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ABSTRACT 
                    
 
The aim of this thesis was to investigate the possibility of using buccal cells derived 

from a multi layered epithelial tissue from the oral mucosa as a model to identify 

potential biomarkers of genomic instability in relation to normal ageing and premature 

ageing syndromes such as AD and DS. A buccal micronucleus cytome assay was 

developed and used to investigate biomarkers for DNA damage, cell proliferation and 

cell death in healthy young, healthy old and young Down’s syndrome cohorts. Cells 

with micronuclei, karyorrhectic cells, condensed chromatin cells and basal cells 

increased significantly with normal ageing (P<0.0001). Cells with micronuclei and 

binucleated cells increased (P<0.0001) and condensed chromatin, karyorrhectic, 

karyolytic and pyknotic cells decreased (P<0.002) significantly in Down’s syndrome 

relative to young controls.  

  

The buccal micronucleus cytome assay was used to measure ratios of buccal cell 

populations and micronuclei in clinically diagnosed Alzheimer’s patients compared to 

age and gender matched controls. Frequencies of basal cells (P<0.0001), condensed 

chromatin cells (P<0.0001) and karyorrhectic cells (P<0.0001) were found to be 

significantly lower in Alzheimer’s patients, possibly reflecting changes in the cellular 

kinetics or structural profile of the buccal mucosa. 

 

Changes in telomere length were investigated using a quantitative RTm-PCR method 

to measure absolute telomere length (in Kb per diploid genome) and show age-

related changes in white blood cells and buccal cell telomere length (in kb per diploid 

genome) in normal healthy individuals and Alzheimer’s patients. We observed a 



 

 iv 

significantly lower telomere length in white blood cells (P<0.0001) and buccal cells 

(P<0.01) in Alzheimer’s patients relative to healthy age-matched controls (31.4% and 

32.3% respectively). However, there was a significantly greater telomere length in 

hippocampus cells of Alzheimer’s brains (P=0.01) compared to control samples (49.0 

 

Buccal cells were also used to investigate chromosome 17 and 21 aneuploidy. A 1.5 

fold increase in trisomy 21 (P<0.001) and a 1.2 fold increase in trisomy 17 (P<0.001) 

was observed in buccal cells of Alzheimer’s patients compared to age and gender 

matched controls. Chromosome 17 and chromosome 21 monosomy and trisomy 

increase significantly with age (P<0.001). Down’s syndrome, which exhibits similar 

neuropathological features to those observed in Alzheimer’s disease also showed a 

strong increase in chromosome 17 monosomy and trisomy compared to matched 

controls (P<0.001). However, aneuploidy rate for chromosome 17 and 21 in the 

nuclei of hippocampus cells of brains from Alzheimer’s patients and controls were not 

significantly different. 

 
Observations that AD individuals have altered plasma folate, B12 and Hcy levels 

compared to age-matched controls who have not been clinically diagnosed with AD 

were investigated. Genotyping studies were undertaken to determine whether 

polymorphisms within particular genes of the folate methionine pathway contributed 

to AD pathogenesis. Correlations between folate, B12 and Hcy status with previously 

determined buccal micronucleus assay cytome biomarkers for DNA damage, cell 

proliferation and cell death markers was investigated.  

 

Lastly, the potential protective effects of phytonutrient polyphenols on genomic 

instability events in a transgenic mouse model for AD were investigated. We 



 

 v 

determined the effects of curcumin and GSE polyphenols on DNA damage by testing 

the mice over a 9 month period utilizing a buccal micronucleus cytome assay, an 

erythrocyte micronucleus assay and measuring telomere length in both buccal cells 

and olfactory lobe brain tissue. 
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1.1 Abstract  

Alzheimer’s disease (AD) is a complex progressive neurodegenerative disorder of the 

brain and is the commonest form of dementia. The prevalence of this disease is 

predicted to increase threefold over the next thirty years and to date no reliable and 

conclusive diagnostic test exists that will identify individuals presymptomatically of 

susceptibility risk. This review examines the molecular, genetic, dietary and 

environmental evidence underlying the known pathology of AD and proposes a 

biologically plausible chromosome instability model to explain some of the features of 

the disease. Genome damage biomarkers such as aneuploidy of chromosome 17 and 

21, oxidative damage to DNA and telomere shortening together with abnormal 

expression of APP, β amyloid and tau proteins are discussed in terms of their potential 

value as risk biomarkers. These biomarkers could then be used in diagnosis and the 

evaluation of potentially effective preventative measures.  

1.2 Introduction 
 
Alois Alzheimer (Figure 1) was born in Marktbriet, Germany on June 14th 1864. He 

studied medicine at the Universities of Berlin, Tϋbingen, and Wϋrzberg where he 

completed his doctoral thesis under the supervision of Albert Kölliker on ceruminal 

glands in 1887. From 1888-1903 Alzheimer worked as a medical resident and then 

later as a senior physician at the municipal mental asylum in Frankfurt. It was here 

that he forged his friendship with Franz Nissl, who developed histopathological stains 

that allowed the histology of nervous tissue from various neurodegenerative disorders 

to be studied. 
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On November 25th 1901 a patient called Auguste D was admitted to Frankfurt hospital 

where she was seen and treated by Alzheimer. She exhibited various behavioural and 

psychiatric symptoms including paranoia, delusions, hallucinations and impaired 

memory [1]. After having suffered five years of illness she died in 1906. Her clinical 

notes and brain were forwarded onto Alzheimer in Munich, where over the next few 

months he examined Auguste‘s brain in great 

detail. At the 37th Conference of German 

psychiatrists meeting in Tϋbingen on November 

4th 1906, Alzheimer reported for the first time the 

histopathological changes that he had witnessed 

in Auguste’s brain. In his journal he wrote “in the 

centre of an almost normal cell there stands out 

one or several fibres due to their characteristic 

thickness and peculiar impregnability. Numerous     

Figure 1: Alois Alzheimer (1864-1915)   small miliary foci are found in the superior layers. 

They are determined by the storage of a peculiar substance in the cerebral cortex. All 

in all we have to face a peculiar disease process” [2]. The impregnable fibres so 

described by Alzheimer were the neurofibrillary tangles, whereas the miliary foci were 

to be later referred to as the amyloid based neuritic plaques. Both these structures 

initially described by Alzheimer are now recognised as the characteristic hallmarks of 

a disease that now bears his name. In 1910 Emil Kraepelin published the 8th edition of 

his book The handbook of psychiatry where he describes a particularly serious form of 

senile dementia with early age of onset as Alzheimer’s disease.  
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Having worked with Kraepelin in Munich from 1903-1912, Alzheimer was appointed to 

the position of professor of Psychiatry in Breslau, Poland. However with the arrival of 

the First World War conditions became increasingly more difficult. He found himself 

under increasing stress until finally his health started to fail. Alois Alzheimer died in a 

uraemic coma as a result of rheumatic endocarditis on December 19th 1915 at the age 

of 51. Alzheimer’s many years of dedicated research provided the foundation for 

today’s extensive research programmes, into trying to understand a disease that is 

predicted to make a huge social and financial impact on the 21st Century. AD has been 

classified as a progressive degenerative disorder of the brain and is the most common 

form of dementia, with between 50 and 70% of all clinically presented cases being 

histopathologically confirmed as AD at post mortem [3]. Worldwide a new case of 

dementia is diagnosed every seven seconds. The global incidence of dementia is 

estimated to be 24.3 million, with approximately 4.6 million new cases being 

diagnosed annually [4,5]. Currently between 165,000 and 180,000 Australians suffer 

from this disease, with an annual cost in 2004 to the Australian government of $3.6 

billion dollars in lost productivity and medical care [6,7]. These numbers are set to 

increase threefold over the next thirty years as a greater proportion of an already 

ageing population reaches retirement age. Advancing age is the major contributing 

factor for increased risk of developing Alzheimer’s. After the age of 65 a doubling of 

risk occurs every five years affecting roughly 30% of individuals aged 80 years and 

over [3],[8,9]. It is estimated that by 2025 at least 34 million people worldwide will 

suffer from AD [10].  
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1.3 Clinical diagnosis 
 

At present, based upon criteria of cognitive impairment and behavioural changes 

patients can be clinically diagnosed with between 60-70% accuracy of having AD [11]. 

The most commonly used criteria are those outlined by the National Institute of 

Neurological and Communicative Disorders and Stroke-Alzheimer’s disease and 

related disorders association (NINCDS-AD&DA), published in 1984 [12]. According to 

this document, criteria for probable diagnosis for Alzheimer’s includes dementia as 

determined by the mini mental state examination (MMSE) [13], which allows a brief 

quantitative measure of cognition status to be determined. It can be used as a 

measure of cognitive decline, to document cognitive changes with the passage of time 

in relation to treatment, and as an effective tool in screening for elements of cognitive 

impairment. Dementia is diagnosed when two of the following parameters are 

impaired: amnesia (progressive worsening of memory), aphasia (impairment of 

speech), apraxia (the inability to perform motor tasks) and agnosia (the inability to 

identify and recognise individuals or objects, despite having knowledge of the 

characteristics of those individuals and objects). Individual assessment includes 

various psychiatric and behavioural changes such as depression, misidentifications, 

delusions, and hallucinations that invariably lead to an individual’s inability to perform 

everyday tasks, resulting in some form of full time care being required [8]. 

 

The age of onset for AD is usually after the age of 65yrs but can be earlier if 

influenced by genetic mutations in familial Alzheimer’s genes. Other forms of systemic 

disorders, which could also account for the progressive decline in both memory and 

cognition function invariably need to be ruled out. Laboratory testing can aid in the 

identification of conditions that need to be diagnostically eliminated in order to achieve 
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a more accurate diagnosis when a dementia profile is being evaluated. A complete 

blood cell count and urinalysis profile is necessary to exclude signs of anaemia and 

infection; metabolic disorders can be evaluated through analysis of serum metabolites 

(such as glucose, calcium, urea, and creatinine) as well as performing various liver 

function tests to eliminate other certain metabolic disorders such as Wilson’s 

syndrome or Laennec’s cirrhosis. Additionally, neurosyphilis as well as micronutrient 

deficiencies in folate and B12 need to be excluded as they can simulate symptoms of 

dementia, thereby making an accurate diagnosis more difficult to achieve [14]. 

 

Until recently there was no diagnostic test available that could reliably and 

conclusively identify those individuals for increased presymptomatic risk of AD. 

Consequently it was impossible to develop and implement effective preventative 

measures to curb the progress of the disease. However, recently a simple non-

invasive skin test that measures dilation of blood vessels has been developed, that 

reflects a decline in function in specific blood vessel cell types affected by the disease. 

It is claimed that different dementias can be differentiated and that detection can be 

made up to two years before conventional clinical diagnosis [15,16]. A further 

technique has been developed that involves the use of an intravenous amyloidophilic 

compound labelled with 19F. This compound when administered to Amyloid precursor 

protein (APP) transgenic mice, specifically labelled amyloid plaques that could be 

visualised in living subjects by magnetic resonance imaging (MRI). This technique 

would allow the identification of the disease at an earlier stage in presymptomatic 

individuals, and to determine disease progression in response to various preventative 

measures and selected treatments [17]. 
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Although the pathogenesis of the disease is still not completely understood, it has 

been shown that at post mortem there are two histopathological changes that occur 

within the brain. These changes involve the abnormal clustering of proteins which 

characterise individuals with AD. This abnormal clustering occurs in two forms: a) 

those that occur within the neurons, i.e. the neurofibrillary tangles and b) those that 

cluster extracellularly outside of the neuronal body, i.e. the amyloid based neuritic 

plaques (Figure 2). Early changes occur within the entorhinal cortex projecting into the 

hippocampus which leads to disruption of learning and short term memory processes. 

Further protein deposits have been found within the temporal, frontal and inferior 

parietal lobes mapping the spread of the disease throughout the brain. Later 

developments in the pathology of AD include neuronal cell death resulting in loss of 

tissue leading to overall shrinkage of brain size [10]. 

 

 

a) Tau based neurofibrillary tangle                            b) Amyloid based Neuritic plaque 

 

Figure 2:  Histopathological hallmarks of Alzheimer’s disease.  a) Microscopic image of typical 

neurofibrillary tangle. b) Microscopic image of a plaque showing a central β amyloid core 

surrounded by black tau filaments. 
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1.4 Tau and Neurofibrillary Tangles 
 

Neurofibrillary tangles are composed of the microtubule associated protein tau, the 

gene of which is located at chromosome 17q21.1 [18]. The TAU gene comprises of 15 

exons, with 11 of the exons coding for all of the major tau isoforms. Splicing of exons 

2, 3 and 10 result in the six different forms of the tau protein. These forms differ from 

each other by the presence or absence of two N-terminal exons and a single C-

terminal exon which results in variation of their amino acid length which ranges from 

352-441 [19]. 

 

Tau proteins are important as they associate with tubulin in the formation of 

microtubules. Microtubules impart shape and structure to cells and generate cellular 

transport networks that allow movement of micronutrients, neurotransmitters and 

organelles that are essential for normal cellular function [20]. The tau protein of 

neurofibrillary tangles consists of paired helical threads that are hyperphosphorylated. 

This hyperphosphorylation leads to a dissociation between tau and tubulin resulting in 

a breakdown in the brain transport network eventually leading to resistance to protein 

degradation [20] , loss of biological activity and cell death [18,20].  

 

The level of tau phosphorylation is probably determined by the regulation of protein 

kinases that modify tau through phosphorylation, and phosphatases that 

dephosphorylate the modified tau. Tau kinases such as GSK3, cdk5 and p38 are 

known as proline kinases and regulate proline modified serine and threonine motifs. 

Both Cyclic-AMP and Ca2+/cadmodulin dependent kinases together with protein 

kinase C are known as non-proline kinases that modify non-proline serine and 

threonine motifs. Sequences involved in binding tau to tubulin are coded for within the 
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C-terminal exon and are positioned adjacent to the sequences for the tubulin binding 

repeats [21] (Figure 3). 

