idea that gonadotropins to a greater 

extent than sex steroids play a pivotal role in AD pathology and have published reviews 

to that effect, expounding mechanisms of H P G A dysregulation and gonadotropin action 

in A D pathology as well as potential intervention strategies (Casadesus et al, 2004; 

Webber et al, 2004; Atwood et al, 2005; Casadesus et al, 2005; Gregory and Bowen, 

2005; Webber et al, 2005a; Webber et al, 2005b). The current study provides 

supporting evidence that an imbalance between oxidative stress and anti-oxidant 

mechanisms may be the result of imbalances in H P G A hormones. However, another 

hypothesis takes into consideration the mitogenic role of L H , proposing that 

dysregulation of H P G A hormones in AD can lead to abortive re-entry of mature 

differentiated neurons into the cell cycle resulting in neuronal demise (Atwood et al, 

2005; Casadesus et al, 2005). 

In light of the evidence discussed above it is likely that the oxidative protein 

modifications observed in ovariectomized or castrated mice and those supplemented 

with estradiol or testosterone in the current project may have, at least in part, resulted 

from the secondary effect of altered levels of L H caused by estrogen / testosterone 

modulation. This would provide another possible explanation for why similar trends of 

oxidative protein modification were observed for both the estradiol and testosterone 

supplementation through diet experiments. For the current study this is an important 

consideration. However, this shift in paradigm is not inconsistent with the lack of 

rescue effects following sex steroid hormone replacement after prolonged hormone 

deprivation observed in the current study. If damage has been caused due to long-term 
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imbalance of an entire hormone cascade mechanism, and cumulative damage through 

chronic exposure to aberrant levels of certain hormones in that cascade has occurred, 

then simply re-introducing sex steroids to their original levels m a y not "re-set" the 

H P G A to its previous balance since too many other variables are involved that m a y be 

permanently altered by the chronic insult. Even if balance is adequately restored, which 

is more likely after a short term deprivation of sex steroid, already existing damage m a y 

be irreversible. Hence the current study adds weight to the argument that early, even 

prophylactic intervention is essential in the prevention of major damage. 

The paradigm shift from sex hormones to gonadotropins as key players in A D 

pathology has drastically diverted research attention from the sex hormones. However, 

the potential multifaceted effects of alterations of any of the various hormones in the 

H P G A needs to be clarified in order to obtain the comprehensive understanding 

necessary for effective individual intervention strategies. Animal studies have, 

therefore, been initiated in our laboratory to investigate the role of gonadotropins in A D 

and distinguish between direct effects of estrogen / testosterone decline compared to 

effects caused by increased levels of gonadotropins. This may contribute towards 

clarification of differential effects between sex hormones and gonadotropins in A D 

pathology and has the potential to uncover novel biomarkers for earlier A D diagnosis or 

targets for therapeutic intervention. A summary of hypothesized disturbances in H P G A 

and their effects in A D pathology is provided in figure 7.18. 
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Figure 7.18 Summary of potential disturbances in the hypothalamic-pituitary-
gonadal axis at menopause / andropause and hypothesized implications for A D 

pathology 
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7.4.4 Future directions 

While interesting initial trends could be observed from the hormone deprivation 

/ supplementation experiments it is important to repeat these experiments on additional 

mouse samples to increase numbers for statistical evaluation and to produce more 

meaningful data with fewer "false positive" candidates. All results will be identified 

through mass spectrometry fingerprinting or amino acid sequencing, and validated by 

independent analysis through Western immunoblotting with specific antibodies and / or 

immunohistochemical examination of paraffin embedded sections. Ultimately, all 

observations from the animal work need to be reproduced in human brain samples in 

order to establish their relevance to human A D pathology, and selected markers need to 

be evaluated in human A D and control plasma and or blood leukocytes to determine 

their suitability as potential diagnostic markers. Should novel uncharacterized proteins 

be identified as potential A D markers, functional studies will be conducted to elucidate 

their role in health and A D pathology. In addition to brain tissue, peripheral organs 

such as kidney and liver have also been collected from every animal in this study in 

order to be able to determine expression of potential biomarkers outside of the central 

nervous system in organs implicated with A P degradation. Specific m R N A levels will 

be quantitated to determine whether differences in protein levels are associated with 

altered gene expression as opposed to altered protein degradation mechanisms. Serum 

and brain sex-steroid and gonadotropin levels as well as A p levels will be re-examined 

once assay conditions are optimized. 

Apart from the animal work mentioned in section 7.4.3.5 to clarify roles of sex 

hormones vs gonadotropins in A D pathology, another animal study began during this 

research project will see completion. Groups of 16 male and 16 female P S 1 - W T and 

PS1-KI mice were set aside for natural ageing. Animals were fed standard chow diet, 

rather than phytoestrogen free diet and none of these mice underwent any surgical or 

chemical intervention or treatment of any other kind. Mice were sacrificed at the ages 

of 4, 6, 8, 10, 12, 14, 16 and 18. Smaller numbers of mice aged 24 months and above 

30 months have also been available for this study, although general senescence may 

result in abundant non-specific neurodegeneration for both mouse strains at this late 

stage in life. The study was set up to monitor changes of protein levels or post-

translational modifications specific to various stages of ageing in these animals with no 

other treatment. The same tissues were collected as for the hormone deprivation / 

supplementation study. The tissues of the "ageing study" animals will be analyzed by 

343 



Chapter 7 Screen for AT) (Biomarkers in AT) mouse models 

2 D E and Western blot procedures as well as immunohistochemical techniques in a 

similar manner as for the hormone study animals. Levels of sex hormones and 

gonadotropins as well as A p levels will be determined in the serum samples and brain 

tissue extracts. 

The PS1M146VKI mouse is very useful in the study of A D , since it expresses 

physiological levels of mutant human PSI and no murine PSI. However, it does not 

show an overt A D phenotype (Guo et al, 1999a) unlike most other A D mouse models 

such as the Tg2576 mouse. The rationale behind the ageing experiment was to 

characterize the progressive subtle signs of A D pathology in the PS1M146VKI mouse 

compared to its wild-type counterpart on a more in-depth scale than has previously been 

done when this model was created (Guo et al, 1999a). It is important to establish a 

profile of continuous changes occurring in this mouse model with ageing, since these 

changes form an underlying background of pathological manifestations that needs to be 

well characterized and understood before this model can be used for "intervention-

studies ". Being aware of changes occurring naturally with progressive age is crucial in 

order to be able to distinguish and separate them from changes caused by experimental 

intervention or to provide additional physiological signs that can be targeted in 

intervention studies. 

Furthermore, the ageing experiment is complementary to the hormone 

experiment approach. It may help to establish when the best window of opportunity 

may be in these animals for sex hormone or gonadotropin alteration to be most 

effective. While ovariectomy or castration is still the best method to ensure diminished 

sex steroid levels, the current hormone study has clearly shown that more information 

with regard to the best age for surgery performance and hormone replacement could 

provide more meaningful results. Ideally, ovariectomy / castration would occur at an 

age where the respective hormones in these mice are starting to show relevant alteration, 

since experimentation at an earlier age may be representative of young w o m e n who 

have had ovariectomies but may not necessarily reflect the situation in menopausal 

women where age-related effects may also be a factor. 

Correlations between the hormone and ageing studies, to show which changes 

caused by estrogen / testosterone are first detected at which time points during ageing, 

may become a great help in the planning of future hormone deprivation / 

supplementation experiments. Furthermore, it may provide more accurate simulations 

of menopausal / andropausal conditions. Should sex hormone levels become markedly 

reduced in these mice over a certain period of time during normal ageing, then 
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gonadectomy (to further decrease sex hormone levels) and administration of 

subcutaneous hormone pellets should occur at a time point after this change commences 

naturally but well before it reaches completion, since ovariectomy or castration will 

already exacerbate hormone deprivation effects and shorten that window of time. In the 

current hormone study, leaving the animals deprived of sex hormones for six to nine 

months prior to hormone replacement clearly had detrimental effects. Optimal duration 

of hormone replacement as well as most effective hormone dosage for these animal 

models needs to be experimentally determined. Thirty days may have been too short an 

exposure for the low dosage and too long for the high estradiol dosage in the current 

study. Therefore, timing of hormone deprivation and replacement, as well as dosage of 

hormones used, requires fine-tuning to be most meaningful and representative of the 

condition studied. Examination of mice from the 'ageing study' may provide useful 

information to help optimize future hormone deprivation / supplementation 

experiments. 

7.5 Summary 

The current study provides evidence for differential protein patterns in brain 

cortex extracts from mouse models of A D after ovariectomy or castration and following 

sex hormone replacement. In addition, changes in oxidative protein modifications were 

observed for the different treatment groups and the different mouse strains. A n overall 

trend for increased protein oxidation after gonadectomy was observed. This effect was 

further exacerbated after subsequent hormone replacement in mice, where hormones 

(estradiol or testosterone) were supplemented in the diet and where time span from 

gonadectomy to hormone replacement did not exceed six months. It is possible that 

these changes may reflect more complex mechanisms caused by underlying 

dysregulation of the H P G A , rather than being the sole and direct effect of estrogen or 

testosterone deprivation. Administration of subcutaneous slow-release hormone pellets 

may be a more practical approach for more accurate and consistent administration of 

hormones compared to hormone supplementation through diet. Optimal timing of 

gonadectomy and hormone replacement, as well as most effective hormone dosage 

remain to be established in future experiments. 
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Chapter 8 

Insights into AD pathological mechanisms and biomarkers: 

Discussion and future directions 

Alzheimer's disease is the most common form of dementia with its incidence 

and prevalence steadily on the rise world-wide. In order to halt the global epidemic of 

this devastating disorder diverse research efforts are focused on developing novel 

treatment strategies that target underlying pathogenic mechanisms rather than merely 

ameliorating signs and symptoms of the disease. However, in order to achieve more 

effective treatments, two premises must be met. First, it is imperative to gain a 

thorough and accurate understanding of the intricate interactions between the complex 

underlying pathogenic mechanisms in order to be able to create effective intervention 

approaches that are tailored to every individual's specific form of pathology and their 

genetic and environmental background. Second, early diagnosis must become available 

in order to allow for effective treatment to be administered with maximum chances of 

success and prior to irreversible deterioration. The objectives of the current project 

were to examine human and mouse brain tissue for established and novel biomarkers of 

pathology in order to elucidate pathogenic mechanisms and provide biomarkers for 

diagnostic purposes. These objectives have been achieved since the project has 

provided evidence that m a y contribute towards a better understanding of some aspects 

of A D pathology. Moreover, several candidate biomarkers have been identified that 

may become useful for diagnostic purposes or provide potential targets for therapeutic 

intervention. 

8.1 AD pathology: Insights into some neurodegenerative 

mechanisms 

The current study, in consensus with the literature, has shown that A p levels are 

elevated in A D brain. Clearly A p remains important in A D . However, perturbances in 

many diverse biochemical pathways come together to produce the final phenotype of 

A D pathology in each affected individual. A myriad of genetic and environmental 

factors contribute towards the overall picture and need to be fully explored in order to 

gain a complete understanding of this complex disorder. Apart from examining obvious 

targets such as mechanisms directly linked to A p generation, the current study, 
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therefore, also examined some novel targets with scant or no previous association with 

A D , such as reelin and B A T l proteins and their potential roles in A D pathogenic 

mechanisms. Furthermore, novel candidates were sought out through screening 

experiments using 2 D E on human brain tissue and brains from mouse models of A D . 