 

Tau phosphorylation is linked to microtubule stabilisation by regulating the binding of 

tau to the microtubules. In AD under conditions following phosphorylation, decreased 

binding occurs leading to a breakdown in microtubule stability resulting in tau 

aggregation within the neurons [22]. Hyperphosphorylation may also lead to 

microtubule spindle defects, resulting in aneuploidy for a number of chromosomes 

including chromosome 17 that may lead to abnormal expression of Alzheimer’s related 

genes such as TAU.  

 

In the neurodegenerative disorder fronto-temporal dementia, the density of the 

neurofibrillary tangles is directly correlated with the severity of exhibited dementia 

[10,23]. This disorder is the result of point mutations within exon 10 of the TAU gene 

such as Leu266Val and Glu342Val. The disorder is not associated with any amyloid 

peptide formation or plaque deposition [24,25]. This is important as it suggests that 

dementia can arise directly from abnormal processing and accumulation of tau [26,27] 

that arises independently of any influence of abnormal amyloid metabolism. 
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Figure 3:  Tau molecule showing kinase phosphorylation sites. Modified from Gomez-Ramos[21] 
 

1.5 β amyloid and neuritic plaques 
 
The amyloid based neuritic plaque occurs extracellularly to the neuron body having 

originated within the neuron and been secreted as a soluble peptide. It is thought to be 

the first histopathological change to occur in AD [10]. The plaque consists primarily of 

the 42 amino acid β amyloid peptide (β amyloid 42) originating from the abnormal 

processing of amyloid precursor protein (APP), the gene of which is located on 

chromosome 21q21. APP is a cell surface protein of between 695 to 770 amino acids 

long, and plays a functional role in neurite outgrowth, cell adhesion, synaptic functions 

and the induction of apoptosis [28].  

 

The protein runs through the membrane leaving a short intracellular terminal and a 

longer terminal extracellularly (Figure 4) .The β amyloid peptide is normally snipped 
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out of the APP protein that is adjacent to the cell membrane. APP proteolysis is 

mediated by a series of secretase enzymes α, β, and γ [29,30]. Under normal 

conditions, a harmless P3 fragment is formed by cleavage by α and γ secretases 

resulting in a 40 amino acid β peptide [28,31]. 

Plasma 
Membrane

β Amyloid production

Extracellular

Intracellular

α secretase
β secretase

γ secretase

APP protein

sAPPβsAPPα

83 amino acid 
APP fragment

Aβ40/Aβ42

99 amino acid 
carboxy APP 
fragment

695-770 amino 
acids

Harmless P3 fragment 
following α and γ
secretase cleavage

Amyloid plaques

 

Figure 4:   β amyloid production. APP is a membrane protein producing a number of isoforms 

which range in size from 695-770 amino acids. Proteolysis of the APP protein involves α, β 

and γ secretases. APP cleavage by α secretase releases sAPPα from the membrane leaving 

an 83 amino acid APP fragment. Cleavage of the APP protein by β secretase releases sAPPβ 

from the membrane and leaves behind a 99 amino acid fragment which can be further cleaved 

by γ secretase to produce Aβ40/42 fragments extracellularly. 

 

The α secretase is thought to be made up of metalloproteases of the tumour necrosis 

factor α-converting enzyme and a disintegrin matrix [32]. Beta sectretase has been 

identified as the enzyme BACE (beta site APP cleaving enzyme) the gene of which is 

located on chromosome 11. The γ secretase is a complex multi protein comprising of 

four components, Presenilin, nicastrin, Aph-1 and Pen2 all of which are required for 

effective proteolytic activity [33].  



Chapter 1: General Introduction 

 12 

 

In the Alzheimer’s brain, aberrant proteolysis occurs involving β secretase which 

produces a series of products, that after having been cleaved by gamma secretase, 

gives rise to the β amyloid 42 [29]. Aberrant proteolysis results in an abnormal 

accumulation of soluble β amyloid 42 which aggregates into oligomers. When 

fibrillised and subjected to an astrocyte induced inflammatory response, it matures into 

an insoluble neuritic plaque measuring between 10 -120µm. [28,31,34]. 

 

Intraneuronal β amyloid 42 is generated initially within the endoplasmic reticulum, 

golgi body and endosomes of the neuron where it accumulates, eventually transferring 

to the extracellular space of the neuron as a soluble peptide [35-38]. It has also been 

shown to accumulate in those vulnerable areas of the brain that are sensitive to 

Alzheimer’s related pathological changes such as the perikaryon of the pyramidal 

neurons of the hippocampus and entorhinal cortex [39] (Figure 6). Intraneuronal β 

amyloid 42 could be considered to be an early pathological biomarker of the disease 

and has been shown to be a contributory factor to neuronal dysfunction. 

 

Billings et al have shown in a transgenic mouse model that animals manifested 

symptoms of cognitive impairment that correlated with intraneuronal β amyloid 42 

accumulation within the hippocampus and amygdala [40]. The mice were free from 

both tangle and plaque pathology suggesting these structures contribute to further 

cognitive decline during the later stages of the disease. It may also be that they are 

incidental endpoint structures that are not directly responsible for the causative factors 

leading to the pathology of the disease. By clearing the Intraneuronal β amyloid 42 

using immunotherapy, the observed cognitive deficits were attenuated when memory 



Chapter 1: General Introduction 

 13 

was assessed after measuring tasks that involve the hippocampus. This implies that 

the intraneuronal β amyloid 42 has a role in the initiation of early stage cognitive 

impairment and neuronal dysfunction in AD [40]. 

 

It has been shown that application of β amyloid 42  to cultured neurons is neurotoxic 

and can directly initiate apoptosis [41,42]. The presence of β amyloid elevates 

apoptotic vulnerability when cells are under conditions of increased oxidative stress, 

which occurs naturally in the ageing brain. β amyloid induced oxidative stress results 

in the generation of reactive oxygen species that can damage various cellular 

components such as cell membrane proteins, mitochondrial DNA, lipids and 

cytoplasmic proteins. In the brains of Alzheimer’s patients these components have 

been shown to exhibit elevated levels of oxidative damage [43,44]. β amyloid causes 

neurons to undergo apoptosis by sensitising their membranes following lipid 

peroxidation. The normal ATPases associated with the membrane are impaired 

leading to membrane depolarisation, and a disruption in glucose and glutamate 

transportation and ATP energy depletion. β amyloid also modifies calcium flow across 

the membrane [45]. Calcium is involved in mechanisms associated with memory and 

learning as well as neuronal survival. The β amyloid peptide disrupts calcium 

regulatory pumps within the membrane and elevates calcium influx through voltage 

dependent channels, possibly as a result of induced oxidative stress leading in turn to 

neuronal cell death [46]. 

  

Further signs of apoptosis in Alzheimer’s brains include elevated DNA fragmentation 

and β amyloid induced caspase activation. Caspases are a family of cysteine 

proteases and are the principal effectors of apoptosis. In Alzheimer’s brains caspase 3 
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has been shown to use APP as a substrate, producing a potent apoptotic promoting 

peptide called C31 [47]. Other caspases such as caspase 8, 9 and 12 have been 

shown to contribute to neurodegeneration [48,49]. Nakagara et al has shown that 

caspase 12 located in the endoplasmic reticulum (which regulates cellular responses 

to stresses such as high calcium and free radicals) induces apoptosis as a result of β 

amyloid toxicity [49].  It has been suggested that caspase activation occurs initially at 

the nerve synapses [50], leading to an overall loss of cerebral nerve terminals and 

interneuronal communication within the neuronal network. This gradual degeneration 

of terminals may correlate with the individual’s level of cognitive impairment. As nerve 

cells slowly undergo further terminal loss with the passage of time, the dysfunctional 

neurons eventually die in those areas of the brain that are initially susceptible to β 

amyloid toxicity. 

 

1.6 Amyloid Cascade Hypothesis: Plaques or tangles?  
 
One of the topics that has generated a great deal of interest within Alzheimer’s 

research is the question of which of the histopathological landmarks, the neurofibrillary 

tangle or the neuritic plaque, appears first? Does one influence the development of the 

other or do they in fact develop independently via two separate pathways? The 

amyloid cascade theory was proposed to explain the etiology and progression of the 

disease [51-53] and indeed still forms the backbone of explanation for Alzheimer’s 

development. However in recent years, it has been found that certain observations 

cannot be explained by the hypothesis in its current form [54,55]. The cascade theory 

currently states that elevated deposits of the β amyloid 42 occur as a result of 

missense mutations or a failure of clearance mechanisms that invariably lead to the 

production of neuritic plaques. These plaques precede intracellular accumulation of 
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tau and eventually result in neuronal cell death [52,53]. The hypothesis also suggests 

that the plaques produce hyperphosphorylated tangles through the abnormal 

regulation of kinases and phosphatases as the disease progresses [56].  

 

Various lines of evidence have come to light in support of the hypothesis. Firstly, 

mutations both within the APP and presenilin genes (genes implicated in early onset 

AD) result in elevated production and accumulation of the β amyloid 42 [51,57,58]. 

The β amyloid 42 is more sensitive to fibrillization and therefore also more sensitive to 

neuritic plaque formation [51]. Over-expression of the APP gene leads to elevated β 

amyloid production resulting in the development of amyloid plaques. Down’s 

syndrome patients possess three copies of chromosome 21 which codes for the APP 

gene and are therefore susceptible to excessive expression of APP and possibly 

generation of an excess of Aβ42. An identical brain histopathology to Alzheimer’s 

patients is apparent in Down’s syndrome patients between the ages of 30-40 yrs [59-

61] with large numbers of tangles appearing between the third and fifth decades of life. 

Secondly, mutations within exon 10 of the TAU gene give rise to frontotemporal 

dementia characterised by cognitive impairment but occurring in the absence of 

plaque formation [10,24,25]. This implies that severe tau production and accumulation 

is sufficient to produce symptoms of dementia independently of amyloid plaques and 

has little influence on the initiation of amyloid plaque formation. Thus Alzheimer 

tangles would appear to be produced after changes in the amyloid production rather 

than before [51]. Transgenic mouse models have been useful in yielding etiological 

clues to both the progression and underlying mechanisms associated with disease. 

JNPL3 transgenic mice expressing altered tau when crossed with Tg2576 transgenic 

mice expressing altered APP showed no change in the number, age of development 



Chapter 1: General Introduction 

 16 

and morphology of the neuritic plaques produced. However an increase in tau positive 

tangles was more substantial within the limbic system indicating a role for APP or β 

amyloid 42 in the formation of neurofibrillary tangles [62]. This suggests that changes 

in the processing of the APP gene occur prior to tau alteration. Additional experiments 

involving crossing APP transgenic mice with apolipoprotein allele 4 (APOE4) deficient 

mice resulted in offspring with a decrease in the deposition of beta amyloid, indicating 

an interaction with the APOE4 gene and amyloid processing [63]. Figure 5 outlines a 

modified version of the Amyloid cascade hypothesis proposed by Hardy [52] and 

Hardy and Selkoe [56]. 

Amyloid cascade hypothesisAmyloid cascade hypothesis
Autosomal dominant 
forms of AD

Sporadic forms of AD

Missense mutations In APP, 
Presenilin 1 and 2, ACT

Chromosome 21 mosaicism, Ageing, APOE 4, 
failure to degrade or clear β amyloid

Increased levels of intraneuronal Aβ 42 production and accumulation

Oligomerisation in limbic and associated cortices of Aβ 42

Deposition of Aβ 42 as diffuse plaques

Microglial and astrocytic activation (release of cytokines and ACT)

Synaptic and neuronal damage and altered neuronal 
ionic homeostasis: oxidative damage

Altered regulation of kinases and phosphatases, leading to hyperphosphorylated tangles resulting in loss 
of microtubule instability.

Widespread neuronal/synaptic dysfunction. Cell death and neurotransmitter deficits.

Symptoms of Dementia

Mosaicism of chromosome 17, 
polymorphisms in tau gene

Alternate Tau Pathway

Abnormal production 
and accumulation of 
tau

 

Figure 5: .  Amyloid cascade hypothesis showing pathways for β amyloid and tau production 

and accumulation leading to Alzheimer’s pathology. 

 

Although no other model trying to explain the natural history of AD has been put 

forward, the model in its current form has come under a certain amount of criticism. It 



Chapter 1: General Introduction 

 17 

has not been able to account for a number of observations that are important in the 

pathology of AD. One of the main criticisms is that there is only a weak correlation 

between plaque density and the degree of severity of dementia [64]. Additionally, 

transgenic mice over-expressing the APP gene have been shown to exhibit little or no 

neurodegeneration [65]. Further a small number of cases have been reported 

involving exon 9 mutations within the Presenilin 1 gene involving Alzheimer’s patients 

with spastic parapesis [66,67]. This condition is unusual in that few amyloid plaques 

appear within the brains of affected individuals. Further evidence has indicated  that 

the neurofibrillary tangles appear at least a decade prior to the formation of neuritic 

plaques [68,69]. Various studies have shown that tangles were present in areas of the 

hippocampus and entorhinal cortex in all non-demented patients over sixty years of 

age, whereas cases up to 90yrs old were found without plaques [70,71]. In their 

monumental study investigating 2661 cases Braak and Braak [69] found neurofibrillary 

tangles were evident in the entorhinal cortex in up to 98% of brains examined, 

whereas only 70% had any evidence of neuritic plaque deposition [69]. Further 

analysis showed that the initial phase of tangle development preceded plaques 

deposition by up to two decades [72]. 
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Figure 6 : Showing areas of brain affected by Alzheimer’s disease. 
 
 
The problem is therefore how to explain the substantial evidence supporting the 

amyloid peptide as a causative agent of Alzheimer’s on the one hand, with the equally 

strong evidence implying that tangle formation precedes plaque deposition and 

therefore does not fit into the current cascade hypothesis model. It has been proposed 

that neurofibrillary tangles are an independent feature accumulating slowly with age 

within the medial temporal lobes. However under the influence of altered amyloid 

metabolism, which leads to plaque formation during the initial stages of Alzheimer’s, 

there is an acceleration of tangle formation that spreads further to include the 

neocortex [70]. It appears that tangles form normally with age independently of plaque 

formation. The density of tangles increases with age in an exponential fashion and 

without any amyloid influence appears to remain confined to the medial lobe [73]. As 

tangle physiology involves synaptic and neuronal loss there would be a stronger 
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correlation between tangle density and degree of severity of dementia. This would be 

facilitated as soon as tangle acceleration occurs as a result of plaque influence [70]. It 

would appear that since its initial conception the cascade hypothesis has been 

supported through a whole body of work that has emerged from laboratories from 

around the world. Alternative models have not been proposed to explain deficiencies 

within the cascade hypothesis with the same degree of experimental support that is 

available for the current model. With the passage of time and with the emergence of 

new experimental data, the current hypothesis will be either reshaped to explain the 

pathogenesis of the disease or be replaced with an alternative model, which will have 

to explain all facets of aetiology and progression of the disease. 

 

1.7 Genetics of Alzheimer’s Disease 
 
Inheritance of known genes that predispose to AD accounts for only 5-10% of all 

clinically presented cases [10,74]. Familial Alzheimer’s disease (FAD) can be 

classified as either early onset or late onset. The genes implicated in early onset forms 

of the disease which occur below 65yrs of age are the APP gene located on 

chromosome 21q21; Presenilin 1 (PSEN1) located on chromosome 14q24.3 and 

Presenilin 2 (PSEN2) on chromosome 1q31-q42 [23,74,75]. Mutations within the APP 

occur around the processing sites of the APP molecule resulting in increased 

production of the beta amyloid peptide [76]. Most cases containing APP mutations 

have an age of onset between mid 40’s-50’s but can be modified by the presence of 

the Apolipoprotein E (APOE) genotype [57]. Mutations within the APP gene appear to 

be family specific and do not occur within the majority of sporadic Alzheimer’s cases. 

Missense mutations within the PSEN 1 gene account for 18-50% of the early onset 

autosomal dominant forms of AD [77]. Mutations within the PSEN1 lead to a 
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particularly aggressive form of the disease having an age of onset between 30 and 

50yrs, which is not influenced by the APOE genotype. However a polymorphism found 

within intron 8 of the PSEN1 gene was found to be associated with the development of 

the late onset form of the disease [77,78]. To date over 75 mutations have been found 

within the PSEN1 gene in families worldwide that are associated with the early onset 

form of the disease [31]. All mutations within PSEN1 increase production of the β 

amyloid 42 [57,58]. Mutations within PSEN2 have a variable age of onset (40-80yr), 

appear not to be influenced by APOE and result in increased β amyloid peptide 

production [57].  

 

The gene for APOE is located on chromosome 19q13.2 and certain polymorphisms 

are associated with the late onset form of AD (>65yrs) [23,79]. The E3 allele is 

considered normal and occurs in ~74% of the population; the E2 and E4 allele are 

less common, occurring in 10% and 16% of the population respectively [10,79]. The 

APOE gene does not cause Alzheimer’s but acts as a marker altering individual risk 

based on possession of allelic combinations of the APOE4 allele [80]. The highest risk 

is associated with the E4/E4 genotype. It has been proposed by Corder et al [80], that 

each copy of the APOE4 allele reduces the age of onset by 7-9yrs. An average age of 

onset of 85yrs is given for individuals with no E4 alleles, 75yr for one allele and 68yrs 

for individuals with two copies of the E4 allele [23,80]. 
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 Figure 7:  Chromosomes showing positions of the main Alzheimer’s related genes 
 

Whereas genetic alterations in the previously mentioned four genes (Figure 7) are 

generally accepted as being implicated in causing FAD, other studies highlighting the 

potential role of other genes have come to light. 

 

Alpha 2 macroglobulin functions as a protease inhibitor and has been found in neuritic 

plaques. The gene is on chromosome 12p13.3 and variants of the gene are 

associated with the late onset form of the disease [81,82]. 

  

Genetic linkage analysis has identified a potential AD gene at or near the Insulin 

degrading enzyme gene found on chromosome 10q23-25 which is involved in the 

cellular processing of insulin. At the current time further genetic analysis is being 

undertaken to determine a thorough assessment of this potential locus [83,84]. 
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The monoamine oxidase A gene serves to regulate the metabolism of neuroactive and 

vasoactive amines within the central nervous system. polymorphisms within this gene 

have also been implicated in the pathology of AD [85]. 

 

Myeloperoxidase (MPO) is an enzyme present in circulating monocytes and 

neutrophils and is part of the host’s polymorphonuclear leukocyte defence system. 

MPO catalyses the production of the oxidant hypochlorous acid and is thought to 

contribute to Alzheimer’s pathology through oxidation of either β amyloid or APOE 

[86]. These events could result in direct neuronal damage or promote insoluble 

amyloid complexes. It is interesting to note that the E4 isoform of APOE is the most 

readily oxidised and neurotoxic, conferring upon it a contributory role to increased risk 

for the disease [87]. Microglia in normal brain tissue do not express MPO but it has 

been found to be expressed in the microglia of the senile plaques and neurons of the 

hippocampus and superior frontal gyrus within Alzheimer’s brains [88]. The gene for 

MPO resides on chromosome 17q23.1 and recently a polymorphism (G463A) has 

been associated with a 1.57 fold increased risk for AD in individuals carrying the MPO 

GG genotype [87]. Novel polymorphisms found within the TAU gene have been 

associated with an increased risk for AD. A case control study looking at the TAU 

IVSII+90G→A polymorphism showed a significant association between early age of 

onset in males and the possession of the A allele. This suggests that the risk factor for 

developing the disease may be modified as a result of both age and gender [89]. A 

further case control study examining the IVSII+34 G→A polymorphism showed a five 

fold increased risk in individuals who carried both the APOE4 allele and were either 

heterozygous /homozygous for the G allele (GA, GG). This would suggest that the 

combined effect of both these alleles may have a significant outcome on Alzheimer’s 
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pathology [90]. Hyperdiploidy of chromosome 17 would also result in over expression 

of both the MPO and TAU gene and may be expected to contribute to the etiology of 

the disease. 

 

Mutations within genes such as APOE, CYP46A1 and ABCA1 which play a role in 

cholesterol and phospholipid metabolism have been investigated and shown to have 

associations with AD. Recently a strong association between early onset Alzheimer’s 

and polymorphisms within the ABCA2 gene have been shown adding support for the 

role of these genes in Alzheimer’s pathology [91]. 

 

Alpha-1-antichymotrypsin (ACT) is a protease inhibitor and is associated with 

astrocyte activity and the deposition of amyloid plaques. The G646T polymorphism 

within the promoter region of ACT has been shown to be associated with a higher risk 

for early onset AD. This higher risk factor occurs independently of the APOE 4 

genotype; however the rate of cognitive decline is elevated in those individuals 

homozygous for the ACT polymorphism and who also possess the APOE 4 genotype 

[92]. 

 

It has recently been suggested through the results of linkage analysis that the 

Ubiquilin 1 gene located at 9q22 could be a possible susceptibility gene for increased 

risk for AD [93]. It plays an intriguing role in the degradation of proteins and has been 

shown to interact with both PSEN1 and PSEN2, promoting the accumulation of 

presenilin in vitro in cells over expressing both Ubiquilin 1 and presenilin 2 [94]. 

Further investigations will need to be undertaken to further assess the role of Ubiquilin 

as a potential candidate risk gene for AD. 
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It is apparent that numerous families exist that possess the Alzheimer’s phenotype but 

do not conform to the current pattern of known Alzheimer’s genetics. This would 

indicate that there are as yet other loci waiting to be discovered that can act as genetic 

determinants for FAD. 

 

Although much emphasis has been placed on the role of APOE as a risk factor, this is 

because of the current body of evidence that firmly establishes it in its role as a 

susceptibility gene relative to other known or unknown genetic risk factors. Other 

genes that have been reviewed are currently potential susceptibility genes but their 

status as definite risk factors can only be confirmed or refuted as additional evidence 

comes to light resulting from further investigation e.g. mutations within the progranulin 

gene on chromosome 17 have recently been found to play a role in dementia and may 

eventually be classified as a definite risk factor once these initial observations have 

been replicated [95]. 

 

1.8 Genomic Instability Events 

1.8.1 Aneuploidy 
 
Damage to the genome could lead to altered gene dosage and gene expression as 

well as contribute to the risk of accelerated cell death in neuronal tissues. DNA 

damage events such as micronuclei formation, which are biomarkers of chromosome 

malsegregation and fragility were found to be elevated in lymphocytes from individuals 

suffering from AD [96]. Micronuclei from Alzheimer’s patients tended to be centromere 

positive relative to normal controls when examined with a centromeric probe, 

indicating whole chromosome loss rather than breakage, suggesting individual 
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susceptibility to aneuploidy events possibly due to microtubule dysfunction [96,97]. 

Fluorescent probes for chromosome 13 and 21 were hybridised to lymphocyte 

preparations from Alzheimer’s patients and showed an elevation in aneuploidy for both 

chromosomes, but in particular for chromosome 21 [97],[98]. Further studies 

investigating fibroblasts from both spontaneous and familial Alzheimer’s subjects 

carrying mutations in the genes PSEN1, PSEN2, and APP were found to have a two 

fold increase in the incidence of aneuploidy involving both chromosome 18 and 21 

when compared to controls [99]. It is possible that chromosome aneuploidy, 

particularly for chromosome 21, could be one of the mechanisms underlying both AD 

and the dementia that occurs in Down’s syndrome patients [100]. 

 

Down’s syndrome (DS) is diagnosed cytogenetically as being aneuploid for 

chromosome 21; individuals develop dementia that is histopathologically 

indistinguishable from AD during the third or fourth decade of life [101]. Cells 

containing trisomy 21 are found in both DS and Alzheimer’s patients. Over-expression 

of the APP gene could lead to overproduction of the β amyloid 42 following cleavage 

by the secretase enzymes, which is causally related to plaque formation in both DS 

and Alzheimer’s brains [102]. APP processing is also altered in terms of the ratio of β 

amyloid 42 over the normal 40 amino acid β amyloid peptide (Aβ40), resulting in the 

increased production of the more amyloidogenic and neurotoxic form β amyloid 42 

[102]. It has been proposed that individuals who are susceptible to AD may harbour 

significant numbers of trisomy 21 neural stem cells that with the passage of time, can 

result in brain segments having a DS phenotype which may contribute to the aetiology 

of the disease [100]. It is possible that like DS this low level mosaicism may have 

originated in utero as a result of age related parental non-disjunction, or under dietary 
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conditions such as low folate status that has been shown to increase the rate of 

chromosome 17 and 21 aneuploidy [103]. Alternatively, mosaicism may arise in those 

individuals who have a predisposition to aneuploidy events, which involve unequal 

mitotic segregation in aneuploid susceptible tissues within areas of the brain 

undergoing post-maturation neurogenesis. Such areas that may be affected include 

the dendate gyrus of the hippocampus that is involved in short term memory and 

learning and is readily affected in the initial stages of Alzheimer’s. These individuals 

are predisposed to develop the disease but over a longer period of time, due to the 

smaller population of mosaic cells that over express genes that contribute to the 

symptoms of the disease such as APP and TAU. These hypotheses are biologically 

plausible however further evidence needs to be acquired to determine conclusively the 

potential roles of these mechanisms in Alzheimer pathology. Mutated presenilin genes 

that contribute to early onset FAD [104-106], produce proteins that have been found to 

be localised within the nuclear membrane, centrosomes and interphase kinetochores 

indicating a role in chromosome segregation and organisation [99,106]. Mutations 

within these genes that predispose to early onset FAD [104-106], may alter the ability 

of the resultant proteins to lock on and release chromosomes to the nuclear 

membrane at the appropriate time during mitosis, hence leading to errors in 

chromosome segregation [106]. 

 

Aneuploid cells may be susceptible to programmed cell death directly leading to neuro 

degeneration by over expressing presenilins and APP that increase the cells 

sensitivity to apoptotic stimuli [107]. These cells having succumbed to apoptosis may 

then give rise to areas of inflammation, induced by the cerebral phagocytes microglia, 

that surround the neuritic plaques. Microglia induce astrocytes by expressing 
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Interleukin-1. The astrocytes in turn express α-chymotrypsin which promotes further 

neurotoxic amyloid plaque formation [108,109]. 

 

Hyperphosphorylation of tau leads to a breakdown of the microtubule system which 

may give rise to aneuploidy by causing defects in the mitotic spindle. Potentially an 

elevation in chromosome 17 aneuploidy could lead to an over expression of the TAU 

gene resulting in abnormal production and accumulation of the protein initiating further 

neurofibrillary tangle formation. Additional chromosome 17 aneuploidy may occur as a 

result of elevated levels of oxidative stress that are also associated with AD [110]. 

 

1.8.2 Telomere shortening, oxidative stress, breaka ge fusion bridge 
cycles and gene amplification. 

 
Telomeres are hexanucleotide repeats that are located at the end of eukaryotic 

chromosomes and their dysfunction has been implicated in AD. They play an 

important role in maintaining genomic stability and preventing chromosomes from 

becoming tangled and protect the chromosomal ends from being recognised as a site 

of DNA damage [111,112]. During DNA replication somatic cells lose telomeric 

repeats after every cell division undertaken, and therefore telomere length may serve 

as a marker of a cells replicative history. Telomerase and associated proteins prevent 

telomeres shortening in extreme proliferative cell types such as cancer cell lines and 

stem cells. Telomerase is also present in other cells such as lymphocytes but at levels 

that cannot prevent shortening of the telomeres leading to replicative senescence 

[111,113].  
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It has been shown that telomere shortening is associated with an elevated incidence 

of certain cancers (head, neck, lungs, epithelial cancers such as prostate) and is 

exacerbated by other risk factors such as ageing and smoking [114]. Other studies 

have shown that individuals exhibiting accelerated telomere shortening die 4-5yrs 

earlier and have higher incidences of heart disease compared to age and gender 

matched controls [115]. Telomere shortening results in a decrease in lymphocyte 

proliferation activity and has been shown to impair the immune system in AD. 