Candidate biomarkers examined in the current study can be found to play a role 

in four major biochemical processes that may impact on AD pathology. These are 

inflammation, oxidative stress, long-term neuronal potentiation and cell cycle re-entry. 

A p can be associated with any of these events. However, A p is not the only actor in 

these productions. Other molecular events also take place and it remains to be 

established whether elevated A p levels represent the prime event of A D pathology, in 

particular in sporadic A D cases without genetic predisposition to this disease. Other 

pathological events may precede and initiate excess A p generation, which may then act 

to potentiate a vicious cycle of progressive and escalating pathological events. Ap, no 

doubt, remains a central piece of the puzzle. However, as more and more pieces fall 

into place, it becomes apparent that the kaleidoscope of A D pathology keeps expanding 

to encompass ever more complex interactions of diverse biochemical mechanisms. 

8.1.1 Inflammatory mechanisms 

Inflammation plays an important part in A D pathology. Cell culture work as 

well as in vivo studies with mouse models and examination of human A D brains have 

led to proposals of various mechanisms implicating soluble and fibrillar A P in 

microglial and astrocytic activation as well as mechanisms of induced A P generation 

and aggregation through pro-inflammatory events. Once initiated a vicious cycle of 

increasing A p levels and exacerbated activity and cytokine release by glial cells in the 

brain can eventually lead to neuronal damage and demise as observed in A D brains 

(reviewed by Weldon et al, 1998; Marx et al, 1999; Emmerling et al, 2000; Meda et 

al, 2001; Mrak and Griffin, 2001; Potter et al, 2001; Griffin and Mrak, 2002; Nagele et 

al, 2004; Tuppo and Arias, 2005). However, apart from A p , other factors can 

contribute to inflammation of the brain in A D . Such factors could exacerbate A p 

generation or could have independent mechanisms leading to neuronal damage. 

The current study has demonstrated signs of inflammation in A D frontal cortex 

by detecting increased levels of G F A P indicating increased astrocytic activity in this 

tissue. While these changes may be A p mediated, other potential causes have been 

implicated by the current project. Firstly, U C H L - 1 was found to be oxidized in frontal 
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cortex from A D cases with PSI mutations (chapter 6). This may compromise its 

function as catalytic hydrolase and ligase enzyme. As a consequence of loss of 

hydrolase activity, decreased ubiquitin recycling could impair proteasomal degradation 

of particular proteins, leaving the brain littered with accumulations of protein deposits 

which may further stimulate inflammatory reactions and perpetuate the vicious cycle of 

inflammation and neuronal demise. A p itself can be degraded by the proteasome 

(Schmitz et al., 2004) and interruption of this mechanism may hinder A p clearance and 

thus promote inflammation. O n the other hand, aberrant ligase activity of UCHL-1, 

which has been linked to a-synuclein aggregation in Parkinson's disease (Healy et al, 

2004), may provide an explanation for occasional detection of lewy bodies in cases that 

show no other signs of Parkinson's or Lewy body dementia but only A D pathology 

(Mikolaenko et al, 2005). Should impaired ubiquityl ligase activity of UCHL-1 also 

affect other proteins, apart from a-synuclein, this might provide further triggers for 

inflammatory reactions. 

Another marker that could signal aberrant inflammatory events was elevated 

apoE in cerebellum of P S l m A D cases (see Chapter 3). Since apoE is produced by glial 

cells, increased levels can simply indicate the presence of activated astrocytes (Diedrich 

et al, 1991). However, in a very recent study the s4 isoform of apoE has been shown to 

promote IL-1 and prostaglandin E2 release from cultured adult rat brain microglia 

(Chen et al, 2005). Independently it has also been shown that, independent of its role 

in lipoprotein metabolism, apoE can modulate inflammatory reactions by playing an 

important role in the clearance of apoptotic cells and mediating pro-inflammatory 

enzymes. This was demonstrated by examination of apoE deficient mice that showed 

impaired clearance of dying macrophages in a range of tissue including the brain as well 

as increased levels of T N F a and fibrinogen (an acute phase reactant) in liver tissue 

(Grainger et al, 2004). This suggests that both apoE isoform and apoE levels are 

important mediators of inflammatory reactions. It is possible that both low levels and 

high levels of apoE could have detrimental effects in the A D brain, since high levels of 

apoE have previously been detected in A D brain and plasma (Taddei et al, 1997; Laws 

et al, 1999; Laws et al, 2002a; Laws et al, 2002b). 

As mentioned above, it is possible that apoE is merely found to be elevated in 

brain and plasma as a by-product of activation of inflammatory cells in the brain and 

periphery. However, given that apoE has been implicated as a mediator of 

inflammatory reactions it is also conceivable that in the cerebella- from A D cases with 

PSI mutations in the current study increased levels of apoE were an early response 

349 



Chapter 8 (BiologicalMarkers in AT): (Discussion 

mechanism initiated by encroaching A D pathology prompting initial defensive 

inflammatory reactions. In the cortical regions of these brains the damage caused by 

inflammation and other pathological events may have progressed to a stage where early, 

defensive apoE response mechanisms were superseded and overpowered by advancing 

pathology, so as to render apoE effects impotent. Down-regulation of apoE expression 

in these highly damaged brain regions m a y have occurred in favour of other, perhaps 

more potent, regulators of inflammatory responses, as will be discussed below. 

Differences in progression to end-stage pathology m a y explain why the current study 

(with very severe pathology, particular in the early onset A D cases) did not detect 

significantly increased levels of apoE in the frontal cortex while other studies with 

sporadic A D brains have made such an observation (Laws et al, 2002a). 

While defective UCHL-1 function may be a trigger of inflammatory reactions, 

and apoE a mediator of anti-inflammatory mechanisms, direct effects on transcription of 

pro-inflammatory cytokines can be caused by promoter polymorphisms in the respective 

genes. The current study has demonstrated an association between the TNFA-&50*2 

promoter polymorphism and increased risk for A D (as discussed in chapter 5). It 

remains to be established, however, whether this polymorphism is linked to an increased 

expression of the T N F A gene. With regard to regulation of inflammatory cytokines, an 

important discovery of this project implicates for the first time a novel regulator of 

inflammation in A D pathology. This novel piece of the A D puzzle, B A T l , has 

previously been identified as a down-regulator of pro-inflammatory cytokines such as 

IL-1, IL-6 and T N F a (Allcock et al, 2001b). A particular haplotype containing the 

BAT 1-22*2 allele which lead to apparent decreased transcription of the gene is 

associated with an increased risk of immunopathological disorders such as type 1 

diabetes (Wong et al, 2003). It is not surprising that a decrease in levels of an 

inflammation down-regulator should be detrimental in inflammatory disorders. 

However, the current study found an association with the BAT 1-22*212 genotype 

with decreased risk for AD in sporadic A D cases, and concomitant increased levels of 

B A T l in frontal cortex and cerebellum from A D compared to control cases in a separate 

experiment including both sporadic and familial A D cases, as well as increased B A T l 

m R N A levels in frontal cortex of familial A D cases. Increased levels of B A T l were 

observed in the frontal cortex, a region highly affected by inflammation but where apoE 

levels were not found to be significantly elevated (see above), as well as in the 

cerebellum where pathology was likely present in more early stages and a simultaneous 

elevation of apoE was detected for cases with PSI mutation, a group that showed most 
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severe cerebellar pathology. This indicates that, unlike some other inflammatory 

markers, B A T l levels m a y be increased as an early event during inflammation as well 

as remaining constantly elevated throughout different stages of pathology and up until 

end-stage pathology is reached. It is possible that B A T l represents an important 

regulator of inflammation that comes into play as soon as inflammatory reactions 

require to be curbed and persistently retains an active role throughout the chronic 

progression of the disease to its final stages. It is not inconceivable that the increased 

B A T l levels m a y help to attenuate inflammatory damage and thus delay the disease 

progress that would otherwise proceed more rapidly. 

While it remains to be established whether this increase was associated with the 

presence of a particular BATl promoter polymorphism, increased levels appear to be 

associated with A D while a polymorphism that leads to decreased levels is associated 

with protection against A D . This finding is contradictory to the notion that reduced 

levels of B A T l are detrimental in immunological disorders. Since B A T l appears to 

down-regulate pro-inflammatory cytokines it appears paradoxical that an increase in 

levels should be linked to A D while a decrease should be associated with protection. A 

potential explanation for this apparent paradox is provided in chapter 5, detailing 

potential detrimental effects of both low and high levels of B A T l . 

However, another possible explanation presents itself when considering that in 

certain immunopathological disorders BATl promoter polymorphism effects m a y be 

mediated by other members of a particular haplotype. Haplotypic associations may still 

modulate B A T l function in A D , but they may be different to those observed in other 

disorders. Furthermore, one could hypothesize that in A D , where polymorphisms in 

pro-inflammatory markers such as IL-1, IL-6 and T N F a have been associated with 

increased risk (McGeer and McGeer, 2001), B A T l may represent counter-active 

evolutionary defence mechanisms in an attempt to preserve a balance. Those 

individuals that have both a constitutively increased pro-inflammatory cytokine 

expression and a mechanism that will attenuate this effect may stay healthier and live 

longer and produce more offspring than those that only have genetic variants leading to 

increased inflammatory responses. The presumptive protective effect of the B A T l -22 

2/2 genotype observed in the current study may, in that case, simply stem from an 

incidental over-representation of the alternative genotype in those populations without a 

requirement for additional fortification of anti-inflammatory defence mechanisms. It 

may represent a lack of effect due to a decreased need for higher B A T l levels, rather 

than an inexplicably active protective effect of decreased B A T l levels. In other 
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inflammatory disorders, it appears that an untimely reduction in B A T l levels can lead to 

an actively increased susceptibility to development of pathology, while the population 

with normal levels of B A T l remains at a lower risk. 

However, this is pure speculation that needs to be substantiated by investigating 

both promoter polymorphisms in pro-inflammatory genes, such as TNFA as well as 

B A T l promoter polymorphisms in the same sample population while at the same time 

measuring levels of T N F a and other pro-inflammatory cytokines and B A T l in the same 

subjects in order to see whether increased levels of B A T l are really linked to the 

expression of the * 1 (G) allele and whether concomitant presence of both TNFA and 

interleukin as well as B A T l promoter polymorphisms can affect not only expression of 

B A T l but also attenuate the increased expression of pro-inflammatory cytokines caused 

by particular polymorphisms in their promoter regions. It may be of benefit to examine 

A D cases, cases with other non-AD dementias and control cases separately in order to 

determine the inflammatory phenotype associated with B A T l polymorphisms and 

levels in A D specifically, compared to other disorders and the normal control 

population. The role of the B A T l homologue D D X L also remains to be clarified in A D 

pathology. While the current study reports increased m R N A levels of D D X L in the AD 

brain in parallel to an increase of B A T l m R N A levels, an intriguing possibility remains 

that D D X L may play a more pivotal role in the regulation of A D inflammatory events 

than BATl. This would be yet another potential explanation for the apparent 

discrepancy in B A T l effects between A D and other inflammatory disorders. 

Finally, estrogen is a known anti-inflammatory agent through its ability to 

reduce levels of certain inflammatory cytokines such as IL-6 (Miyamoto et al, 1999; 

Bruun et al, 2003), IL-8 (Bruun et al, 2003) and T N F a (Viviani et al, 2002). 

Testosterone was also shown (in a randomized, single-blind, placebo-controlled, 

crossover study of testosterone replacement) to have an ability to assist reduction of 

inflammation by reducing levels of T N F a and IL-ip and increasing levels of IL-10 

(Malkin et al, 2004). In light of potential oxidative effects of estrogen and testosterone 

depletion and replacement observed in the current study, it is important to thoroughly 

explore the effects of these hormones on the inflammatory events in A D pathology. 

Overall, the current study provides evidence for an imbalance in numerous 

factors affecting inflammatory events in both early onset and sporadic A D as 

summarized in Figure 8.1. These findings underline the importance of the role of 

inflammation in A D pathology and the necessity for treatment approaches that will 
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address these manifestations as well as drawing attention to the potential usefulness of 

inflammatory markers in diagnostic strategies. 

Figure 8.1: Inflammatory mechanisms in the A D brain: Potential A P associated and 

independent mechanisms of inflammation in the A D brain as explored in the current 

study. Interaction between various molecular events to contribute towards a c o m m o n 

A D phenotype of inflammatory pathology. 
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8.1.2 Oxidative stress mechanisms 

While inflammatory events can lead to oxidative stress in the A D brain and vice 

versa, oxidative changes are explored separately in this discussion, since A D markers 

implicated by the current study can be grouped into two distinct categories affecting 

either cellular inflammatory responses such as cytokine release or oxidative free radical 

formation, such as that observed in mitochondria. 

A p has been recognized as possessing both anti-oxidant and pro-oxidant 

properties, depending on its concentration, aggregation status and presence of transition 

metals in its environment (as reviewed by Veurink et al, 2003; Huang et al, 2004). It 

has, however, also been shown that partial depletion (heterozygous knock-out through 

cross-breeding) of the antioxidant enzyme manganese superoxide dismutase ( M n S O D , 

S O D 2 ) can lead to an increased amyloid plaque burden in a mouse model of A D over-

expressing doubly mutated human A P P (Li et al, 2004). In the current study levels of 

the copper / zinc superoxide dismutase (CuZnSOD, S O D l ) were shown to be increased 

in frontal cortex of A D cases. This may be a response to increased oxidative stress, 

potentially caused by reactive free radical generation by the mitochondria. Both S O D l 

and S O D 2 can be found in mitochondria, and interestingly it has been shown that, not 

during early phases of growth but specifically during the late stationary phase in yeast 

cultures, mutations in these two enzymes can lead to selective and differential oxidation 

of proteins in the mitochondria (O'Brien et al, 2004). The two above studies taken 

together suggest that cells not actively dividing (such as neurons) may be particularly 

vulnerable to altered levels or changed function of the S O D enzymes. 

The current study reports decreased levels of H + transporting ATP-synthase in 

frontal cortex from A D cases with and without PSI mutations. Others have reported 

ATP-synthase oxidation by A p 4 2 (Boyd-Kimball et al, 2005). It is possible that in A D 

oxidation of this enzyme could predispose it to untimely degradation by proteases 

leading to reduced levels in the A D brain. ATP-synthase is involved in both 

mitochondrial A T P synthesis and hydrolysis and disturbances in its levels or oxidative 

status may contribute to mitochondrial dysfunction and further perpetuate oxidative 

stress, for example through increased production of reactive oxygen species (ROS) such 

as superoxide and hydrogen peroxide (as reviewed by Jezek and Hlavata, 2005). 

Another mechanism by which mitochondrial oxidative stress could be exacerbated in 

A D may involve abnormal function of D M D M A H - 1 as a result of oxidation of this 

protein in familial A D brains as observed in the current study. Since D M D M A H - 1 
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regulates nitric oxide (NO) production through metabolism of nitric oxide synthase 

inhibitors (Ogawa et al, 1987; Masuda and Azuma, 2002), disturbances in D M D M A H -

1 function may lead to increased levels of N O that could compound the damage to 

mitochondrial respiratory chain complexes and create a vicious cyle of self-perpetuating 

increase in release of reactive species and oxidative damage. With levels of protective 

SODl decreased in A D brains mitochondria are left particularly vulnerable to oxidative 

attack. 

Recently it has been shown that N O damage to the electron transport chain may 

result in free radical formation and oxidative stress generation even prior to signs of 

depleted A T P synthesis (Jacobson et al, 2005). Since the mitochondrial electron 

transport chain is the major source of A T P , it is unlikely that disturbances in the 

glycolytic pathway would lead to noticeable A T P reduction in comparison. However, a 

compromise of any energy producing mechanisms in the cell can only act to intensify 

cellular distress and oxidatively modified y-enolase in familial A D brains, as detected in 

the current study, may be another contributing factor for the decreased energy 

utilization in A D brains as determined by P E T scans (Messier and Gagnon, 1996; de 

Leon etal, 2001). 

In basic research studies estradiol has been shown to protect hippocampal 

neurons from oxidative stress induced by A p , hydrogen peroxide and glutamate or 

exposure of neurons to oxygen and glucose deprivation (Behl et al, 1995; Cimarosti et 

al, 2005; Quintanilla et al, 2005). A very recent study provides evidence to show that 

such an effect may be, at least in part, due to an ability of estrogen to increase levels of 

certain important mitochondrial proteins such as cytochrome c and S O D 2 encoded in 

the mitochondrial genome (Stirone et al, 2005). This may help to partially restore 

mitochondrial function and lead to decreased generation of oxidative free radicals. Both 

estrogen (Petanceska et al, 2000) and testosterone (Gandy et al, 2001) have been 

implicated as modulators of A p levels and as such may help decrease oxidative stress by 

easing the amyloid burden of the brain. The current study, however, has observed that 

depletion of estrogen / testosterone and subsequent replacement of these hormones may 

lead to differential induction of oxidative modification of proteins. Details of these 

observations and potential explanations are discussed in chapter 6. However, an 

important conclusion from this study is that timing of hormone replacement initiation as 

well as dosage and duration of treatment may be very important factors to consider. It 

appears that prolonged hormone depletion followed by subsequent administraton of 

high doses of estradiol or testosterone can exacerbate oxidative damage caused by initial 
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depletion of these hormones. Although a study of high dose testosterone (5mg / kg 

body weight, as in the current study) administration to rats has produced some evidence 

to show that pathogenic action of androgens on the prostate m a y be mediated trough 

generation of oxidative stress (Siddiqui et al, 2005), mechanisms of actions of 

testosterone in A D pathology remain to be explored. 

The current study thus provides evidence for oxidative stress generation in A D 

through a number of different mechanisms as summarized in Figure 8.2. This 

emphasizes the need for further exploration of anti-oxidant defense mechanisms and 

investigation of free radical scavengers and antioxidant enzymes as potential therapeutic 

agents for A D . Measurement of levels or changes of oxidative modification of 

mitochondrial proteins could also be used for diagnostic purposes, albeit only in 

combination with additional markers more specific for A D pathology. 
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Figure 8.2: Oxidative stress mechanisms in the A D brain: Potential A p associated 

and independent mechanisms of oxidative stress in the A D brain as explored in the 

current study. Interaction between various molecular events to contribute towards a 

common phenotype of oxidative modifications in the A D brain. 
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8.1.3 Long-term potentiation defects 

Oxidative stress can also disrupt long-term potentiation (LTP) and impair 

synaptic plasticity. Memory formation depends on long-term strengthemng of 

connections between particular neurons. If this is impaired connections are weakened, 

and learning and memory are impaired. Synaptic plasticity is the concept that underlies 

memory formation and is modulated through the phenomena of long-term potentiation 

(LTP) and long-term depression (LTD) as reviewed by (Martinez and Derrick, 1996; 

Shors and Matzel, 1997; Abbott and Nelson, 2000). Oligomeric A P can inhibit LTP 

(Walsh et al, 2002) which may be mediated through downstream generation of oxygen 

or nitrogen free radicals from activation of stress-associated pathways involving the p38 

mitogen-activated protein kinase ( M A P K ) , c-Jun N-terminal kinase (JNK), and 

nicotinamide adenine dinucleotide phosphate ( N A D P H ) oxidase /inducible nitric oxide 

synthetase (iNOS) (Rowan et al, 2004). It is possible to reverse this effect through 

inhibition of A p oligomer formation, by administration of small molecule inhibitors of 

oligomer formation (Walsh et al, 2005) or intracerebroventricular administration of 

specific antibodies to A P (Klyubin et al., 2005). 

However, the current study provides support for another hypothesis for impaired 

LTP in A D through implication of molecules intimately associated with maintenance of 

controlled synaptic plasticity. The current study has explored a role of reelin in A D 

pathology through its potential involvement in tau phosphorylation via its interaction 

with the V L D L R and apoER2 receptors (see Chapter 4). However, it has also been 

demonstrated that this interaction can act to enhance hippocampal L T P and synaptic 

plasticity (Weeber et al, 2002). However, only very recently it has been shown that 

this effect requires interaction of reelin with an exon 19 splice variant of apoER2 and 

manifestation of LTP effects may be mediated through induction of tyrosine 

phosphorylation of N-methyl-D-aspartate ( N M D A ) glutamate receptor subunits (Beffert 

et al, 2005). The current study showed a decrease in levels of various reelin fragments 

in A D frontal cortex and cerebellum. Loss of reelin in A D may, therefore, contribute 

towards impaired synaptic plasticity. A n increase in apoE levels, in particular in the 

cerebella of subjects with PSI mutations, may also affect L T P through competition with 

reelin for apoE receptors. This may apply in particular to the e4 isoform of apoE which 

has been implicated as an inhibitor of synaptic plasticity (Levi et al, 2005). 

A recent study investigating reelin expression in double transgenic mice with 

mutant PSI and A P P as well as background C57BL/6J mice showed that ovariectomy 
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can decrease reelin immunoreactivity significantly in the hippocampus of wild-type 

mice but not the transgenic animals (Miettinen et al., 2005). This has implications for 

involvement of A P P and PSI as well as steroidal sex hormones in reelin mediated 

neuronal events. Reelin has previously been linked to A D associated proteins such as 

PSI by immunodetection of reelin in A P plaques found in A P P / PSI double transgenic 

mice (Wirths et al, 2001) and morphological and functional impairment (Kilb et al, 

2004) or loss (Hartmann et al, 1999) of Cajal-Retzius cells in PSI deficient mice. 

Estrogen and testosterone can both influence dendrite morphology and play a role in 

shaping of patterns of synaptic connectivity in the developing and adult nervous systems 

(for recent reviews see Morris et al, 2004; Cooke and Woolley, 2005). Ovariectomy 

can lead to disruption of hippocampal long-term depression and estrogen replacement 

can attenuate this effect (Day and Good, 2005). However, the recent observation that 

estrogen levels could potentially influence reelin expression (Miettinen et al, 2005) 

may also implicate gonadal hormones in reelin mediated synaptic plasticity 

mechanisms. 

Reelin, apoE and steroidal hormones, however, are not the only markers of 

interest with a capacity to influence neuronal synaptic plasticity. The current study also 

found decreased levels of calmodulin and B A S P 1 in A D frontal cortex as well as 

oxidatively modified P-actin in frontal cortex of familial A D cases with PSI mutations. 