Telomere shortening is also associated with T cell clonal expansion involving immune 

responses to auto antigens in Alzheimer’s patients. Panossian et al [112] found 

significant telomere shortening in peripheral blood mononuclear cells from Alzheimer’s 

patients compared to controls. T cell telomere length correlated with deficits in 

cognitive function, as assessed by the mini mental state examination which 

determines cognitive decline [112]. Telomeres have also been found to be significantly 

shorter in leukocytes of individuals suffering from vascular dementia compared to age 

and gender matched controls [116]. Genomic instability resulting from telomere loss 

may lead to gene over expression as a result of gene amplification, through the 

repeated breakage and fusion of chromosomes that occur through the 

breakage/fusion/bridge (BFB) cycle [117-119]. 

 

The cycle can be initiated by telomere end fusions with short telomeres, which fuse to 

form a dicentric chromosome. If the fusion occurs between homologous chromosomes 

the dicentric chromosome will contain two copies of a gene positioned between two 

centromeres. These centromeres are drawn to opposite poles during anaphase and 

break unevenly as cytokinesis occurs. This results in a chromosome containing two 

copies of a gene and a fragment that has lost its initial gene copy. These multiple 
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gene containing chromatids may further fuse during interphase to form another 

dicentric chromosome increasing its gene complement which is then replicated during 

nuclear division resulting in further amplification following the next BFB cycle [120,121] 

(Figure 8). 

 

It has been shown that smaller chromosomes such as chromosome 17 and 21 have 

shorter telomeres than their larger genomic counterparts [122]. It may be possible that 

these smaller chromosomes may be more susceptible to undergo BFB cycles [123], 

resulting in over expression of Alzheimer’s related genes such as TAU and APP. This 

hypothesis has biological plausibility but further evidence is required in order to 

determine conclusively its role in Alzheimer’s pathology. 
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Figure 8:  Breakage fusion bridge cycle resulting from telomere end fusions. 

A) Chromosomes with shortened telomeres form a dicentric chromosome resulting from 

telomere end fusion forming a dicentric chromosome. B) The dicentric chromosome is 

replicated during S phase (C) and centromeres are pulled at opposite ends of the poles at 

anaphase (D). Uneven breakage of the dicentric chromosome results in altered gene dosage 

producing daughter cells containing extra gene copies (amplification) (F) whilst the remaining 

daughter cell (E) has a deleted gene copy number. The multiple copy number chromosomes 

may fuse again to form a dicentric chromosome housing increased gene copy number (G). 

The dicentric is further replicated at (C) and the cycle is repeated.  

 

Differences in the telomere length of human chromosomes may be a contributory 

factor relating to a higher incidence of specific chromosome aneuploidy [124]. 

Telomeres are implicated in the positioning of chromosomes by forming a point of 

attachment to the nuclear membrane within the interphase nucleus and in chromatid 

segregation during mitosis. Smaller chromosomes with shorter telomeres such as 



Chapter 1: General Introduction 

 31 

chromosomes 17 and 21 may be more susceptible to aneuploidy events as a result of 

mitotic non-disjunction events or faulty interphase chromosomal positioning. It is also 

possible that BFB cycle events involving dicentric chromosomes containing 

homologous chromosomes may result in aneuploidy through the formation of 

chromosomal end to end fusions resulting in subsequent gene amplification [122,125]. 

It has also been shown that telomere shortening is accelerated under conditions of 

oxidative stress [116,126]. Some of the measurable genome instability events are seen 

in Figure 9. 

 

Figure 9:  Genomic instability events. a) Lymphocyte showing micronuclei which are 

biomarkers of chromosome loss or breakage. b) Lymphocyte showing fluorescent probes for 

chromosome 17 and 21 to determine aneuploidy. c) Lymphocyte nucleus showing telomere 

signals from a PNA fluorescent probe. 

 

Oxidative stress is now accepted as playing a key role in the pathology of AD [127-

129], and is the result of an imbalance between elevated free radical production and a 

decrease in either free radical scavenging or the mechanisms used to repair oxidised 

macromolecules. This leads invariably to cellular dysfunction and eventual cell death. 

a) Lymphocyte 
showing 

    micronuclei 

b) Lymphocyte showing  
    centromere specific  
    fluorescent probes for  
   Chromosome 17 (red) and  
   21(green).   

c) PNA probes labelled 
With Cy5 hybridising to  
telomere sequence 
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Free radicals such as the hydroxyl ion, hydrogen peroxide and peroxynitrite have been 

shown to induce cytotoxicity by interacting with and damaging major components of 

the cell through oxidation of lipids and nucleic acids including the nucleus, membrane 

and cytoplasmic proteins, mitochondrial DNA as well as being involved with neurotoxic 

metal complexes, thereby compromising their cellular function. Neurons appear to be 

particularly vulnerable to the damaging effects of free radicals, they are known to have 

low levels of natural antioxidants such as glutathione which would aid in protecting the 

neuron [43], as well as requiring an increased oxygen demand to maintain brain 

metabolism [130]. The elevated oxygen environment is ideal as it can be used as a 

substrate in reactions with compounds that are primary producers of free radicals e.g. 

β amyloid. 

 

APOE may be beneficial by reducing neuronal death caused by β amyloid and 

hydrogen peroxide by acting as an antioxidant [131]. Of the three allelic states the E2 

isoform is the most effective antioxidant with the E4 allele (associated with late onset 

AD) being the least effective in its protective capacity [132]. However it has also been 

shown that the APOE4 isoform is the most sensitive to free radical attack compared to 

the more resilient E2 isoform and that peroxidation levels in the brains of AD patients 

that possessed the E4 allele are elevated compared to those individuals possessing 

either the E2 or E3 allele [133]. 

 

It has recently been shown using a modified version of the comet assay that there is a 

twofold increase in levels of DNA damage and oxidised DNA bases (pyrimidines and 

purines) in leukocytes of individuals with mild cognitive impairment (MCI) and AD 

when compared to matched controls [134]. MCI individuals display the initial signs of 
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cognitive decline (memory loss) but not to the extent that they cannot pursue or 

participate in everyday activities. This suggests that oxidative damage occurs at the 

early stages of AD, as MCI patient’s progress to Alzheimer’s with an estimated 

probability of 50% within four years or approximately 12% per year [134,135], 

suggesting that MCI represents the early stages of the disease and that oxidative 

stress directly contributes to disease pathology.   

 

A further marker of oxidative stress 8-Hydroxy-2-deoxyguanosine (8-OHdG) is 

elevated in both peripheral tissues of MCI and AD [129,134,136]. It has also been 

shown that oxidative stress is clear within the post mortem Alzheimer’s brain where an 

increase in mitochondrial and nuclear oxidative damage is evident [44,135]. 

Interestingly it appears that an increase in both 8-OHdG and 3- Nitrotyrosine within the 

Alzheimer’s brain occur prior to the development of both tangles and plaques 

indicating that oxidative stress may be one of the initiating factors leading to further 

genomic instability [44,136,137].  

 

The genome instability model of AD outlined in Figure 10 allows for the possibility that 

certain disease states may have already been pre-determined in utero. Aneuploidy 

prone individuals (either as a result of individual genome or micronutrient deficiency 

e.g. folate) can give rise to low levels of mosaicism for individual chromosomes such 

as chromosome 17 and 21. Gene amplification may occur as a result of telomere end 

fusions (Figure 8). Aneuploidy may result in additional copies of both APP and TAU 

leading to the altered homeostasis of both these proteins. The Alzheimer’s phenotype 

becomes apparent in stem cells which differentiate into neural stem cells with 

abnormal APP and tau levels, which with the passage of time influence the initial 
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stages of neurodegeneration. These stem cells could also differentiate into non-neural 

somatic cells (e.g. buccal or fibroblast which having an elevated tau and APP level) 

and could be used to study genomic instability events such as elevated micronuclei 

and aneuploidy.  

 

Genome instability model of Alzheimer’s disease

Telomere shortening

a) Oxidative stress b) Micronutrient deficiency

Breakage fusion bridge cycle

Increased gene amplification
Increased aneuploidy 17 and 21
in stem cells

Defects in APP and Tau expression 
and processing. 

Inherited genetic defects

Increased neuronal 
cell death

Neurodegenerative 
disease

In Utero

Alzheimer phenotype in stem cell 
subsets.

Abnormal APP and Tau 
in non neural somatic 
cells

Elevated MN, 
aneuploidy 
excess APP, β
amyloid and 
Tau in somatic 
tissues

 

Figure 10 . Genome instability model of Alzheimer’s disease. 
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1.9 Dietary and Nutrigenetic factors that affect Al zheimer disease 
risk 

1.9.1 B Vitamins 

Many case control studies have shown that Alzheimer’s patients have been found to 

be deficient in certain micronutrients such as folate, vitamin B12 but have elevated 

levels of the sulphur based amino acid homocysteine [138,139]. These factors are 

associated with increased micronucleus formation and the alteration of methylation 

patterns that could modify gene expression [120,140,141]. Folate and vitamin B12 

play an important role in DNA metabolism. Folate is the methyl donor for the 

conversion of dTMP from dUMP which is required for DNA synthesis and repair. 

Under conditions of low folate, dUMP accumulates producing DNA strand breaks and 

micronucleus formation as a result of uracil misincorporation into DNA in place of 

thymine [120,142]. Both folate and Vitamin B12 are required in the synthesis of 

methionine through the remethylation of homocysteine, and in the synthesis of S-

adenosyl methionine (SAM) which is involved in maintaining genomic methylation 

patterns that determine gene expression [143]. Folate deficiency reduces SAM 

resulting in the depletion of cytosine methylation in DNA, and thereby elevating 

homocysteine levels. Additionally folate deficiency has been shown to increase 

trisomy of chromosome 17 and 21 which code for the TAU and APP genes 

respectively [103]. 

 

Hyperhomocysteinemia has been shown to be a strong independent risk factor for AD 

in a number of epidemiological studies [144-148]. It appears that nervous tissue may 

be extremely sensitive to excessive homocysteine as it promotes excitotoxicity and 

damages neuronal DNA giving rise to apoptosis [149]. Studies have also shown a 
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strong correlation between a reduction in hippocampal width, which is associated with 

short term memory loss and concentrations of plasma homocysteine [150]. Recently 

MRI measurements have shown that an inverse relationship exists between plasma 

homocysteine and cortical and hippocampal volume [151]. The above findings have 

been interpreted as involving neuronal damage within the hippocampal regions 

leading to memory loss, which is characteristic of AD. Elevated homocysteine has also 

been implicated as playing a role in an iron dysregulation/oxidative stress cycle that is 

thought to be central to the pathogenesis of the disease [152]. Homocysteine levels 

are usually maintained within physiologically correct limits by remethylation to 

methionine in a reaction involving folate and vitamin B12 (Figure 11). Homocysteine 

can also be converted to cystathionine by the involvement of the enzyme 

cystathionine β-synthase, resulting in increased levels of glutathione which is a natural 

anti oxidant [153]. 

 

Studies have shown that supplementation with B group vitamins such as folate, B12 

and B6 reduce the levels of homocysteine in patients suffering from AD [138,154]. It 

has also been shown that low levels of B12 are associated with reduced memory 

recall in those individuals who are APOE4 carriers who are at greater risk of 

developing dementia. These individuals may derive benefits in memory recall by 

enhancing supplementation of both folate and B12 [155]. Niacin (Vitamin B3) has a 

role in DNA synthesis and repair as well as in neural cell signalling. Recently it has 

been implicated in reducing cognitive decline and protecting against the onset of AD. 

Individuals consuming niacin in excess of 22.4mg/day were estimated to be 80% less 

likely to suffer cognitive decline when compared to groups consuming lesser amounts 

[156]. Niacin is also essential as a precursor for Nicotinamide adenine dinucleotide 
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(NAD) an essential cofactor for poly ADP ribose polymerase which has been shown to 

play an essential role in memory function of the mollusc Aplysia [157]. NAD dependent 

sirtuins such as SIRT1 have been implicated as one of the key regulatory factors 

influencing extended lifespan under conditions of calorific restriction. It has also 

recently been shown that SIRT1 promotion may influence Alzheimer neuropathology 

by activating kinases that regulate the processing of APP [158]. Although these initial 

results are promising, further studies need to be performed to verify conclusively the 

role of niacin as an effective therapy in the protection against AD. 

 

1.9.2 Mutations in Folate, Methionine metabolism ge nes 
 
 
As AD is related to low folate, B12 and elevated homocysteine levels, investigators 

have looked towards genetic polymorphisms within the folate methionine pathway 

(Figure 11) to explain these micronutrient differences. Polymorphisms within these 

genes may alter folate metabolism as a result of reduced enzyme activity. A 

polymorphism resulting in altered folate metabolism and increased homocysteine 

occurs within the methylenetetrahydofolatereductase gene (MTHFR). MTHFR 

converts 5, 10 methylenetetrahydrofolate to 5- methyltetrahydrofolate which donates a 

methyl group for remethylation of homocysteine to methionine. A common 

polymorphism involves the C to T transition at position 677 resulting in an alanine to 

valine substitution and reduced enzyme activity. Enzyme activity of the heterozygote 

C/T and the homozygote TT is reduced by 35% and 70% respectively when compared 

to the normal C/C genotype [159]. Homozygosity for the T allele occurs in ~9% of 

Caucasian populations and is associated with reduced enzyme activity resulting in 

mild to moderately elevated homocysteine levels [160]. Other polymorphisms within 
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the MTHFR gene include A1298C and G1793A which may have regulatory roles in the 

activity of the enzyme [161]. In determining the risk factor of C677T in relation to AD 

no association between C677T and increased susceptibility to Alzheimer’s risk was 

found [162]. However if combinations of polymorphisms within a gene are considered 

together then sometimes effects become apparent that are not always evident if those 

same polymorphisms are considered in isolation. Wakutani et al [163] found that the 

MTHFR 677C-1298C-1793G haplotype to be protective in Japanese populations 

against late onset AD [163]. Methionine synthase (MTR) catalyses the remethylation 

of homocysteine to methionine. The A2756G polymorphism within the MTR gene has 

been shown to be associated with hyperhomocysteinemia, and to be an APOE4 

independent risk factor for AD [164]. This implies that alterations within the genes for 

enzymes of the homocysteine metabolic pathway are involved in Alzheimer’s 

pathogenesis [165]. 
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Figure 11 . Metabolism of Folic Acid. Adapted from Wagner C., Biochemical Role of Folate in 

Cellular Metabolism. Folate in Health and Disease. Bailey L.B.(Ed), p 26, 1995. SAM: S-

Adenosyl Methionine, SAH: S-Adenosyl Homocysteine, CBS: Cystathione b Synthase, THF: 

Tetrahyrdofolate, DHF: Dihydrofolate, MTHFR: Methylene Terahydrofolate Reductase, SHMT: 

Serine hydroxy-methyltransferase,  

 

1.10  Methylation 
 

Changes in methylation patterns of ageing cells involve global hypomethylation and 

CpG island hyper-methylation. Folate deficiency decreases S-adenosyl methionine 

(SAM) levels which act as a methyl donor for gene regulation, thereby potentially 

impairing methylation pathways. Individuals with AD were found to have reduced 

levels of SAM both in the brain and cerebrospinal fluid [166]. SAM also activates the 

enzyme Cystathionine β-synthase (CBS) which is highly expressed in the 
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hippocampus and cerebellum [167]. CBS reduces homocysteine to cystathionine and 

L-cysteine producing hydrogen sulphide which acts as a neural modulator by 

facilitating hippocampal long term potentiation and therefore may have a role in 

learning [167,168]. Hydrogen sulphide has also been shown to protect neurons 

indirectly from oxidative stress by promoting the production of the potent antioxidant 

glutathione [169]. CBS activity is reduced in AD patients, resulting in a decrease in 

hydrogen sulphide and an elevation in homocysteine, which may play a role in the 

cognitive decline associated with the disease [168,170].  

 

It has been shown that low satellite DNA methylation leads to aneuploidy and 

breakage of chromosome 1 which codes for PSEN2 [141,171], whereas low genome 

promoter methylation leads to increased expression of PSEN1 and BACE (β 

secretase) resulting in elevated Aβ production [140,172]. It has also been shown that 

a reduced DNA methylation status in the APP gene results in increased production of 

the β amyloid 42, which leads to further elevated plaque deposition [173]. Moreover, 

when methylation status is increased by the addition of SAM  a normalisation of the 

PSEN1 and BACE expression occurs in vitro thus restoring normal gene expression 

leading to a reduction in Aβ levels [140]. Alzheimer’s related genes may also be 

amplified via breakage-fusion-bridge cycles caused by folate deficiency [120] although 

direct evidence for this possibility has yet to be published. Therefore promoter 

hypomethylation, aneuploidy and gene amplification resulting from deficiencies in 

folate and B12 and elevated homocysteine, may contribute to abnormally increased 

expression of genes relating to AD.  
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1.11  Antioxidants 
 

Oxidative stress and inflammation have been implicated as some of the main 

contributing factors in the pathogenesis of AD. Recently a number of studies have 

come to light that show the positive effects of dietary antioxidants as an aid in 

reducing potential neuronal damage by free radicals [43,174,175].  

 

The Cache County study has shown that combined supplementation with antioxidant 

Vitamins C and E may reduce the prevalence of AD [176]. It has recently been shown 

that hippocampal gene expression in mice can be influenced by a deficiency in 

Vitamin E. Important genes regulated by vitamin E were associated with the clearance 

of beta amyloid, programmed cell death and neurotransmission, suggesting a 

protective role on Alzheimer’s progression [177].  

 

Curcumin is the yellow phenolic pigment in the Indian curry spice turmeric. It has been 

shown to possess both antioxidant and anti-inflammatory properties as well as the 

ability to reduce beta amyloid 42 toxicity by preventing the formation of beta 42 

oligomers leading to amyloid plaques [178,179]. In animal models curcumin was 

shown to inhibit amyloid plaque formation by blocking the aggregation of the beta 

fibrils that make up the structure of the amyloid plaque [179,180]. Curcumin may also 

prevent the formation of plaques by behaving as a chelator, binding metals such as 

copper and iron that have been shown to form complexes with beta amyloid 42 

resulting in oxidative stress and free radical formation [181].  

 

Out of 60 fruit and vegetables analysed for their antioxidant capability, blueberries 

rated highest in their ability to mop up free radicals [182]. Blueberries contain high 
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levels of the antioxidant anthocyanins; these prevent damage to the collagen matrix of 

cells by forming complexes with collagen fibres, to form a more stable structure that is 

more resistant to the damaging effects of free radicals [183]. In animal models it 

appears that blueberries not only protect against oxidative damage, but also play a 

vital role in preventing cognitive decline in mice genetically engineered to develop the 

amyloid plaques typical of AD [183,184]. 

 

Proanthocyanins, a group of polyphenol compounds that occur within grape seed 

extract (GSE), have been found to be up to 20 times more effective in scavenging free 

radicals than vitamin E, and up to 50 times more effective than vitamin C [185]. In 

experiments involving brain cells from rats, it was shown that cells treated with GSE 

and then exposed to beta amyloid were protected against free radical accumulation 

and neuronal damage, compared to GSE untreated brain cells that subsequently died 

as a result of free radical accumulation [186]. It has also been shown that GSE used 

as a dietary supplement affects certain proteins within the healthy brain that may 

serve to protect against brain ageing and future age related dementia [187]. 

 

Green tea has been shown to contain antioxidant flavonoids that can protect against 

neuronal damage caused by free radicals. One of the mechanisms by which green tea 

offers protection, is by its action as a chelating agent, binding excess iron levels which 

serve to reduce the amount of oxidative stress caused from free radical production 

[188]. 

 

Animal studies involving Alzheimer’s transgenic mice show that a green tea flavonoid 

epigallocatechin-3-gallate (EGCG) has the ability to reduce levels of beta amyloid and 
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neuronal plaques within the brain [189]. This suggests that dietary supplementation 

with EGCG may be effective in preventing plaque formation that is characteristic of the 

disease.  

 

Acetylcholine is a neurotransmitter that is reduced in AD. Green tea has been shown 

to inhibit the activity of certain brain enzymes associated with reduced cognitive 

function and the development of AD [190]. Green tea drinkers were found to have 

lower activity in both acetylcholinesterase which breaks down acetylcholine and 

butylcholinesterase which has been found in brain deposits of Alzheimer’s patients. β 

secretase an enzyme that plays an integral role in the aberrant proteolysis of APP 

resulting in plaque formation was also found to have lower enzyme activity in 

individuals exposed to green tea flavonoids [190]. A study investigating cognitive 

function and green tea consumption revealed that individuals who drank more than 2 

cups of green tea a day had a 50% lower chance of developing memory disorders 

compared to individuals who drank less than 3 cups a week. Cognitive function was 

determined by the use of the mini mental state examination, a method that is widely 

used to assess changes in the cognitive status of individuals [191]. 

 

Continued studies into the chemo-preventative components of foodstuffs are 

important, in order to quantify their role as protective therapies for AD.  
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1.12  Copper, Iron, Zinc, Selenium and Aluminium  
 

Recently, associations between metals such as copper (Cu2+), iron (Fe2+) and zinc 

(Zn2+) and amyloid plaques have been proposed as a potential mechanism to explain 

the aetiology of AD. Metals play a major catalytic role in the generation of free radicals 

which are known to be toxic and induce cellular damage at both DNA and protein 

levels. High concentrations of Cu2+, Zn2+ and Fe2+ are found in the cerebral neocortex 

[192]. These ions are released during neurotransmission resulting in increased ion 

concentration within the synaptic region [193]. It has been shown that the 

concentration of these ions is elevated within the extracellular beta amyloid plaques 

[194-196]. Both copper and iron initiate the aggregation of beta amyloid peptides 

under slightly acidic conditions [197]. The precipitation and redox potential of β 

amyloid can be modified through reduction reactions utilising oxygen as a substrate to 

produce hydrogen peroxide [194,197,198]. Hydrogen peroxide is highly permeable 

and diffusible, whereupon it can induce apoptosis and necrosis and produce highly 

reactive hydroxyl ions bringing about further cellular damage [199]. The resultant 

hydrogen peroxide offered a possible mechanism to explain neurotoxicity and cell 

death mediated by the beta amyloid–metal complexes [198].  

 

Zinc2+, unlike copper and iron, is redox inert, but  is still found in elevated levels within 

the amyloid plaques [194-196,200]. It appears that zinc, like copper and iron, can 

initiate amyloid precipitation, however it has an inhibitory effect on hydrogen peroxide 

production by competing with other metals for active sites on the β amyloid [197,201]. 

It is thought that zinc leads to beta amyloid aggregation at the physiological pH of 

about 7.4 and this results in an inability of the plaques to be cleared or broken down. 

Zinc has been shown to have some antioxidant activity in relation to minimising the 
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neurotoxic effect of the β amyloid 42; however it is not completely effective in 

alleviating peroxide production and apoptosis. It would appear as if zinc could 

potentially play a dual role depending on the concentration of the ion present. At lower 

levels it appears to render β amyloid less toxic whereas at elevated levels it 

contributes to plaque formation. 

 

Further support for the involvement of zinc in the histopathology of AD was 

demonstrated by Lee et. al. who showed a reduction in beta amyloid production in the 

brains of mice that were deficient for zinc transporters which are required for transport 

of zinc into synaptic vesicles [202]. It has been proposed that release of excessive 

synaptic zinc during neurotransmission, could contribute to plaque formation which is 

dominant to the histopathology of AD [202]. The selenium present in Brazil nuts, tuna 

and some meats has been shown to be inversely associated with levels of 

homocysteine. It was found that serum selenium had a greater regulatory capacity to 

minimise homocysteine levels in elderly persons, even when compared to folate 

regulatory levels [203]. Selenium is also indirectly responsible for maintaining levels of 

antioxidants such as vitamin C and E intact via the enzyme glutathione peroxidase. 

 

The metalobiology of aluminium and its role as a risk factor in AD has been a 

controversial issue. The purported relationship between aluminium and AD was based 

on studies reporting the detection of aluminium in the neurofibrillary tangles [204,205] 

and neuritic plaques [35,206]. However later studies found no evidence of aluminium 

in the plaques of Alzheimer patients [207]. Similar patterns emerge from 

epidemiological studies investigating environmental levels of aluminium in drinking 

water. Some studies showed a positive association whereas others reported no such 
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relationship [208,209]. To date the evidence is considered circumstantial 

demonstrating no definite causal relationship between aluminium, and AD. 

Government regulatory agencies together with the medical research community 

review the current evidence at regular intervals, but to date no public health 

recommendations have been put forward regarding aluminium and AD risk. 

 

1.13  Conclusion 
 

AD was once described as like being slowly immersed into a dissipating fog, that 

surrounds everything that is familiar and everything that characterises the make up of 

an individual [210]. As the fog descends and thickens so everything loses its form and 

function. As we stare into the 21st. century we are faced with a disease that is 

predicted to make a pronounced impact on our lives both socially and economically. 

The prospect of an early and conclusive diagnostic test based on abnormal 

expression of APP, tau and genome instability markers is essential in order to identify 

individuals presymptomatically who are at an increased risk for developing AD. Once 

this has been achieved this may allow us to develop and implement effective 

preventative measures against AD, as well as other degenerative diseases caused by 

an excessive genome damage rate. 
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2.1 Abstract 
 
The buccal micronucleus cytome assay was used to investigate biomarkers for DNA 

damage, cell death and basal cell frequency in buccal cells of healthy young, healthy 

old and young Down’s syndrome cohorts. With normal ageing a significant increase in 

cells with micronuclei (P<0.05, average increase +366%), karyorrhectic cells 

(P<0.001, average increase +439%), condensed chromatin cells (P<0.01, average 

increase +45.8%) and basal cells (P<0.001, average increase +233%) is reported 

relative to young controls. In Down’s syndrome we report a significant increase in cells 

with micronuclei (P<0.001, average increase +733%) and binucleated cells (P<0.001, 

average increase +84.5%) and a significant decrease in condensed chromatin cells 

(P<0.01, average decrease -52%), karyolytic cells (P<0.001, average decrease -

51.8%) and pyknotic cells (P<0.001, average decrease -75.0%) relative to young 

controls. These changes show distinct differences between the cytome profile of 

normal ageing relative to that for a premature ageing syndrome, and highlights the 

diagnostic value of the cytome approach for measuring the profile of cells with DNA 

damage, cell death and proportion of cells with proliferative potential (i.e. basal cells). 

Significant correlations amongst cell death biomarkers observed in this study were 

used to propose a new model of the inter-relationship of cell types scored within the 

buccal micronucleus cytome assay. This study validates the use of a cytome approach 

to investigate DNA damage, cell death and cell proliferation in buccal cells with 

ageing. 
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2.2 Introduction  
 
Ageing is an inevitable consequence of the life cycle of any organism. It is 

characterised by a general reduction in physiological efficiency and function resulting 

in homeostatic imbalance, leading to both morbidity and eventual mortality [211,212]. 

Ageing appears to be the result of genetically predetermined events resulting in 

phenotypic changes to both cellular and nuclear structure. Such events may be 

caused by genetic defects, micronutrient deficiency [142,213] or external influences 

such as environmental toxins [214]. Ageing inevitably results in an elevation in 

genomic instability events that are associated with a decreased capacity for repair of 

cellular or DNA damage [215,216]. It has been shown that genomic instability 

biomarkers such as micronuclei are elevated with advancing age in accessible 

somatic tissues such as peripheral lymphocytes and fibroblasts [217-219]. However, 

cell types that repair DNA damage efficiently are likely to show lower levels of residual 

damage than cells less proficient in DNA repair [220,221]. Buccal cells have been 

shown to have limited DNA repair capacity relative to peripheral blood lymphocytes, 

and therefore may more accurately reflect age related genomic instability events in 

epithelial tissues [222].  