Calmodulin is implicated in synaptic signalling since Ca2+/calmodulin binding to 

Ca2+/calmodulin-dependent protein kinase is required for its autophosphorylation which 

in turn is a requirement in synaptic plasticity maintenance in the neocortex and 

hippocampus, potentially via induction of N M D A receptors (Hardingham et al, 2003; 

Zhang et al, 2005). Phosphorylation of this enzyme is also important in the 

development of Ca2+/calmodulin independent activity that is required for its role in 

transcription (Chow et al, 2005). However, there is also a link between reelin and 

Ca2+/calmodulin-dependent kinases since reelin is a target gene for Ca2+/calmodulin-

dependent protein kinase regulation of transcription (Hsueh et al, 2000) and both 

Ca2+/calmodulin-dependent protein kinase and reelin have been shown to be up-

regulated in esophageal carcinoma (Wang et al, 2002). Therefore, altered calmodulin 

levels may indirectly affect transcription of reelin. The current study reports reduced 

levels of both reelin and calmodulin in A D frontal cortex tissue. Calmodulin may, 

therefore, potentially affect synaptic plasticity not only directly through 

Ca2+/calmodulin-dependent protein kinase effects on N M D A receptors but also 
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indirectly through effects of this kinase on reelin mediated mechanisms of maintenance 

of synaptic plasticity. 

Levels of B A S P 1 (also known as NAP-22 and CAP-23) were reduced in A D 

brains (see chapter 5). It has been shown that CAP-23 plays an important role in the 

regulation of nerve sprouting and neuronal structural plasticity, potentially through 

promoting subplasmalemmal actin cytoskeleton accumulation (Caroni et al, 1997; Frey 

et al, 2000). It has further been shown that mechanisms of actin reorganization by 

NAP-22 may be influenced by the presence of a Tyr residue at position 11 as well as the 

presence of cholesterol (Epand et al, 2005). However another mechanism of synaptic 

plasticity modulation is possible. Myristoylation of CAP-23/NAP-22 allows it to bind 

calmodulin (Takasaki et al, 1999; Matsubara et al, 2004). Thus a decrease in BASP1 

levels in the A D brain could potentially affect synaptic plasticity through effects on 

neuronal sprouting, as well as calmodulin and by association reelin induced mechanisms 

of LTP. 

Apart from being linked to B A S P 1 (see above paragraph), calmodulin has been 

shown to influence cross-linking of actin filaments into three-dimensional cellular 

structures by regulating filamin A binding to actin filaments (Nakamura et al, 2005). 

Furthermore, actin is also indirectly associated with reelin. Reelin receptor interactions 

are important in Dab-1 phosphorylation (as discussed in chapter 4) which in turn can 

lead to a down-stream effect of actin polymerization through the actin-related protein 

2/3 complex (ARP2/3c) (Suetsugu et al, 2004) or may have effects on the actin 

cytoskeleton through recruitment of Nek beta to the cell membrane (Pramatarova et al, 

2003). Fifkova and Morales, 1992 provide an overview of the importance of cellular 

actin matrix integrity in LTP and synaptic plasticity (Fifkova and Morales, 1992). The 

current study has shown oxidative modification of P-actin in frontal cortex of familial 

A D cases with PSI mutations. This may directly compromise actin cytoskeleton 

integrity and thus impair synaptic plasticity in A D . Furthermore, compromised 

interaction of actin with other proteins such as BASP1, calmodulin and reelin may 

further exacerbate this effect. 

Apart from the mechanisms mentioned above it appears that protein 

glycosylation may also play an important role in LTP. Abnormal O-glycosylation has 

been detected in sub-populations of A D dystrophic neurites (Espinosa et al, 2001). 

One research group studied the application of different inhibitors of protein 

glycosylation (Tunicamycin, Brefeldin A and Swainsonine) on L T P in C A 1 rat 

hippocampal slices (Matthies et al, 1999). The authors reached the conclusion that 
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within a time window around L T P induction, glycoprotein processing needed to proceed 

undisturbed in order to maintain later phases of LTP, indicating a functional role of 

glycosylation mechanisms in the maintenance of synaptic plasticity (Matthies et al, 

1999). In the current study aberrant glycosylation (with a-D-mannose or a-D-glucose 

as well as with Af-acetylglucosamine or 7Y-acetylneuraminic acid) was detected in frontal 

cortex of A D compared to control cases. It is possible that chronic instability in 

glycosylation mechanisms could disrupt L T P and undermine synaptic plasticity in A D . 

Numerous studies have implicated certain glycoproteins, in particular the two 

cell adhesion molecules LI and neuronal cell adhesion molecule ( N C A M ) in the 

regulation of neurite outgrowth, remodelling of synaptic connectivity, L T P and learning 

as evidenced through disturbed long-term memory formation and consolidation caused 

by interference with these glycoproteins, in particular with glycosylation of N C A M (as 

reviewed by Rose, 1995; Breen et al, 1998; Murphy and Regan, 1998; Ronn et al, 

2000; Welzl and Stork, 2003). Glycosylation of N C A M involves attachment of long 

homopolymers of the saccharide residue sialic acid (PSA). Increased immunostaining 

for this form of N C A M ( P S A - N C A M ) has been detected in certain regions of the A D 

hippocampus suggesting that neuronal remodelling is taking place in those areas and 

may be a contributing factor in A D pathology (Mikkonen et al, 1999). Furthermore, a 

study on ovariectomized adult rats treated with 17 P-estradiol and with either antibody 

blockage or enzymatic removal of P S A from N C A M in the arcuate nucleus produced 

data to suggest that large quantities of the P S A moiety are required on N C A M as a 

prerequisite for estrogen-induced phasic remodelling of synapses (Hoyk et al, 2001). 

Therefore, the current study has provided evidence for potential involvement of 

a number of regulators of synaptic plasticity in A D pathology. Some of these 

mechanisms show complex interactions and compromise of one component of any 

particular cascade may have direct and indirect detrimental effects on other mechanisms 

with the consequence of a multitude of different insults leading to impaired synaptic 

plasticity in A D (as illustrated in Figure 8.3). In addition, alterations in certain proteins 

involved in synaptic plasticity may represent suitable biomarkers for A D diagnosis as 

well as targets for future therapeutic intervention strategies. 
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Figure 8.3: Long-term potentiation in the A D brain: Hypothesized complex 

interaction of A P associated and independent mechanisms that may result in 

compromised LTP and synaptic plasticity, leading to impairment in memory and 

learning ability in A D . 
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8.1.4 Cell cycle re-entry 

Mature postmitotic neuronal cells are generally not equipped for cell-division 

and attempts at re-entering the cell-cycle may be deleterious and even induce neuronal 

death (as reviewed by Nagy et al, 1998). Nevertheless, evidence of cell-cycle 

activation in neurons has been observed in the A D brain and may be a contributing 

factor towards neuronal demise in this disorder (McShea et al, 1997; Busser et al, 

1998; Nagy et al, 1998; Raina et al, 2000a; Raina et al, 2000b; Jordan-Sciutto et al, 

2002). Re-entry into the cell cycle m a y be initiated by AP40 and A p « which can act to 

induce cell cycle proteins such as cyclin D I and cyclins E and A as well as 

phosphorylation of the retinoblastoma protein (Copani et al, 1999). However, A P is 

not likely to be the only culprit responsible for cell-cycle initiation in A D . 

Calmodulin can be linked to cell cycle activation through its role in 

Ca2+/calmodulin-dependent protein kinase activation. Ca2+/calmodulin-dependent 

protein kinase II has recently been shown to be capable of triggering cell-cycle 

resumption in mammalian oocytes (Madgwick et al, 2005). Amongst other functions 
9-1-

this is one role of Ca /calmodulin-dependent protein kinases that may qualify them as 

potential targets in cancer therapy (reviewed by Rodriguez-Mora et al, 2005). It 

appears that Ca /calmodulin signalling pathways may also be involved in cell cycle 

disturbances in A D which has been demonstrated in immortalized lymphocytes from 

A D patients compared to cells from normal age-matched control cases (de las Cuevas et 

al, 2003; de las Cuevas et al, 2005). Decreased calmodulin levels in AD may, 

therefore, not only affect synaptic plasticity but also contribute towards A D pathology 

through involvement in aberrant cell cycle induction mechanisms. 

While estrogen replacement therapy may be protective against neuronal damage 

provided it is administered during a critical time-frame around onset of menopause (as 

discussed in chapter 7), it has been hypothesized that detrimental effects of both 

estrogen and testosterone depletion may be exerted through the loss of negative 

feedback on other proteins of the hypothalamic-pituitary-gonadal axis ( H P G A ) leading 

to increased levels of gonadotropin releasing hormone (GnRH) and the gonadotropins 

L H and F S H (see chapter 7). It has recently been proposed that in the A D brain the 

post-menopausal / andropausal rise in L H levels may lead to cell-cycle activation in 

mature neurons through a process termed "dyosis" (Atwood et al, 2005). It has been 

shown that L H can have mitogenic effects on prostate tissue (Sriraman et al, 2001) and 

thymocytes (Sabharwal et al, 1992) and in mice it can promote tumorigenesis in 
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ovarian granulosa cells dependent on the genetic background of the animals (Keri et al, 

2000). The mechanism of action of L H (and F S H ) appears to be through activation of 

mitogen activated protein kinases ( M A P K ) such as p 4 4 M A P K extracellular regulated 

kinase 1 (ERK1) and E R K 2 as well as Jun N-terminal kinase (JNK) (Cameron et al, 

1996; Harris et al, 2002; Srisuparp et al, 2003). L H can also affect insulin signalling 

pathways by activating Janus kinase 2 (JAK2) and phosphoinositol 3-kinase (PI-3-K) / 

Akt pathways (Carvalho et al, 2003). Apart from effects on inflammatory and 

oxidative events and long-term potentiation decreasing levels of estrogen at menopause 

and likely reduction of testosterone after andropause can exacerbate A D pathology 

through gonadotropin mediated re-entry of neurons into the cell cycle. Timely 

establishment of a H P G A hormone balance at menopause or andropause may help to 

delay or prevent onset of A D pathology, and levels of gonadotropins can provide 

valuable markers in risk assessment for A D . 

Glycosylation is an important post-translational modification that is essential for 

normal activity of a range of metabolic enzymes, signalling components and 

transcription factors (as reviewed by Wells and Hart, 2003). Insulin signalling can be 

detrimentally affected and insulin resistance promoted by increased $-N-

acetylglucosamine modification of insulin receptor substrate 1 and P-catenin. In cell-

cycle progression P-catenin plays a pivotal role (and has been linked to tumorigenesis) 

by controlling transcription through the JTwr-signalling pathway (for a recent review see 

(Malbon, 2005) and for a discussion of P-catenin in A D see Chapter 1). Abnormal 

glycosylation of this protein in A D could contribute towards induction of cell-cycling 

and neuronal demise. In yeast mutations in the gene encoding dolichol-P-dependent N-

acetylglucosamine-1-P transferase (GPT) lead to impaired cell cycle arrest and 

resumption of cycling compared to wild-type cells (Lennon et al, 1997). In tumor-

transformed human fibroblasts AMinkded glycosylation was found to be involved in 

potentiation of mevalonate-controlled cell cycle progression (Carlberg and Larsson, 

1993). These studies suggest that glycosylation can be important in a variety of cell-

cycle induction mechanisms. The current study observed alterations in a-mannose/a-

glucose protein glycosylation and N-acetylglucosamine/TV-acetylneuraminic acid 

glycosylation in A D frontal cortex brain tissue. These may involve proteins associated 

with cell-cycling and through such mechanisms could contribute to A D pathology. 