 

A thorough understanding of the effects of ageing on micronucleus formation and 

other nuclear anomalies is essential, before the buccal cell system can be properly 

used to assess the impact of dietary and environmental factors on DNA damage and 

cytotoxicity in this important epithelial tissue. Therefore, a buccal micronucleus cytome 

assay was used to investigate biomarkers for genomic instability and cell death, as 

well as frequency of basal cells in healthy young, healthy old and a Down’s syndrome 

(DS) cohort as a model of premature ageing, in an attempt to identify unique changes 
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in the profile of the buccal mucosa between these three groups [223]. Figure 1a 

illustrates diagrammatically the various cell types and nuclear anomalies observed 

and scored in the buccal micronucleus cytome assay. Figure 1b illustrates a possible 

model of the spatial relationships of these various cell types. 
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Figure 1a : Diagrammatic representation of the various cell types observed in the 

buccal cytome assay based on the scheme proposed by Tolbert et al [224] 
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Figure 1b : Shows a cross section of normal buccal mucosa of healthy individuals 

illustrating the different cell layers and possible spatial relationships of the various cell 

types. 

 

2.3 Methods 
 

Approval for this study was obtained from CSIRO Human Nutrition, Adelaide 

University and Southern Cross University human experimentation ethics Committee’s. 

30 younger controls (age 18-26yrs), 31 older controls (age 64-75yrs) and 21 DS 

individuals (age 5-20yrs) not receiving anti-folate therapy or cancer treatment, were 

recruited for the study. Volunteers did not receive any remuneration for their 

participation. There were no gender ratio differences between the control and DS 

cohorts (P>0.05). Demographic characteristics of the cohorts are shown in Table 1.  
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Table 1  Age and gender ratio of cohorts studied 
 
 Young controls  Down’s 

Syndrome 
Older 
controls 

Age (years)     
Group size             30           21            31 
Mean±S.D     22.47±2.177   10.43±5.582      67.1±2.57 
Range          18-26          5-20          64-75 
    
Gender    
Group size            30           21            31 
Male            15           11            12 
Female            15           10            19 
    
 

2.3.1 Cell sampling and preparation 
 

Buccal cells originate from a multilayered epithelium that lines the oral cavity. Buccal 

cells were collected from consented volunteers using an established procedure based 

on a modified version of the method used by Beliën et al [225]. Prior to buccal cell 

collection the mouth was rinsed thoroughly with water to remove any unwanted debris. 

Small headed toothbrushes (Supply SA, code 85300012) were used to collect buccal 

cells by rotating the brush 20 times in a circular motion against the inside of the cheek, 

starting from a central point and gradually increasing in circumference to produce an 

outward spiral effect. Both cheeks were sampled using separate brushes. The heads 

of the brushes were individually placed into separate 30ml yellow top containers 

(Sarstedt code 60.9922.918) containing buccal cell (BC) buffer (0.01M Tris-HCL 

(Sigma T-3253), 0.1M EDTA tetra Sodium salt (Sigma E5391), 0.02M Sodium chloride 

(Sigma S5886)) at pH 7.0 and agitated to dislodge the cells. Cells from both right and 

left cheeks were transfered into separate TV-10 centrifuge tubes (Sarstedt, code 

60.9921.829) and spun for 10 mins at 1500rpm (MSE Mistral 2000). Supernatant was 
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removed and replaced with 10mls of fresh BC buffer. The BC buffer helps to inactivate 

endogenous DNAases and aids in removing bacteria that may complicate scoring. 

Cells were spun and washed twice more, with a final volume of 5mls of BC buffer 

being added to the cells. Buccal cells occur as an epithelial cell layer. Therefore, in 

order to improve slide preparation and analysis each sample was treated to produce a 

single cell suspension. The cell suspension was vortexed for 10 seconds and then 

thoroughly dispersed for 2 mins in a hand homogeniser (Wheaton scientific 0.1-0.15 

mm gauge) to increase the number of single cells in suspension. Left and right cheek 

cell populations were pooled into a 30ml yellow top container and drawn into a syringe 

with a 21G gauge needle and expelled to induce further cellular separation. Cells were 

then passed into a TV-10 tube through a 100µm nylon filter (Millipore,code 

MILNYH02500) held in a swinex filter (millipore, code MILSX0002500) to remove large 

aggregates of unseparated cells that hinder scoring of various cell types. Cells were 

further spun at 1500rpm for 10mins and the supernatant removed. Cells were 

resuspended in 1ml of BC buffer and the cell concentration determined by a Coulter 

counter (Beckman Coulter Model ZB1, Settings Attenuation:1, Threshold:8, 

Aperture:1/4, Manometer:0.5). Cell suspensions were prepared containing 80,000 

cells/ml after initial readings from a 1:50 dilution (300µl/15mls isoton). 50 µl/ml of 

Dimethyl Sulphoxide (Sigma 2650) was added to further improve cell separation. 120 

µl of cell suspension was added to cytospin cups and spun at 600 rpm for 5 mins in a 

cytocentrifuge (Shandon cytospin 3). Slides containing two spots of cells were air 

dried for 10 mins and then fixed in ethanol:acetic acid (3:1)  for 10 mins. Slides were 

air dried for 10 mins proir to staining.  
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2.3.2 Feulgen staining and slide scoring 
 

Fixed slides were treated sequentially for 1 min each in 50% and 20% ethanol and 

then washed for 2 mins in deionised water generated from a Milli-Q water purification 

system (Adelab Scientific, South Australia). Slides were treated in 5M hydrochloric 

acid for 30 mins and then washed in running tap water for 3 mins. Slides were drained 

but not allowed to dry out before being treated in room temperature Schiff’s reagent 

(Sigma 3259016) in the dark for 60 mins. Slides were washed in running tap water for 

5 mins and rinsed well in deionised water for 1 min. Slides were stained for 30 secs in 

0.2% light green (Sigma L-1886) and rinsed well in deionised water for 2 mins. Slides 

were allowed to air dry, covered with No 1 coverslips (Crown Scientific, South 

Australia) and mounted in DePeX (BDH 361254D). Using transmitted light 

microscopy, nuclei and micronuclei appear magenta in colour, whilst the cytoplasm 

appears green. Slides were scored using a Nikon E600 microscope equipped with a 

triple band filter (Dapi, FITC and Rhodamine) at 1000X magnification. Cells containing 

micronuclei on bright field can be confirmed as being positive by examining the cell 

under fluorescence. This minimises the incidence of false positives, as DNA material 

such as nuclei and micronuclei fluoresce when viewed under fluorescence with a far 

red filter (Figure 2).  
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Figure 2.  Image of same cells under both Feulgen and fluorescence. The use of 

fluorescence microscopy helps to clarify the presence and morphology of nuclear 

material thereby reducing the possibility of recording false positives and/or false 

negative results. 

 

2.3.3 Scoring criteria for buccal cytome assay 
 

The various distinct cell types and nuclear anomalies scored in the buccal 

micronucleus cytome assay were determined based on criteria described by Tolbert et 

al [226]. These criteria are intended to classify buccal cells into categories that 

distinguish between “normal” cells and cells that are considered “abnormal”, based on 

their aberrant nuclear morphology. These abnormal nuclear morphologies are thought 



Chapter 2: Buccal cytome in ageing and Down’s syndr ome 

 56 

to be indicative of DNA damage and/or various stages of morphogenetic or toxicity-

induced cell death. Photographic images showing distinct cell populations as scored in 

the buccal cytome assay are outlined in Figure 3. Detailed descriptions of the various 

cell types are given below. 

 

Basal Cells (Figure 3a): 
 

These are the cells from the basal layer. The nuclear to cytoplasm ratio is larger than 

that in differentiated buccal cells which are derived from basal cells. Basal cells have a 

uniformly stained nucleus and they are smaller in size when compared to 

differentiated buccal cells. Basal cells can contain micronuclei and were scored in the 

assay 

 

Normal “differentiated” Cells (Figure 3b): 
 

These cells have a uniformly stained nucleus which is usually oval or round in shape. 

They are distinguished from basal cells by their larger size and by a smaller nuclear to 

cytoplasmic ratio. No other DNA containing structures apart from the nucleus are 

observed in these cells. These cells are considered to be terminally differentiated 

relative to basal cells because no mitotic cells are observed in this population. 
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Cells with micronuclei (Figure 3a and 3c): 
 

These cells are characterised by the presence of both a main nucleus and one or 

more smaller nuclei called micronuclei. The micronuclei are usually round or oval in 

shape and their diameter may range between 1/3 to 1/16 the diameter of the main 

nucleus. Cells with micronuclei usually contain only one micronucleus. It is possible 

but rare to find cells with more than 6 micronuclei. The nuclei in micronucleated cells 

may have the morphology of normal cells or that of dying cells (i.e. condensed 

chromatin cells). The micronuclei must be located within the cytoplasm of the cells. 

The presence of micronuclei is indicative of chromosome loss or fragmentation 

occurring during previous nuclear division [217]. Micronuclei were scored only in basal 

and differentiated cells with uniformly stained nuclei. Cells with condensed chromatin 

or karyorrhectic cells were not scored for micronuclei.  

 

Cells with Nuclear Buds (Figure 3d): 
 

These cells have nuclei with an apparent sharp constriction at one end of the nucleus 

suggestive of a budding process, ie elimination of nuclear material by budding. The 

nuclear bud and the nucleus are usually in very close proximity and are apparently 

attached to each other. The nuclear bud has the same morphology and staining 

properties as the nucleus, however its diameter may range from a half to quarter of 

that of the main nucleus. The mechanism leading to this morphology is not known but 

it may be due to elimination of amplified DNA or DNA repair complexes [120,227,228]. 
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Binucleated cells (Figure 3e): 
 

These cells have two nuclei instead of one. The nuclei are usually very close to each 

other and may be touching. The nuclei usually have the same morphology as that 

observed in normal cells. The significance of these cells is unknown but they may be 

indicative of failed cytokinesis following the last nuclear division.  

 

Condensed chromatin cells (Figure 3f): 
 

These cells have nuclei with regions of condensed or aggregated chromatin exhibiting 

a speckled or striated nuclear pattern. In these cells it is apparent that chromatin is 

aggregating in some regions of the nucleus while being lost in other areas. When 

chromatin aggregation is extensive the nucleus may appear to be fragmenting. These 

cells maybe undergoing early stages of apoptosis although this has not been 

conclusively proven. These cells may appear to contain micronuclei but should not be 

scored for micronuclei in the assay. 

 

Karyorrhectic cells (Figure 3g) 
 

These cells are characterised by the more extensive appearance of nuclear chromatin 

aggregation (relative to condensed chromatin cells) leading to fragmentation and 

eventual disintegration of the nucleus. These cells may be undergoing a late stage of 

apoptosis but this has not been conclusively proven. These cells should not be scored 

for micronuclei in the assay. 
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Pyknotic cells (Figure 3h): 
 

These cells are characterised by a small shrunken nucleus, with a high density of 

nuclear material that is uniformly but intensely stained. The nuclear diameter is usually 

one to two-thirds of a nucleus in normal differentiated cells. The precise biological 

significance of pyknotic cells is unknown but it is thought that these cells may be 

undergoing a form of cell death; however the precise mechanism remains unknown. 

 

Karyolytic cells (Figure 3i): 
 

In these cells the nucleus is completely depleted of DNA and apparent as a ghost-like 

image that has no Feulgen staining. These cells thus appear to have no nucleus. It is 

probable that they represent a very late stage in the cell death process but this has not 

been conclusively proven. These cells should not be scored for micronuclei in the 

assay. 
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Figure 3  Images showing distinct buccal cell types as scored in the buccal cytome 

assay. 
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2.3.4 Scoring method 
 

1000 cells were scored per subject to determine the frequency of the various cell 

types outlined in the buccal cytome assay. These consisted of basal cells, cells 

containing micronuclei, nuclear buds, binucleated cells and cells with condensed 

chromatin, karyorrhexis, pyknotic nuclei and karyolytic cells. A total of 1000 

differentiated and basal cells were scored in order to determine the frequency of 

micronuclei in a total of 1000 cells. Only basal and normal differentiated cells were 

scored for micronuclei and their scores were combined to give the overall incidence. 

Cells were scored using both bright field and fluorescence. Cells containing 

micronuclei on bright field were confirmed as being positive by examining the cell 

under fluorescence. The incidence of false positives can be minimised as DNA 

material such as nuclei and micronuclei fluoresce when viewed under fluorescence 

with a far red filter.  

 

2.4 Statistical Analyses 
 

One way ANOVA analysis was used to determine the significance of the cellular 

parameters measured, whereas pair wise comparison of significance was determined 

using Tukey’s test. Gender ratios were tested using the Chi square test. ANOVA 

analysis values were calculated using Graphpad PRISM (graphpad inc., San Diego, 

CA). Cross correlation analysis of biomarkers was performed using SPSS 14.0, 

(SPSS Inc, Chicago). Significance was accepted at P<0.05. 
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2.5 Results 
 

The results for the buccal micronucleus cytome assay are summarised and illustrated 

in Figures 4-6 and Table 2.  

 

A significant increase in micronuclei was found in the older cohort (366%) relative to 

the young cohort (P<0.05). The DS cohort was found to have significantly elevated 

frequency of micronuclei when compared to both the older (78.5%) and younger 

groups (733%) (P<0.0001). Nuclear buds were slightly elevated in the Down’s cohort 

when compared to the healthy young and older groups although this difference did not 

achieve significance (P=0.0686).  

 

Basal cells were significantly reduced in both the young (70.1%) and Down’s cohorts 

(82.9%) when compared to older controls (P<0.0001). Binucleated cells were 

significantly increased in the Down’s cohort when compared to both young (87.9%) 

and old control groups (37.9%) (P<0.0001). 

  

A significant reduction in cells containing karyorrhectic (P<0.0001) and condensed 

chromatin cells (P<0.0001) was apparent in both the young and Down’s syndrome 

cohorts when compared to the older control group. Pyknotic cell frequency was 

significantly reduced in the DS cohort (-75.0%) (P=0.0002) when compared to 

younger controls but there was no difference when compared to the older controls. 

Karyolytic cells were significantly reduced in the Down’s (51.8%) and the older cohort 

(37.7%) when compared to the young controls (P<0.0001). 
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Figure 4. DNA damage markers in buccal cells of young controls (N=30), Down’s 

syndrome (N=21) and older controls (N=31). (A) Frequency of cells containing 

micronuclei in 1000 buccal cells with normal nuclear morphology. (B) Frequency of 

nuclear buds in 1000 buccal cells. Groups not showing the same letter are significantly 

different from each other. 
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Figure 5. Frequency of (A) basal cells and (B) binucleated cells scored in a total of 

1000 buccal cells in young controls (N=30), Down’s syndrome (N=21) and older 

controls (N=31). Groups not showing the same letter are significantly different from 

each other 
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Figure 6 Cell death rates in buccal cells of young controls (N=30), Down’s syndrome 

(N=21) and older controls (N=31). Frequency of (A) cells containing nuclei with 

condensed chromatin morphology, (B) cells containing karyorrhectic nuclei, (C) cells 

with pyknotic nuclei, (D) karyolytic cells per 1000 total cells scored. Groups not 

showing the same letter are significantly different from each other. 
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In summary the changes relative to the young controls in DS and normal ageing were 

an increase in cells with micronuclei and binucleated cells and a decrease in pyknotic 

and karyolytic cells, but changes were in opposite directions for basal cells, 

condensed chromatin and karyorrhectic cells (Table 2). 

 
Table 2 : Changes in the buccal cytome biomarkers of both older control and  
 
Down’s syndrome cohorts relative to the young controls 
 
        Older controls       Down’s syndrome 
Cells with micronuclei 
 

              (+366%)                             (+733%) 
 

Cells with nuclear buds 
 

                NC                         (+100%) 

Basal cells 
 

                       (+233.0%)                                       (-41.0%) 

Binucleated cells 
 

                       (+36.0%) 
                   

                       (+84.5%) 

Condensed chromatin 
 

                      (+45.8%)                         (-52.0%) 

Karyorrhectic cells 
 

                       (+439%)                        (-89.2%) 

Pyknotic cells 
 

                      (-37.5%)                        (-75.0%) 

Karyolytic cells 
 

                     (-37.7%)                        (-51.8%) 

 
 
NC= No change  

 
Denotes increase relative to young controls 
 
Denotes decrease relative to young controls 
 

Numbers in parentheses refer to the percentage change relative to the value 
  
for young controls. 
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Cross correlation analysis between the biomarkers of the buccal cytome assay for the 

combined cohorts (Table 3) showed a positive correlation between karyorrectic cells 

and condensed chromatin (r=0.406, P<0.0001) and basal cells (r=0.659, P<0.0001). 

Pyknotic cells showed a negative correlation with binucleated cells (r=-0.240, 

P=0.030) and a positive correlation with karyolytic (r=0.412, P<0.0001) and 

condensed chromatin cells (r=0.305, P=0.005). Condensed chromatin cells showed a 

positive correlation with basal cells (r=0.470, P<0.0001).  
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Table 3: Cross correlation results between biomarkers of the buccal micronucleus cytome assay for combined cohorts (N=82). 
 

  
Cells with 

micronuclei karyorrhexis pyknosis binucleates karyolysis Nuclear buds 
Condensed 
chromatin 

        

        

 

        
karyorrhexis Pearson 

Correlation NS       

  Sig. (2-tailed)         
          
pyknosis Pearson 

Correlation      NS .243(*)      

  Sig. (2-tailed)  .030       
          
binucleates Pearson 

Correlation NS  NS NS     

  Sig. (2-tailed)         
          
karyolysis Pearson 

Correlation NS NS NS NS    

  Sig. (2-tailed)         
          
Nuclear buds Pearson 

Correlation NS NS NS NS NS   

  Sig. (2-tailed)         
          
condensed Pearson 

Correlation NS .500(**) .297(**) NS .375(**) NS  

chromatin Sig. (2-tailed)  .000 .007  .001    
          
basal Pearson 

Correlation NS .620(**) NS NS NS NS .478(**) 

  Sig. (2-tailed)  .000     .000 
          

* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
NS-Not significant 
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2.6 Discussion 
 

The aim of the study was to validate the use of the buccal micronucleus cytome assay 

to investigate age-related changes within the buccal mucosa by examining samples 

from young, old and DS cohorts. Changes in the ratios of distinct buccal cell 

populations were evident in the older control group when compared to a younger 

cohort, and significant changes were also evident specific to the premature ageing DS 

group. These changes suggest normal age-related and premature ageing-related 

biomarkers that may reflect differences in the cellular kinetics and/or structural profile 

of the buccal mucosa.  

 

The buccal mucosa is a stratified squamous epithelium consisting of four distinct 

layers (Figure 1b) [229,230]. The stratum corneum or keratinised layer lines the oral 

cavity comprising cells that are constantly being lost as a result of everyday activities 

such as mastication. Below this layer lies the stratum granulosum or granular cell layer 

and the stratum spinosum or prickle cell layer containing populations of both 

differentiated, apoptotic and necrotic cells. Beneath these layers are the rete pegs or 

stratum germinativum, containing actively dividing basal cells which produce cells that 

differentiate and maintain the profile, structure and integrity of the buccal mucosa. By 

comparing the results of the buccal cytome assay between the older and younger 

cohorts, significant differences in markers for genome damage, cellular proliferation 

and cell death are apparent that reflect ‘normal’ age related changes in the structural 

profile of the buccal mucosa.  
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A clear association is shown between ageing and a significant increase in the 

biomarkers scored for DNA damage. Micronuclei, which are biomarkers for whole 

chromosome loss and chromosome breakage, have been shown to be increased with 

advancing age in both peripheral lymphocytes and fibroblasts [211,213,231,232]. In 

this study we observed a significant age-related increase in micronuclei within buccal 

cells in individuals whose age ranged from 22-67yrs (P<0.0001). These observations 

confirm earlier results from biomonitoring studies that also found an age-related 

increase in micronucleus frequency [233-235]. The frequencies of micronuclei as 

scored in the assay were found not to be significantly different between basal cells 

(0.33%) and differentiated cells (0.22%). Nuclear buds, which are thought to reflect 

gene amplification events, were non-significantly elevated by 20.96% in the older 

cohort and to the best of our knowledge this is the first time that such an effect has 

been reported. 

 

It has been shown that ageing results in a decrease in the thickness of the epidermis 

and the underlying cell layers [236]. The rete pegs become less prominent and less 

convoluted, possibly because of a reduction in basal cells, resulting in a more 

flattened appearance [237,238]. The paradoxical significant increase in the frequency 

of basal cells sampled in the older cohort may reflect the reduced thickness of the 

buccal mucosa. The observed increase in cell death (condensed chromatin and 

karyorrhexis) and the reduction in karyolytic cells may determine the thickness of the 

outer layer. This effectively would bring the basal cell layer closer to the surface, 

making it more likely that basal cells would be sampled compared to healthy mucosa 

in which only the peaks of rete pegs are likely to be accessible points for basal cell 

collection. With a lower age-related cellular proliferation rate and a thinning of the 
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buccal mucosa, older individuals may exhibit modifications in order to maintain the 

integrity of the buccal mucosa. The significant increase in the condensed chromatin 

and karyorrhectic cells and the corresponding decrease in pyknotic cells and karyolytic 

cells maybe the result of insufficient time for the former cell types to undergo pyknosis 

and karyolysis prior to reaching the mucosal surface, resulting in a higher proportion of 

the found cell types becoming apparent.  

 

DS is characterised by the cellular presence of an extra copy of chromosome 21 and 

is an example of a premature ageing disorder [223,239,240]. The buccal cytome 

assay identified age-related biomarkers that were specific to this cohort when 

compared to both the young and older control groups (Table 2). Micronuclei were 

significantly elevated in the Down’s cohort and were found to be roughly 10 fold higher 

than in the young control group and almost double those found in the older controls, 

confirming the observation of elevated genome damage in this syndrome [241,242]. 

Nuclear buds were also found to be elevated in the Down’s group also reflecting a 

more pronounced genomic instability. Basal cell frequency was found to be non-

significantly lower by 41.97% in the Down’s cohort compared to the younger controls, 

possibly reflecting either an excessive reduction of basal cells and/or a thickening of 

the buccal mucosal layers. The number of binucleates was found to be significantly 

elevated when compared to both the young and older control groups which may reflect 

a possible impairment during cytokinesis. It has been shown that non-disjunction 

occurs with a higher frequency in binucleated cells that fail to complete cytokinesis 

rather than in cells that have completed cytokinesis [243]. This recently identified 

mechanism, thought to be a cytokinesis checkpoint for aneuploid binucleated cells, 

can result in ultimate formation of tetraploid cells and subsequent aneuploid cells once 
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the tetraploid cell eventually divides [243]. DS is known to have higher rates of 

aneuploidy 21 and the binucleate cell ratio may therefore prove to be an important 

biomarker for identifying individuals with cytokinesis defects, which could lead to 

higher than normal rates of aneuploidy. The four cell death parameters (condensed 

chromatin, karyorrhexis, pyknosis and karyolysis) were found to be reduced in the 

Down’s cohort compared to the younger controls and may reflect important changes 

within the profile of the buccal mucosa within this group. With a reduction in the 

number of basal cells, fewer cells would be available to maintain the thickness and 

integrity of the buccal mucosa. In order to compensate for a reduced regenerative 

layer, a potential adaptation may be to reduce the amount of cells undergoing 

programmed cell death and a permissive cell cycle check point to reduce cell cycle 

time. This would lead to the production of enough cells to maintain the thickness of the 

buccal mucosa from a reduced and flattened rete peg layer. No evidence currently 

exists that clarify or refute these proposed models, only further investigation using 

histological sections and biopsies will allow models to be formulated that best reflect 

the structural profile and cellular kinetics within the buccal mucosa for both ageing and 

premature ageing syndromes. 

 

The results of the cross-correlation study suggest a significant positive relationship 

between basal cells, condensed chromatin cells, pyknotic cells and karyolytic cells. 

The strong positive correlation between basal cells and karyorrhectic cells and the 

positive correlation between condensed chromatin and karyorrhectic cells, suggests 

that the latter are either derived directly from basal cells, or may originate secondarily 

from condensed chromatin cells. The positive correlation between condensed 

chromatin cells and pyknotic and karyolytic cells and the positive correlation between 
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pyknotic and karyolytic cells suggests that karyolytic cells are derived directly from 

condensed chromatin cells or indirectly via pyknotic cells. Figure 7 illustrates a 

possible model of the inter-relationships between buccal cytome cell types that are 

significantly correlated with each other, assuming that the correlations are indicative of 

the biological association between the cell types and their likely sequential 

development. However, we realise that because association does not necessarily 

imply causation, further evidence (e.g. real time recordings of different cell type 

changes) would be required to verify the accuracy of the model.  

 

In conclusion, the buccal micronucleus cytome assay has been successfully used to 

identify important changes in DNA damage and different cell types that reflect 

advancing age within the normal population and within a premature ageing syndrome. 
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Figure 7 : Diagram illustrating revised model for inter-relationships between the 

various cell types observed and scored in the buccal micronucleus cytome assay. 
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3.1 Abstract  
 

Alzheimer’s disease is a progressive degenerative disorder of the brain and is the 

commonest form of dementia. To date there is no reliable and conclusive non-invasive 

diagnostic test that can identify individuals for susceptibility risk to Alzheimer’s 

disease. A buccal cytome assay was used to measure ratios of buccal cell populations 

and micronuclei in clinically diagnosed Alzheimer’s patients compared to age and 

gender matched controls. Frequencies of basal cells (P<0.0001), condensed 

chromatin cells (P<0.0001) and karyorrhectic cells (P<0.0001) were found to be 

significantly lower in Alzheimer’s patients. These changes may reflect alterations in 

the cellular kinetics or structural profile of the buccal mucosa, and may be useful as 

potential biomarkers in identifying individuals with a high risk of developing 

Alzheimer’s disease. The odd’s ratio of being diagnosed with Alzheimer’s disease for 

those individuals with a basal cell plus karyorrhectic cell frequency <41 per 1000 cells 

is 140, with a specificity of 97% and sensitivity of 82%. 

  

3.2 Introduction 
 

Alzheimer’s disease (AD) is a neurodegenerative disorder that is characterised 

clinically by cognitive decline, memory loss, visuo-spatial and language impairment 

and is the commonest form of dementia [3,8,10,46]. Regions of the brain that are 

involved in short term memory and learning such as the temporal and frontal lobes are 

impaired as a result of neuronal loss and the breakdown of the neuronal synaptic 

connections [50]. The disease is histopathologically confirmed at post mortem within 

the brain by the presence of neurofibrillary tangles and amyloid plaques [244,245]. 



Chapter 3: Buccal cytome and Alzheimer’s disease 

 76 

The greatest risk factor for contracting the disease is advancing age and that risk is 

significantly increased beyond the age of 70 yrs [3,4,9]. To date the global prevalence 

is estimated to be 24.3 million with that number expected to triple within the next thirty 

years. At least 4.9 million new cases are reported annually with a predicted 

prevalence worldwide of 80 million people suffering from the disease by 2040 [4,5].  

 

Currently clinical diagnosis of AD is based upon criteria of cognitive impairment and 

behavioural changes [11]. One such diagnostic tool is the mini mental state 

examination (MMSE) which allows a quantitative measurement of cognition to be 

determined [12,13]. However the diagnosis for having AD is only between 60-70% 

accurate when using these criteria and can only be conclusively confirmed after 

histopathological investigation [11]. 

 

Biomarkers that may identify individuals who are at an early stage of AD would be 

useful as this would allow timely preventative intervention. There is an increasing 

interest in the evaluation of chromosome damage markers within the somatic cells of 

neurodegeneration patients [96-98]. Genome damage could lead to altered gene 

dosage and gene expression as well as contribute to the risk of accelerated cell death 

in neuronal tissue [246]. Genomic instability markers such as micronuclei (MN), have 

been shown to be elevated within the peripheral blood lymphocytes and fibroblasts of 

Alzheimer’s patients [96,97,247]. 

 

The aim of this study was to assess whether MN and other parameters of genome 

damage and cell death in the buccal mucosa could be used as a non-invasive method 

of identifying those at risk of developing AD. In effect we adopted a cytome approach 

in which all the various cell types and their ratios were quantified to identify which 
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parameters if any, were most strongly associated with AD. A flow diagram illustrating 

plausible cellular relationships of the buccal cytome assay is shown in Figure 1. 
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Figure 1 : Diagram illustrating the most plausible relationships between the various cell 

types observed and scored in the buccal micronucleus cytome assay. 