The current study thus contributes further evidence in support of previous 

literature suggesting abnormalities in cell-cycling events as potential mechanisms 

contributing to A D pathology (potential mechanisms summarized in Figure 8.4). This 
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has implications for treatment approaches through regulation of H P G A hormones and 

could provide markers for A D risk assessment or for monitoring of treatment efficacy. 
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Figure 8.4: Cell-cycle re-entry in the A D brain: Ap associated and independent 

mechanisms that may contribute towards initiation of cell-cycling events. This may not 

be tolerated by postmitotic neurons leading to neuronal demise in AD. 
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8.2 Novel Biomarker candidates for A D diagnosis 

8.2.1 Candidate biomarkers - potential implications for 

diagnosis and treatment 

The aim of this project was to explore A D brain tissue for biomarkers to provide 

insights into pathological mechanisms and suitable targets for therapeutic intervention 

or diagnostic strategies. Insights into potential pathological mechanisms are discussed 

above. Markers that may be considered for diagnostic purposes, in particular for 

sporadic A D cases or familial A D cases without identifiable genetic or environmental 

predispositions, include: Levels or post-translational modification of A p , apoE, SODl, 

G F A P , calmodulin, ATP-synthase, B A S P 1 , p-actin, D M D M A H - 1 , U C H L 1 , y-enolase, 

reelin, B A T l and D D X L and T N F a levels (possibly as dictated by promoter 

polymorphism genotype). Screening for the presence of the BATl -22*2/2 genotype 

and TNFA -850*2 allele may also find useful application in diagnostic approaches, 

although these genetic factors may be more amenable to AD risk assessment. Promoter 

polymorphisms can be genotyped from D N A isolated from peripheral leukocytes. 

Levels of the above proteins as well as their glycosylation or oxidative (or 

phosphorylation) status can be measured in CSF and / or in peripheral tissues such as 

plasma and leukocytes. In future studies quantifiable presence of these proteins in 

peripheral tissues will be assessed and it will be determined whether differential levels 

or post-translational modifications can qualify them as diagnostic markers of A D 

pathology. 

While some of the above markers have previously been linked to A D three 

markers have not yet been investigated in A D cases. Reelin is readily detectable in 

plasma and is already being investigated as potential diagnostic biomarker for a number 

of psychiatric disorders (see Chapter 4) with one study associating decreased levels of 

reelin with autism (Fatemi et al, 2002). The current study provides the first report that 

levels of several reelin fragments are decreased in A D plasma. B A T l is a novel 

candidate not previously associated with A D pathology. The current study is the first to 

explore a link between B A T l promoter polymorphisms or B A T l levels and A D 

pathology. Likewise D D X L has, thus far, not been associated with A D and may play a 

similar role to BATl. 

However, neither any of the "old" markers nor reelin, B A T l or D D X L appear to 

be specific only for A D pathology. Therefore, they need to be considered in 

combination with other, already established, markers such as A p and phoshorylated tau 
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levels in C S F as well as APOE genotype and apoE and A p levels in plasma. 

Measurement of A p and phosphorylated tau levels in CSF (Olsson et al, 2005) as well 

as magnetic resonance imaging (MRI) analyses of hippocampal and ventriculare areas 

(Kodama et al, 2002), single-photon emission tomography (SPECT) (Kubota et al, 

2005) and F D G / P E T (Mosconi, 2005) are being evaluated as promising new diagnostic 

approaches. Special M R I imaging (using 19F-containing amyloidophilic Congo-red 

type compounds that cross the blood-brain barrier) to visualize the amyloid plaque 

burden in vivo is a very innovative and appealing new approach since, without being 

very invasive or providing exposure to radioactivity, it allows for longitudinal tracking 

of disease progression as well as being useful in the discovery and evaluation of new 

A D biomarkers (Higuchi et al, 2005). In order to improve accurate pre-mortem 

diagnosis cognitive testing may not be sufficient, but in combination with some of the 

above biochemical or genetic markers as well as brain imaging techniques a much more 

discriminative diagnostic strategies may be synthesized. This may provide the next step 

in reducing subjectivity in A D diagnostic procedures. 

It is important to keep in mind that although at end-stage all forms of A D 

present with similar hallmark lesions of pathology, a myriad of different underlying 

genetic, biochemical and environmental factors accounts for different forms of the 

disease (for example early onset familial compared to sporadic forms). It is, therefore, 

possible that some biomarkers may be universally applicable to screen for early signs of 

" A D in general", but it appears very likely that unique distinguishing marker profiles 

will also be discovered for different forms of A D and indeed may become valuable tools 

for clinicians in order to identify sub-groups that may profit from particular treatment 

approaches or those for which certain treatments may prove without benefit. 

Establishment of biomarker profiles for F A D cases with specific mutations in the A P P 

or presenilin genes, as well as profiles for sporadic A D groups that may exhibit 

common environmental risks such as lifestyle and obesity factors, will be of benefit to 

these groups in a number of ways. Such profiles may provide valuable A D risk 

assessment tools, possibly even age-of-onset estimates. In addition, they may provide 

information about recommended treatments and treatments that may be contra-

indicated, as well as providing a prognostic aid to monitor the efficacy of the treatments 

applied. 

After establishment of a robust biomarker profile where several biomarkers in 

combination provide acceptable statistic specificity and sensitivity, one useful approach 

could involve the design of a diagnostic composite index for biochemical and genetic 
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markers (S Dhaliwal, 2005, personal communication, 22nd July). This would involve a 

risk percentage contribution from each validated marker incorporated into one formula 

to allow for the calculation of an objective "index of biochemical and genetic signs" or 

a "composite biomarker score". This score along with cognitive and possibly brain 

imaging assessment would then contribute towards overall risk assessment or diagnosis 

for A D . Composite scores for various memory and learning functions are already used 

in cognitive domain assessment strategies (Stuss et al, 1996; Mathuranath et al, 2000; 

Wilson et al, 2000; Ferman et al, 2004; Chandler et al, 2005). A similar system for 

biochemical markers may be a great aid to clinicians in order to help make a definitive 

differential diagnosis of A D as early as possible prior to irreversible damage. The 

alternative would be to assess each separate biomarker on its o w n merit which is more 

time consuming and is likely to lead to a more subjective diagnostic outcome. The 

importance of early diagnosis cannot be emphasized enough since, even with continuing 

advancements in A D treatment options, it is likely that for some time in the foreseeable 

future accurate diagnosis in the early stages of the disease will guarantee the greatest 

benefit from any form of intervention. 

From results of the current study the intervention strategies indicated, apart from 

modulation of A p levels or aggregate status, may involve anti-oxidant therapy and anti

inflammatory treatment. Modulation of B A T l levels may be a novel avenue of 

treatment that may help attenuate inflammatory reactions and by doing so also help 

decrease generation of oxidative stress. In addition, despite outcomes of the animal 

studies of this project estrogen and testosterone replacement therapy should not be ruled 

out per se and may be considered as an option on an individual basis. It may, under 

certain conditions, be useful in attenuating inflammation and oxidative stress, promoting 

synaptic plasticity and preventing apoptosis by stopping neuronal re-entry into the cell 

cycle. However, further research is clearly necessary to establish what hormone 

replacement preparations, dosages and durations of treatment are most effective, with 

minimal danger or undesirable side-effects. Timing of commencement of treatment as 

well as duration may be a critical determining factor of success vs detrimental outcome. 

8.2.2 Future directions for biomarker identification 

The current study used Western immunoblotting approaches and m R N A 

quantitation to assess levels of identified candidate biomarkers. Searching for novel 

biomarkers was conducted by 2 D E in combination with Western blot approaches for 
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identification of oxidative modifications and differential glycosylation patterns. This 

has yielded a number of potential biomarkers that will be validated and analyzed further 

in future studies. While the current approach was useful, it could be improved by using 

longer (24 c m instead of 7cm) IPG strips and appropriately sized second dimension gels 

for better resolution and easier excision of protein spots. However, smaller strips and 

second dimension gels are very amenable to Western blot immunodetection of specific 

proteins or protein groups. It is likely that in future studies large gels will be used for 

qualitative and quantitative comparison of protein spot patterns, while small gels will be 

used for Western blot detection of post-translational modifications or detection of 

specific proteins and their differential expression / processing / degradation between A D 

and control groups. In addition narrower p H range IPG strips can be used to focus 

specifically on basic or acidic proteins. Furthermore, pre-fractionation of samples (or 

sequential extraction) may allow for better visualization of a wider range of proteins 

(for example, soluble hydrophilic vs membrane bound hydrophobic proteins). Pre-

fractionation may be of particular interest for plasma proteins, since removal of albumin 

and immunoglobulin should provide a clearer picture of the less abundant proteins. 

However, proteome analysis has advanced considerably in a relatively short 

period of time. Novel and sophisticated technologies have been developed to allow for 

better accuracy and fewer "false positive" results. One such approach, known as two-

dimensional fluorescence difference (DIGE), has been successfully applied to the study 

of human brain proteomes (as reviewed by Swatton et al, 2004), as well as extracts 

from neuroblastoma cell lines (Sitek et al, 2005). Using this technique proteins from 

two different samples (for instance from one control and one test sample) are labelled 

with different (spectrally resolvable) fluorescent cyanine dyes and both samples are 

separated on the same IPG strip / second dimension gel (Swatton et al, 2004). Since 

spots of identical proteins from the two different samples overlap precisely on the same 

gel, using sophisticated software to quantify signals from the two different dyes, it is 

possible to more accurately determine protein pattern differences between the two 

sample groups. Some of the mouse samples in the current study have already been 

extracted in p H 8.0 instead of p H 7.4 buffer in preparation for D I G E (see Chapter 7). 

Another novel, very recently developed, platform technology has been described 

as a "four-dimensional strategy" of combining separation methods. It consists of 

protein array pixelation which involves 2-D protein arrays with each pixel containing a 

group of proteins with known p7 and molecular weight range (Tang et al, 2005b). 

Sample treatment steps involve depletion of very high abundance proteins (such as 
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plasma albumin and immunoglobulins), protein reduction and alkylation, MicroSol-

isoelectric focusing and one-dimensional electrophoresis, followed by excision of 

protein bands and mass spectrometric identification (Tang et al, 2005b). This 

technique has been applied to human serum and plasma samples and, when compared to 

more conventional 2 D E approaches, has been deemed a more promising method for 

detection of low abundance proteins, which could also be adapted for high through-put 

analysis (Echan et al, 2005; Tang et al, 2005b). It m a y be possible to omit the sample 

depletion step for analysis of proteins in tissues other than blood plasma, since for brain 

tissue extracts this step could possibly lead to non-specific removal of proteins of 

interest. However, pre-fractionation by sequential extraction could still be applied, 

followed by custom adapted protein pixelation steps for this particular tissue. It is one 

approach that will be considered for future studies. 

Another approach that is complementary to proteome analysis, m R N A 

comparisons through c D N A microarrays, has not been undertaken in the current project 

due to time and cost restrictions. However, R N A has already been extracted from a 

range of samples making the use of c D N A microarrays another option for future studies. 

This would allow for development of profiles of differential gene expression between 

A D and control case tissues. Furthermore, in cases where transcriptome differences 

reflect proteome differences in the same tissues these two methods would complement 

one another. In combination, they would simultaneous identify protein changes as well 

as enabling determination of whether the changes were caused by differential 

expression, especially where no evidence of altered protein processing is detected. 

Microarray analysis of c D N A has already been applied in transcriptome analysis of A D 

mouse model brain tissue (Mimics et al, 2003) as well as human A D brain tissue 

(Ricciarelli et al, 2004) and peripheral lymphocytes from A D and control cases 

(Kalman et al, 2005). In a separate project our research group has explored gene 

expression changes that could be induced by oxidative stress in A D using the 

Affymetrix c D N A microarray system (data as yet unpublished). 

Analysis of post-translational protein modifications between A D and control 

groups will also continue. Oxidative and glycosylative changes will be analysed in 

various in vivo and in vitro systems. However, protein phosphorylation is one post-

translational modification that has not been assessed in the current study. 

Phosphorylation of proteins plays a very important role in signal transduction pathways 

and disturbances in such mechanisms have been proposed to be part of a novel 

"Metabolic/signal transduction hypothesis" of A D pathology (Iqbal and Grundke-Iqbal, 
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2005). Early techniques to detect phosphorylated proteins by 2 D E have used 

radioactive labels of [32P]orthophosphate (Gutierrez et al, 1988). However, due to 

advancement of 2 D E and mass spectrometric approaches more sophisticated and less 

hazardous techniques have evolved for profiling of phosphorylated proteins, including 

the development of protein chips for "phosphoproteome" analysis (as reviewed by 

Kalume et al, 2003; Beernink and Nock, 2005). Such techniques might be considered 

for future studies. 

Finally, the current project used a combination of human and mouse tissues to 

search for novel biomarkers. This approach will continue in future studies. Mouse 

models will be particularly valuable when the approach requires manipulation of disease 

conditions (for example through hormone depletion or therapeutic drug testing) or 

analysis of various stages of the disease from early signs through to end-stage 

pathology. Data obtained from mouse studies will be validated in human brain tissue to 

confirm its relevance to human A D pathology. Any potential new biomarkers that have 

not previously been recognized will be characterized by functional studies involving in 

vitro manipulation in cell culture as well as in vivo investigation in mouse and human 

tissues. 

8.3 Conclusion 

The current study provides evidence for potential involvement of novel 

biomarkers in A D pathology. O f particular interest are B A T l and reelin which, in the 

A D brain, m a y contribute towards modulation of inflammatory reactions or play a role 

in disturbances in synaptic plasticity respectively. Altered reelin levels have not 

previously been reported for A D brain or plasma. In addition, the discovery of B A T l 

linkage to A D is unique and reported for the first time in this thesis. 2 D E protein 

profiling and analysis of post-translational modifications are valuable methodologies 

that can be further optimised for better detection of novel A D biomarkers. 

Work presented in this thesis may, thus, provide novel insights into A D 

pathological mechanisms. Furthermore, it is hoped that some of the candidate markers 

identified in the current project may, in future studies, become established as 

biomarkers with diagnostic value or provide novel targets for therapeutic interventions 

to combat this devastating disorder that destroys the mind. 
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Appendix 

Appendix I 

Preparation of buffers and non-denaturing acrylamide gels for 
genotyping 

1 x T E buffer (5 LI: 

- Add 6.05 g Tris 

-Add 1.86 gEDTA 

- Make up to 5 L with ddH20 

1 x TES buffer (250 mil: 

- Add 0.30 g Tris 

-Add 1.461 gNaCl 

- Add 0.093 g EDTA 

- Add ddH20, adjust pH to 8.0 

- Make up to 250 ml with ddH20 

8% (w/v) 19:1 Acrvlamide:Bis solution (1 LI: 

- Add 76 g acrylamide 

- Add 4 g Bis 

- Make up to 1 L with lx TBE 

10 x T B E buffer (3 LI: 

- 324 g Tris 

- 165 g Boric acid 

- 28.2 g EDTA 

- Make up to three litres with ddH20 

- Dilute 1 in 10 for lx buffer 

Ficoll DNA loading buffer (10 ml): 

-Addl.5gFicoll 

- Add 0.02 g Bromophenol Blue 

- Add 0.02 g Xylene Cyanol 

- Make up to 10 ml with ddH20 

25% (w/v) APS (50 mil: 

-Add 12.5 g APS 

- Make up to 50 ml with ddH20 

Preparation of non-denaturing P A G E gels using two gel systems (volumes of reagents 

per gel) 

Reagents 

19:1 acrylamide solution 

25% APS 

TEMED 

Bio-Rad Mini-
Protean® (for 1 gel) 

10 ml 

20 pi 

15 pi 

Hoefer Mini VE® 
(for 1 gel) 

15 ml 

30 pi 

22.5 pi 
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Appendix 

Appendix II 

Buffers for Western immunoblotting and ELISA 

10 x TBS (1 L): 

- Add 24.2 g Tris, 

- Dissolve in ddH20 

- Adjust pH to 8.8 

- Make up to 1 L with ddH20 

10 x PBS (1 L): 

- Add 1 Sachet 10 x PBS powder 
(Fisher Biotec, Perth, WA, Australia) 

- Make up to 1 L with ddH20 

1 x TBST (1 L): 

-Add 100 ml 10 x TBS, 

- Add 0.5 ml Tween 20 

- Add ddH20 

- Adjust to desired pH with HC1 

- Make up to 1 L with ddH20 

1 x PBST (1 L): 

-Add 100 ml 10 x PBS 

- Add 0.5 ml Tween 20 

- Add ddH20 

- Adjust to desired pH with HC1 

- Make up to 1 L with ddH20 

Casein buffer (500 ml): 

- 2.5 g Casein 

- 50 ml 0.1 M NaOH (boil to dissolve) 

- Dissolve in PBS 

- Adjust pH to 7.4 

- Make up to 500 ml with PBS 

- Add pinch of Sodium Azide 

50mM Carbonate buffer (50 ml): 

-0.26gNa2CO3 

-0.21 gNaHC03 

- Add approximately 35 ml ddH20 

- Adjust to pH 9.6 with HC1 

- Make up to 50 ml with ddH20 
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Appendix III 

Protein extraction / IEF buffers 

Solution A (20 mM Tris, 50 ml): 

-Add 12.1 gTris 

- Adjust pH to 7.4 (if desired) 

- Make up to 50 ml with ddH20 

- Add 5 x Protease Inhibitor Cocktail tablets 
(Roche Diagnostics Branchburg, N e w Jersey, USA) 

- Aliquot into 1-5 ml aliquots and store at -80°C 

Solution B (50 ml): 

- Add 121 mg Tris (for 20 mM) 

- Add 21 g Urea (for 7M) 

- Add 7.6 g Thiourea (for 2M) 

- Add 2 g CHAPS (for 4% w/v) 

- Add 50 pi of 1% (w/v) Orange G dye stock (for 0.001% w/v) 

- Make up to 50 ml with ddH20 

- Aliquot into 1 ml aliquots and store at -80°C 



Appendix 

Appendix IV 

Acrylamide gel preparation for One-dimensional SDS-PAGE 

32:1 acrvlamide:Bis solution (500 ml): 10% (w/v) APS (50 ml): 

- Add 240 g acrylamide - Add 5 g APS 

- Add 7.5 g Bis - Make up to 50 ml with ddH20 

- Make up to 500 ml with ddH20 

3 M Tris buffer (1 L): 

-Add 363.42 gTris 

- Add 3 g SDS 

- Make up to close to 1 L with ddH20 

- Adjust pH to 8.45 with HC1 

- Make up to 1 L with ddH20 

SDS-PAGE IDE gel preparation: Volumes required for one gel each of various 

acrylamide percentages 

Reagent 

49.5% polyacrylamide 

stock 

3M Tris-HCl, containing 

0.3% SDS 

ddH20 

10% APS 

TEMED 

4% 
(stacking) 

480 pi 

1.49 ml 

4 ml 

24 pi 

2.4 pi 

5% 
(resolving) 

750 pi 

2.5ml 

4.21 ml 

25 pi 

2.5 pi 

8% 
(resolving) 

1.21ml 

2.5 ml 

3.76 ml 

25 pi 

2.5 pi 

12% 
(resolving) 

1.81ml 

2.5 ml 

3.16ml 

25 pi 

2.5 pi 
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Appendix 

Appendix V 

Buffers for One-dimensional SDS-PAGE 

10 x Cathode buffer (1 L): 

-Add 121.1 gTris 

- Add 179 g Tricine 

- Add 10 g SDS 

- Make up to 1 L with ddH20 

- Working dilution: 1 in 10 with ddH20 

1 x Gel buffer (1 L): 

- Add 363.3 g Tris, 

- Add 3 g SDS 

- Dissolve in ddH20 

- Adjust pH to 8.45 

- Make up to 1 L with ddH20 

4 x Sample buffer (50 ml): 

- Add 8.3 ml of 1M Tris 

- Add 4 g SDS 

- Add 2 g Glycine 

- Dissolve with ddH20 

- Add a pinch of phenol red 

- Adjust pH to 6.8 

- Make up to 50 ml with ddH20 

10 x Anode buffer (1 L): 

- Add 242.2 g Tris, 

- Make up to 1 L with ddH20 

- Working dilution: 1 in 10 with ddH20 

10 x Transfer Buffer base (TB. 5 L): 

-Add 150 gTris, 

- Add 740 g Glycine 

- Make up to 5 L with ddH20 

1 x Transfer buffer + Methanol (1 L): 

For general Use: 

-Add 100ml lOxTB 

- Add 200 ml Methanol 

- Make up to 1 L with ddH20 

For large proteins (e.g. Reelin): 

-Add 100ml lOxTB 

-Add 10 ml Ethanol 

- Add 0.5 g SDS 

- Make up to 1 L with ddH20 
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Appendix 

Appendix VI 

Equilibration buffer and acrylamide gel preparation for Two-
dimensional SDS-PAGE 

Equilibration buffer (20 ml): 

This volume makes enough buffer for four 7 cm IPG strips 

- Add 7.2 g Urea 

- Add 0.4 g SDS 

- Add 8 ml 50% (v/v) glycerol 

- Add 2 ml 10 x SDS-PAGE running buffer 

- Add 2ml Acrylamide / Bis (40%) 

- Add 2ml ddH20 

- Add 25 pi Tributylphosphine 

- Final volume should be 20 ml, use 5 ml per IPG strip 

SDS-PAGE 2DE gel preparation: Volumes required for one gel each of various 
acrylamide percentages 

Reagent 

4 0 % Acrylamide / Bis stock* 

1.5M Tris-HCl 

1 0 % (w/v) SDS 

ddH20 

1 0 % (w/v) APS 

TEMED 

10% 

2.5 ml 

2.5 ml 

100 pi 

4.845 ml 

25 pi 

2.5 pi 

12% 

2.5 ml 

3.0 ml 

100 pi 

4.345 ml 

25 pi 

2.5 pi 

*29:1 (3.3%C) from BioRad (Irvine, CA, USA) 

A6 



Appendix 

Appendix VII 

Buffers / stains for Two-dimensional SDS-PAGE 

Gel buffer (1.5 M Tris-HCl. 1 L): 

-Add 181.7 gTris, 

- Dissolve in ddH20 

- adjust pH to 8.8 

- Make up to 1 L with ddH20 

0.5% Agarose: 

- Add 0.5 g agarose powder 

- Add 100 ml 1 x SDS-PAGE running buffer 

- Add a pinch of bromophenol blue 

- Bring to the boil, then let set at RT 

10 x SDS-PAGE running buffer (1 L): 

- Add 30 g Tris, 

- Add 144 g Glycine 

- Add 10 g SDS 

- Make up to 1 L with ddH20 

- Working dilution: 1 in 10 with ddH20 

Colloidal Coomassie (1 L): 

- Add 340 ml Methanol 

- Add 36 ml Phosphoric Acid 

- Add 1 g Coomassie G250 powder 

- To separate beaker add 170 g (NH4)2S04 

- Add ddH20 to not exceed total volume of 500 ml 

- Add small volumes of dissolved Coomassie to 
dissolved (NH4)2S04 (can use pipette) until all 

mixed 

- Carefully make up to 1L with ddH20 

- Do not filter 
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Appendix VIII 

Normal reference ranges for human plasma hormone levels 

Total Testosterone (TT): 

Males: Median value: 14.2 nmol/L, range: 6.93-28.1 nmol/L 

Sex hormone-binding globulin (SHBG): 

Males: Median value: 32.3 nmol/L, range: 7.2-100 nmol/L 

Free Androgen Index (FAI): 

FAI = Total testosterone (in nmol/L) / SHBG (in nmol/L) x 100 

Males: Median value: 35, range: 14.8-94.8 

Luteinizing Hormone (LH): 

Males: 20-70 years: 1.5-9.3 mlU/mL Females: 20-70 years: 0.0-76.3 mlU/mL 

Males: 70-100 years: 3.1-34.6 mlU/mL Females: 70-100 years: 5.0-52.3 mlU/mL 

Estradiol: 

Postmenopausal females: Untreated: Not detectable to 110 pmol/L 

Treated: Not detectable to 341 pmol/L 

Normal ranges taken from following sources: 

1) Vankrieken, L (1997). Testosterone and the Free Androgen Index. Diagnostic 

Products Corporation, Los Angeles, CA, USA. Retrieved June 14, 2005, from 

http://www.dpcweb.com/documents/news«feviews/spring00/techreports/zbl58-a.pdf 
2) Laboratory Corporation of America® Holdings and Lexi-Comp Inc. (2003). 

Luteinizing Hormone (LH), Serum. Retrieved June 14, 2005, from 

http://www.labcorp.eom/datasets/labcorp/html/chapter/mono/ri007600.htm#ri00760 
0 

3) Diagnostic Products Corporation (2005). Immulite 2000 Estradiol. Retrieved June 
14, 2005, from 

http://www.dpcweb.com/package_inserts/immulite_2000/pdfs/Reproductive%20En 
docrinology/12ke2-16.pdf 
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Appendix 

Appendix IX 

Variable normal reference ranges for female mouse plasma / serum 
estradiol levels obtained by different studies 

Estradiol (using radioimmunoassay (RIA) analysis): 

At Estrus: 4.2 ± 1.0 pg/ml 

At Metestrus: 3.1 ± 0.7 pg/ml 

At Diestrus: 7.5 ± 1.3 pg/ml 

At Proestrus: 10.3 ±1.1 pg/ml 

Reference: 

Bergman, M.D., Schachter, B.S., Karelus, K , Combatsiaris, E.P., Garcia ,T and Nelson, 

J.F. (1992). Up-regulation of the uterine estrogen receptor and its messenger ribonucleic 

acid during the mouse estrous cycle: The role of estradiol. Endocrinology. 130 (4): 1923-

1930. 

Estradiol (RIA analysis): 

Mean plasma concentrations of estradiol averaged across the days of the estrous cycle for 

female C57BL/6J mice: ~ 26 pg/ml. 

Mean plasma levels of estradiol measured for each day of the cycle for female C57BL/6J 

mice: 

At Proestrus: -34 pg/ml 

At Estrus: -22 pg/ml 

Reference: 
Nelson, J.F., Felicio, L.S., Osterburg, H.H. and Finch, C E . (1992). Differential 

contributions of ovarian and extraovarian factors to age-related reductions in plasma 

estradiol and progesterone during the estrous cycle of C57BL/6J mice. Endocrinology. 130 

(2): 805-810. 

Estradiol (Using diethyl ether extraction of samples followed bv a disequilibrium assay): 

(female Swiss Webster mice) 

At Proestrus (Mean serum levels): -77 pg/ml (n = 8 mice) 

At Estrus (Mean serum levels): -24 pg/ml (n = 9 mice) 

Reference ° 
Grasso, P.'and Reichert, L.E. (1996). In vivo effects of follicle-stimulating hormone-related 
synthetic peptides on the mouse estrous cycle. Endocrinology. 137 (12): 5370-5375. 

A9 



Appendix 

Appendix X 

Estradiol supplementation by subcutaneous slow-release estradiol pellet 
insertion (Innovative Research of America, IRA) 

Example 1: Using Grasso, et al., (1996) data as a reference in order to achieve serum 
estradiol levels of -50-75 pg/ml in transgenic female mice (estimated equivalent to 
physiological levels during proestrus), one research group used subcutaneous slow-release 

pellets (IRA, FL, U S A ) containing 0.18 m g of 17|3-estradiol (E2) to deliver a continuous 
supply of estrogen for 90 days. 

Reference: 
Heikkinen, T., Kalesnykas, G., Rissanen, A., Tapiola, T., Iivonen, S., Wang, J., Chaudhuri, 
J., Tanila, H., Miettinen, R. and Puolivali, J. (2004). Estrogen treatment improves spatial 
learning in APP + PSI mice but does not affect beta amyloid accumulation and plaque 
formation. Experimental Neurology. 187: 105-117. 

Example 2: SFL/J and B10.PL mice with induced experimental autoimmune 
encephalomyelitis (EAE) received subcutaneous, 60-day slow release E2 pellets (IRA, FL, 
USA) and serum estradiol levels were measured by RIA: 

Pellet E2 content: Serum E2 levels: 
15 m g 9-10 ng/ml 
5 m g 3-4 ng/ml 
2.5 m g 1.5-2 ng/ml 
1.5 m g 0.8-1 ng/ml 
0.36 m g 150-200 pg/ml 
0.1 m g 25-50 pg/ml 
0.025 m g 5-10 pg/ml 

Reference: 
Bebo, B.F., Fyfe-Johnson, A., Adlard, K , Beam, A.G., Vandenbark, A.A. and Offner, H. 
(2001). Low-dose estrogen therapy ameliorate experimental autoimmune encephalomyelitis 
in two different inbred mouse strains. The Journal of Immunology. 166: 2080-2089. 
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Appendix 

Appendix X (continued) 

Example 3: The same research group as for example 2 did another E2 supplementation 

experiment using 60-day slow release pellets (IRA, FL, USA), this time with C57BL/6 and 
T/R+ mice (with induced E A E ) : 

Pellet E2 content: Serum E2 levels: 

15 m g 9-10 ng/ml (pregnancy level) 

2.5 m g 1.5-2 ng/ml (l/5th pregnancy level) 
0.36 m g 150-200 pg/ml (estrus level) 

Reference: 

Matejuk, A., Bakke, A.C., Hopke, C , Dwyer, J., Vandenbark, A.A. and Offner, H. (2004). 

Estrogen treatment induces a novel population of regulatory cells, which suppresses 

experimental autoimmune encephalomyelitis. Journal of Neuroscience Research, 11: 119-
126. 

Example 4: In a review published by the same research group as for examples 2 and 3 

ranges of serum estradiol after the 60-day pellet administration are given as 1-1.5 ng/ml for 

2.5 m g pellets, and 20-30 pg/ml for 0.1 m g pellets. 

Reference: 
Offner, H. (2004). Neuroimmunoprotective effects of estrogen and derivatives in 

experimental autoimmune encephalomyelitits: Therapeutic implications for multiple 

sclerosis. Journal of Neuroscience Research. 78: 603-624. 

Example 5: Tg2576 transgenic mice were supplemented with subcutaneous slow-release 

17p-estradiol (IRA, FL, U S A ) of either 1.7mg or 5mg estradiol for slow-release over 90 
days. Estradiol was measured using a radioimmunoassay kit from Diagnostic Systems 

Laboratories, Inc. (Webster, TX, U S A ) : 

Mean estradiol in intact animals: 7.4 pg/ml (SD ± 5) 

Mean estradiol in ovariectomized animals: 4.3 pg/ml (SD ± 1.6) 

After treatment with 1.7mg estradiol: 24 pg/ml (SD + 19) 

After treatment with 5mg estradiol: 572 pg/ml (SD ± 35) 

Reference: 
Zheng, H , Xu, H , Uljon, S.N., Gross, R., Hardy, K , Gaynor, J., Lafrancois, J., Simpkins, 

J., Refolo, L.M., Petanceska, S., Wang, R. and Duff, K. (2002) Modulation of A p peptides 

by estrogen in mouse models. Journal ofNeurochemistry. 80: 191-196. 
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Appendix XI 

Serum total testosterone levels in male rodents 

Solid phase (antibody-coated tube) radioimmunoassay for total serum testosterone from 

Diagnostic Systems Laboratories Inc. (Webster, TX, U S A ) used for wild type (non-
genetically modified) mice: 

Mice (6 months old): 

Mice (8 months old): 

Mice (12 months old):' 

TT 
ng/ml 

1.83 ±0.56 

1.54±0.54 

0.75 ±0.12 

TT 
*converted to nmol/L 

6.34 ±1.94 

5.34 ± 1.82 

2.60 ± 0.42 

n 
4 
5 
4 

"Conversion: ng/ml x 3.467 = nmol/L: 

Reference: 

Jeyaraj, D.A., Grossman, G. and Petrusz, P. (2005). Altered bioavailability of testosterone 
in androgen-binding protein-transgenic mice. Steroids. 70: 704-714. 
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Appendix 

Appendix XII 

Chapter 6: Protein pattern changes across the PSlm, OAD and Control 
groups 

Table I: Spots from Table 6.2 with differential protein levels in more than a single 
comparison between two different groups (PSlm vs O A D vs Controls). 

PS1m vs Controls 

Spot# 

3 
15 

19 

20 

23 

Signal ratios 

0.61(11 P/17C) 

1.66 (11 P/9C) 
2.27(11 P/17C) 
2.45(11 P/10C) 
11.88 (8P/8C) 

OAD vs Controls 
Spot# 

16 
17 
18 
19 

Signal ratios 

1.64 (7 0/4C) 
1.75 (8 0/14 C) 
2.19 (8 0/17 C) 
4.01 (70/8 C) 

PS 1m vs OAD 
Spot# 

1 
Signal ratios 

0.59(11 P/8 0) 

Tivr, Table II: Spots from Table 6.3 (OxyBlot ), differentially oxidized in more than a 

single comparison between two different groups (PSlm vs O A D vs Controls). 

PS1m vs Controls 

Spot# 

5 
6 

7 

Signal ratios 

5.16 (8P/6C) 

7.21 (8P/6C) 

8.47 (8 P / 8 C) 

O A D vs Controls 

Spot# 

5 

7 

Signal ratios 

4.31 (7 O / 6 C) 
6.70 (7 O / 8 C) 

PS 1m vsOAD 
Spot# 

7 
Signal ratios 

1.68 (8P/6 0) 

Table III: Spots from Table 6.4 (ConA) and 6.5 (WGA), differentially glycosylated in 

more than a single comparison between two different groups (PSlm vs O A D vs 

Controls). 

PS1m vs Controls 

Spot # | Signal ratios | Spot # | Signal ratios 

O A D vs Controls 

ConA 

8 j 2.03 (8 P / 4 C) 1.64 (5Q/4C) 
W G A 

1 
4 
5 
6 

* (0 P / 5 C) 

0.19 (6P/7C) 

0.56 (3P/7C) 

0.57 (5P/8C) 

1 
2 

4 

3 

* (0 O / 5 C) 

0.14 (5 0/7C) 

0.65 (5 0/8C) 

0.41 (6P/7C) 

PS 1m vsOAD 
Spot # | Signal ratios 

*A signal for these spots was detected in the control blots but not the PSlm or O A D blots, 
therefore no ratios are available for the signal intensities of these particular spots. 

For explanations of all tables see following page. 
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Appendix 

Appendix XII (continued) 

Chapter 6: Protein pattern changes across the PSlm, OAD and Control 
groups 

PSlm = AD cases with PSI mutation 
O A D = A D cases without PS 1 mutations 
Controls = Cases with no A D neuropathology 

Ratios: PSlm/Controls OAD/Controls and PSlm/OAD respectively. Numbers in brackets 
indicate in how many PSlm vs Control gels (P / C), O A D vs Control gels (O / C) or PSlm 
vs O A D gels (P / O) the spot was detected. 

Yellow highlights spot intensities lower and green highlights spot intensities higher for 
PSlm or O A D groups with regard to their group of comparison. 

All tables list certain spots that show changes not only in one comparison (for example 
PSlm vs Controls) but in at least two separate comparisons (for example PSlm vs Controls 
A N D O A D vs Controls). Columns are arranged so that spot numbers in one comparison 
are aligned with the numbers of the same spot in a separate comparison. For example, for 
Table I, spot number 3 for the PSlm vs Controls comparison (column 1) is the same as spot 
number 1 for which changes have been detected in the PS 1 m vs O A D comparison (column 
3). 
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Appendix 

Appendix XIII 

Chapter 7: Protein pattern changes across the PS1-WT, PS1-KI and 
APPtg: OEF or OEP, ONE and NONE groups 

Table I: Spots from Table 7.3, showing differential protein levels in PS1-WT female 

mice in more than a single comparison between two different groups (OEF vs O N E vs 
NONE). 

OEF 

Spot# 

11 
12 
16 

mice vs N O N E 

mice 

Signal ratios 

1.48 (4E/4N) 
1.52 (4 E / 4 N) 
1.72 (4 E / 4 N) 

ONE mice vs NONE 
mice 

Spot# 

4 

Signal ratios 

0.64 (4 O / 4 N) 

OEF mice vs O N E 

mice 

Spot 
# 
4 
3 
2 
1 

Signal ratios 

1.83 (4 E / 4 0) 
1.82 (4 E / 4 O) 
1.59 (4 E / 4 0) 
1.36 (4 E / 3 0) 

Table II: Spots from Table 7.4, showing differential protein levels in PS1-WT female 

mice in more than a single comparison between two different groups (OEP vs O N E vs 

NONE). 

OEP mice vs NONE 
mice 

Spot# 
6 
8 
9 
10 
18 
19 
23 
36 
41 

Signal ratios 
0.26 (2E/3N) 
0.27 (1E/3N) 
0.28 (3E/3N) 
0.29 (2E/3N) 
0.40 (3E/3N) 
0.41 (3E/3N) 
0.45 (2E/3N) 
2.16 (2E/3N) 
3.48 (3E/3N) 

ONE mice vs NONE 
mice 

Spot# 

23 
8 

3 
1 
22 

Signal ratios 

3.17 (2 0/3N) 
0.49 (1 0/3N) 

0.39 (3 0/3N) 
0.33 (2 0/3N) 
3.17 (2 0/3N) 

OEP mice vs O N E 

mice 

Spot# 

9 

5 
15 

25 

Signal ratios 
0.34 (2E/3 0) 

0.25 (2 E/3 0) 
0.45 (3 E/3 0) 

3.55 (3 E/3 0) 

Explanations of all tables will follow below (underneath the final table). 
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Appendix 

Appendix XIII (continued) 

Chapter 7: Protein pattern changes across the PS1-WT, PS1-KI and 
APPtg: OEF or OEP, ONE and NONE groups 

male Table HI: Spots from Table 7.5, showing differential protein levels in PS1-KI femal 

mice in more than a single comparison between two different groups (OEP vs O N E vs 
NONE). 

OEP mice vs NONE 
mice 

Spot# 
2 
4 
5 
7 
8 
11 
21 

Signal ratios 
0.23 (3E/3N) 
0.30 (3E/3N) 
0.33 (3E/3N) 
0.35 (2E/3N) 
0.27 (1 E/3N) 
0.43 (2E/3N) 
2.70 (3E/3N) 

O N E mice vs N O N E 

mice 

Spot# 
11 

7 

4 
5 
8 
21 
25 

Signal ratios 
0.45 (2 0/3N) 

0.43 (3 0/3N) 

0.38 (3 0/2N) 
0.39 (3 0/3N) 
0.43 (2 0/3N) 
2.75 (3 0/2N) 
4.81 (3 0/2N) 

O E P mice vs O N E 

mice 

Spot# 

11 
12 
3 

7 
27 
16 
8 
26 
4 
23 

Signal ratios 

0.46 (3 E/3 0) 
0.47 (3 E/3 0) 
0.28 (2 E/3 0) 

0.37 (3 E / 1 O) 
2.97 (3E/2 0) 
2.09 (IE/3 0) 
0.41 (IE/3 0) 
2.97 (3E/2 0) 
0.31 (2 E/3 0) 
2.48 (1 E/3 0) 

Table IV: Spots from Table 7.6, showing differential protein levels in APPtg female 
mice in more than a single comparison between two different groups (OEP vs O N E vs 
NONE). 

OEP mice vs NONE 
mice 

Spot# 
1 
3 
12 
13 
16 
23 
24 
26 
27 
28 
31 
33 
34 
36 

Signal ratios 
0.38 (1 E/3N) 
0.42 (3E/2N) 
2.08 (3E/3N) 
2.09 (3E/3N) 
2.17 (2E/3N) 
2.35 (2E/3N) 
2.36 (3E/3N) 
2.44 (1E/3N) 
2.44 (3E/3N) 
2.45 (2E/3N) 
2.52 (3E/31M) 
2.55 (3E/3N) 
2.59 (3E/3N) 
2.65 (1E/3N) 

O N E mice vs N O N E 

mice 

Spot# 
30 

23 
8 
22 
15 
18 
9 
21 
29 
19 
28 
17 
1 
4 
6 

Signal ratios 
3.23 (1 0/3N) 

2.60 (20/3N) 
2.00 (10/3N) 
2.53 (2 0/3N) 
2.18 (10/3N) 
2.25 (2 0/3N) 
2.01 (2 0/3N) 
2.52 (20/3N) 
2.84 (1 0/3 N) 
2.39 (2 0/3N) 
2.81 (20/3N) 
2.22 (1 0/3N) 
0.22 (2 0/3N) 
0.38 (2 0/3N) 
0.40 (1 0/3N) 

O E P mice vs O N E 

mice 

Spot# 

2 
8 

11 
10 
9 

Signal ratios 

0.29 (3E/2 0) 
2.58 (3E/2 0) 

5.42 (3E/2 0) 
4.79 (3E/2 0) 
2.61 (3 E / 1 O) 

Explanations of all tables will follow below (underneath the final table) 
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Appendix 

Appendix XIII (continued) 

Chapter 7: Protein pattern changes across the PS1-WT, PS1-KI and 
APPtg: OEF or OEP, ONE, NONE, CT, CNT or NCNT groups 

Table V: Spots from Table 7.7, differentially oxidized in PS1-WT mice in more than a 
single comparison between two different groups (OEP vs O N E vs NONE). 

O E P mice vs N O N E 
mice 

Spot# 

1 
Signal ratios 
0.36 (3E/3N) 

O N E mice vs N O N E 
mice 

Spot# 

1 

Signal ratios 

0.44 (3 0/3N) 

O E P mice vs O N E 
mice 

Spot# 
l 
4 

Signal ratios 
0.33 (3 E/3 0) 
2.68 (3E/3 0) 

Note: For female PSI -KI and APPtg mice spots with differential oxidation did not overlap 
between different comparison groups. 

Table VI: Spots from Table 7.8, differentially oxidized in PS1-WT, PS1-KI and 

APPtg male mice in more than a single comparison between two different groups (CT 
vs C N T vs NCNT). 

CT mice vs N C N T mice 
Spot# Signal ratios 

PS 1- WT mice 

r ~ 
2 

0.20 (3T/3N) 
0.20 (2T/3N) 

PS1-KI mice 
1 
2 
3 
4 

0.14 (3T/2N) 
0.25 (3T/2N) 
1.36 (3T/3N) 
2.20 (3T/3N) 

APPtg mice 
1 
2 

5.37 (3T/1N) 
7.15 (3T/1N) 

C N T mice vs N C N T mice 
Spot# Signal ratios 

PS1-WTmice 

1 0.41 (3C/N) 

PS1-KI mice 

2 
3 
l 
4 

0.75 (3C/3N) 
1.19 (3C/2N) 
0.26 (3C/3N) 
3.40 (3C/2N) 

APPtg mice 

CT mice vs CNT mice 
Spot# Signal ratios 

PS1-WTmice 
1 0.22 (3T/3C) 
4 0.31 (2T/3C) 
5 3.63 (3T/3C) 

PS1-KI mice 
l 

3 

0.09 (3T/3C) 

8.32 (3T/3C) 
2 0.25 (3T/3C) 

APPtg mice 
1 
2 

3.13 (3T/1C) 
4.33 (3T/3C) 

For explanations of all tables see following page. 
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Appendix 

Appendix XIII (continued) 

Chapter 7: Protein pattern changes across the PS1-WT, PS1-KI and 
APPtg: OEF or OEP, ONE, NONE, CT, CNT or NCNT groups 

OEF = Ovariectomized, estradiol supplemented in food 

OEP = Ovariectomized, estradiol administered through subcutaneous pellet 

O N E = Ovariectomized, no estradiol supplementation 

N O N E = Not ovariectomized, no estradiol supplementation 

CT = Castrated, testosterone supplemented in food 

CNT = Castrated, no testosterone supplementation 

N C N T = Not castrated, no testosterone supplementation 

For female mice signal intensity ratios are as follows: OEF or OEP / NONE, ONE / NONE 

and OEF or OEP / ONE. Numbers in brackets indicate in how many OEF or OEP vs 

N O N E gels (E / N), O N E vs N O N E gels (O / N) and OEF or OEP vs O N E gels (E / O) the 

spot was detected. 

For male mice signal intensity ratios are as follows: CT / NCNT, CNT / NCNT and CT / 

CNT. Numbers in brackets indicate in how many CT vs N C N T gels (T / N), C N T vs 

N C N T gels (C / N) and CT vs C N T gels (T / C) the spot was detected. 

Yellow highlights spot intensities lower and green highlights spot intensities higher for 

OEF or OEP and O N E groups or CT and CNT groups with regard to their group of 

comparison. 

All tables list certain spots that show changes not only in one comparison (for example 

OEF or OEP vs NONE) but in at least two separate comparisons (for example OEF or OEP 

vs N O N E A N D O N E vs NONE). Columns are arranged so that spot numbers in one 

comparison are aligned with the numbers of the same spot in a separate comparison. For 

example, for Table IV, spot number 1 for the OEF vs N O N E comparison (column 1) is the 
same as spot number 3 for which changes have been detected in the OEF vs O N E 
comparison (column 3). 
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