 

3.3 Methods 
 

3.3.1 Recruitment and characteristics of participan ts 
 

Approval for this study was obtained from CSIRO Human Nutrition, Adelaide 

University and Ramsay Healthcare Ethics Committee’s. 26 older controls (age 66-

75yrs), and 54 clinically diagnosed Alzheimer’s patients (Age 58-93yrs) not receiving 

anti-folate therapy or cancer treatment or having any family history of AD, were 
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recruited for the study. Alzheimer’s patients were recruited at the College Grove 

Private Hospital, Walkerville, Adelaide, South Australia following their initial diagnosis 

and prior to commencement of therapy. Diagnosis of AD was made by clinicians 

according to the criteria outlined by the National Institute of Neurological and 

Communicative Disorders and Stroke-Alzheimer’s Disease and related Disorders 

Association (NINCDS-AD&DA) [12], which are the well recognised standards used in 

all clinical trials.   

 

Volunteers did not receive any remuneration for their participation. Alzheimer’s 

patients were separated into two distinct groups. One group was age matched to the 

control, whilst the second group was classified as an older Alzheimer’s cohort. Age, 

gender and MMSE scores of the cohorts are shown in Table 1. Gender ratio 

differences between the groups were not significant (Chi square P>0.05). MMSE 

scores between the two AD groups were not significantly different P>0.05. The age of 

the control group compared to the younger AD group was not significantly different but 

the latter group had a significantly lower age relative to the older AD group P<0.0001. 

MMSE scores were not available for the controls. The controls were “normal” 

functioning healthy individuals, who self volunteered and consented to the study and 

did not report a history of cognitive impairment. 
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Table 1:   Age, gender ratio and MMSE scores in study groups  
 
 

 Controls*  Younger  AD Older AD 
Age (years)    
Group size           26         23           31 
Mean±S.D     68.7±2.6   70.7±4.1   83.13±4.5 
Range        66-75      58-75        78-93 
    
Gender    
Group size          26        23          31 
Male          11         8           8 
Female          15       15          23 
    
MMSE (0-30)         NA   
Group size         23          31 
Mean±S.D   22.52±3.013  22.13±3.6.76 
Range      15-27       12-29 
 

       * Age and gender matched to younger AD group 
 NA-Not available 
 

3.3.2 Cell sampling and preparation 
 

Buccal cells were collected from consented volunteers. Cells were collected using a 

modified version of the method used by Beliën et al [225]. Prior to buccal cell 

collection the mouth was rinsed thoroughly with water to remove any unwanted debris. 

Small headed toothbrushes (Supply SA, code 85300012) were rotated 20 times in a 

circular motion against the inside of the cheek, starting from a central point and 

gradually increasing in circumference to produce an outward spiral effect. Both cheeks 

were sampled using separate brushes. The heads of the brushes were individually 

placed into separate 30ml yellow top containers (Sarstedt code 60.9922.918) 

containing buccal cell (BC) buffer (0.01M Tris-HCL (Sigma T-3253), 0.1M EDTA tetra 

sodium salt (Sigma E5391), 0.02M sodium chloride (Sigma S5886)) at pH 7.0 and 

agitated to dislodge the cells. Cells from both right and left cheeks were transfered into 
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separate TV-10 centrifuge tubes (Sarstedt, code 60.9921.829) and spun for 10 mins at 

1500rpm (MSE Mistral 2000). Supernatant was removed and replaced with 10mls of 

fresh BC buffer. The BC buffer helps to inactivate endogenous DNAases and aids in 

removing bacteria that may complicate scoring. Cells were spun and washed twice 

more, with a final volume of 5mls of BC buffer being added to the cells. The cell 

suspension was vortexed and then homogenised  for 2 mins in a hand homogeniser 

(Wheaton scientific 0.1-0.15 mm gauge) to increase the number of single cells in 

suspension. Left and right cell populations were pooled into a 30ml yellow top 

container and drawn into a syringe with a 21G gauge needle and expelled to 

encourage cellular separation. Cells were passed into a TV-10 tube through a 100µm 

nylon filter (Millipore,code MILNYH02500) held in a swinex filter (millipore, code 

MILSX0002500) to remove large aggregates of unseparated cells that hinder slide 

preparation and cell analysis. Cells were further spun at 1500rpm for 10mins and the 

supernatant removed. Cells were resuspended in 1ml of BC buffer and the cell 

concentration determined by a Coulter counter (Beckman Coulter Model ZB1, Settings 

Attenuation:1, Threshold:8, Aperture:1/4, Manometer:0.5). Cell suspensions were 

prepared containing 80,000 cells/ml after initial readings from a 1:50 dilution 

(300µl/15mls isoton). 50 µl/ml of dimethyl sulphoxide (Sigma 2650) was added to help 

clarify cellular boundaries by further separating the cells. 120 µl of cell suspension 

was added to cytospin cups and spun at 600 rpm for 5 mins in a cytocentrifuge 

(Shandon cytospin 3). Slides containing two spots of cells were air dried for 10 mins 

and then fixed in ethanol:acetic acid (3:1) for 10 mins. Slides were air dried for 10 

mins prior to staining.  
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3.3.3 Feulgen staining 
 

Fixed slides were treated for 1 min each in 50% and 20% ethanol and then washed for 

2 mins in deionised water generated from a Milli-q water purification system (Millipore 

Australia Pty Ltd, New South Wales, Australia). Slides were treated in 5M hydrochloric 

acid for 30 mins and then washed in running tap water for 3 mins. Slides were drained 

but not allowed to dry out before being treated in room temperature Schiff’s reagent 

(Sigma 3259016) in the dark for 60 mins. Slides were washed in running tap water for 

5 mins and rinsed well in deionised water for 1 min. Slides were stained for 30 secs in 

0.2% light green (Sigma L-1886) and rinsed well in deionised water for 2 mins. Slides 

were allowed to air dry, covered with No 1 coverslips (Crown Scientific, South 

Australia)  and mounted in DePeX (BDH 361254D). Nuclei and micronuclei are 

stained magenta, whilst the cytoplasm appears green. Slides were scored using a 

Nikon E600 microscope equipped with a triple band filter (Dapi, FITC and Rhodamine) 

at 1000X magnification. Cells containing micronuclei on bright field can be confirmed 

as being positive by examining the cell under fluorescence. The incidence of false 

positives can be minimised as DNA material such as nuclei and micronuclei fluoresce 

when viewed under fluorescence with a far red filter (Figure 2). 
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Figure 2 . Image of same cells under both Feulgen and fluorescence. The use of 

fluorescence microscopy helps to clarify presence and morphology of nuclear material 

thereby reducing the possibility of recording false positives and /or false negative 

results. 

 

3.3.4 Scoring criteria for buccal cytome assay 
 

The various distinct populations used in the buccal cytome assay were determined 

based on criteria outlined by Tolbert et al [226]. These criteria are intended to classify 

buccal cells into categories that distinguish between “normal” cells and cells that are 

considered “abnormal”, based on nuclear morphology. These abnormal nuclear 

morphologies are thought to be indicative of DNA damage or cell death. Photographic 

Images showing distinct cell populations as scored in the buccal cytome assay are 

shown in Figure 3. Detailed descriptions of the various cell types are given below. 
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Figure 3:  Images showing distinct buccal cell types as scored in the buccal cytome     

assay 
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Basal Cells (Figure 3a): 
 

These are the cells from the basal layer. The nuclear to cytoplasm ratio is larger than 

that in differentiated buccal cells which are derived from basal cells. Basal cells have a 

uniformly stained nucleus and they are smaller in size when compared to 

differentiated buccal cells. Basal cells can contain micronuclei and were scored in the 

assay. 

 

Normal differentiated Cells (Figure 3b): 
 

These cells have a uniformly stained nucleus which is usually oval or round in shape. 

They are distinguished from basal cells by their larger size and by a smaller nuclear to 

cytoplasmic ratio. No other DNA containing structures apart from the nucleus are 

observed in these cells. These cells are considered to be terminally differentiated 

relative to basal cells because no mitotic cells are observed in this population. 

 

Cells with micronuclei (Figure 3a and 3c): 
 

These cells are characterised by the presence of both a main nucleus and one or 

more smaller nuclei called micronuclei. The micronuclei are usually round or oval in 

shape and their diameter may range between 1/3 to 1/16 the diameter of the main 

nucleus. Cells with micronuclei usually contain only one micronucleus. It is possible 

but rare to find cells with more than 6 micronuclei. The nuclei in micronucleated cells 

may have the morphology of normal cells or that of dying cells (i.e. condensed 

chromatin cells). The micronuclei must be located within the cytoplasm of the cells. 

The presence of micronuclei is indicative of chromosome loss or fragmentation 

occurring during previous nuclear division [217]. Micronuclei were scored only in basal 
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and differentiated cells with uniformly stained nuclei. Cells with condensed chromatin 

or karyorrhectic cells were not scored for micronuclei.  

 

Cells with Nuclear Buds (Figure 3d): 
 

These cells have nuclei with an apparent sharp constriction at one end of the nucleus 

suggestive of a budding process, ie elimination of nuclear material by budding. The 

nuclear bud and the nucleus are usually in very close proximity and are apparently 

attached to each other. The nuclear bud has the same morphology and staining 

properties as the nucleus, however its diameter may range from a half to quarter of 

that of the main nucleus. The mechanism leading to this morphology is not known but 

it may be due to elimination of amplified DNA or DNA repair complexes. 

[120,227,228]. 

 

Binucleated differentiated cells (Figure 3e): 
 

These cells have two nuclei instead of one. The nuclei are usually very close to each 

other and may be touching. The nuclei usually have the same morphology as that 

observed in normal cells. The significance of these cells is unknown but they may be 

indicative of failed cytokinesis following the last nuclear division.  

 

Condensed chromatin cells (Figure 3f): 
 

These cells have nuclei with regions of condensed or aggregated chromatin exhibiting 

a speckled or striated nuclear pattern. In these cells it is apparent that chromatin is 

aggregating in some regions of the nucleus while being lost in other areas. When 

chromatin aggregation is extensive the nucleus may appear to be fragmenting. These 
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cells maybe undergoing early stages of apoptosis although this has not been 

conclusively proven. These cells may appear to contain micronuclei but should not be 

scored for micronuclei in the assay. 

 

Karyorrhectic cells (Figure 3g) 
 

These cells are characterised by the more extensive appearance of nuclear chromatin 

aggregation (relative to condensed chromatin cells) leading to fragmentation and 

eventual disintegration of the nucleus. These cells may be undergoing a late stage of 

apoptosis but this has not been conclusively proven. These cells should not be scored 

for micronuclei in the assay. 

 

Pyknotic cells (Figure 3h): 
 

These cells are characterised by a small shrunken nucleus, with a high density of 

nuclear material that is uniformly but intensely stained. The nuclear diameter is usually 

one to two-thirds of a nucleus in normal differentiated cells. The precise biological 

significance of pyknotic cells is unknown but it is thought that these cells may be 

undergoing a form of cell death however the precise mechanism is unknown. These 

cells should not be scored for micronuclei in the assay. 

 

Karyolytic cells (Figure 3i): 

 

In these cells the nucleus is completely depleted of DNA and apparent as a ghost-like 

image that has no Feulgen staining. These cells thus appear to have no nucleus. It is 

probable that they represent a very late stage in the cell death process but this has not 
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been conclusively proven. These cells should not be scored for micronuclei in the 

assay. 

 

Scoring method 
 

1000 cells were scored (500 per cytospin spot) per subject for all the various cell types 

outlined in the buccal cytome assay. These consisted of cells containing micronuclei, 

nuclear buds, basal cells, binucleates and the cell death parameters condensed 

chromatin, karyorrhectic, pyknotic and karyolytic cells. A total of 1000 differentiated 

and basal cells were scored in order to determine the frequency of micronuclei in a 

total of 1000 cells. Only basal and normal differentiated cells were scored for 

micronuclei and their scores were combined to give the overall incidence. Cells were 

scored using both bright field and fluorescence. Cells containing micronuclei on bright 

field were confirmed as being positive by examining the cell under fluorescence. The 

incidence of false positives can be minimised as DNA material such as nuclei and 

micronuclei fluoresce when viewed under fluorescence with a far red filter.  

 

3.4 Statistical analysis 
 

One way ANOVA analysis was used to determine the significance of the cellular 

parameters measured between the old control, younger AD and older AD cohorts. Pair 

wise comparison of significance between these groups was determined using Tukey’s 

test. ANOVA analysis values, positive predictive values, negative predictive values, 

sensitivity, specificity, likelihood ratios and odds ratio were calculated using Graphpad 

PRISM (Graphpad inc., San Diego, CA). Cross correlation analyses were performed 

using SPSS 14.0, SPSS inc, Chicago. Significance was accepted at P<0.05. 
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3.5 Results 
 

The results for DNA damage markers (cells with micronuclei or nuclear buds), cell 

proliferation markers (basal cells, binucleated cells) and cell death parameters 

(karyorrhectic cells, condensed chromatin cells, karyolytic cells and pyknotic cells) are 

summarised and illustrated in Figures 4-6. Cells with micronuclei or nuclear buds were 

slightly elevated in the younger AD group when compared to age-matched controls 

although this difference did not achieve significance (P=0.12, P=0.62 respectively). 

88% of all micronucleated cells were in differentiated cells whilst the remaining 12% 

were found in the basal cells. Basal cells were found to be lower by 81% in the 

younger AD and by 79% in the older AD cohorts when compared to the control group 

(P<0.0001). Binucleate cell frequency showed no significant differences between the 

AD and control groups (P=0.99). The frequency of cells with condensed chromatin 

was found to be reduced by 37.2% in the younger AD and by 56.6% in the older AD 

cohorts when compared to the control group (P<0.0001). The frequency of 

karyorrhectic cells was found to be reduced by 82.9% in the younger AD and by 

77.7% in the older AD cohorts when compared to the control group (P<0.0001). 

Pyknotic and karyolytic cells were slightly lower in both the dementia groups but did 

not achieve significance when compared to the control (P=0.47, P=0.84 respectively). 

There were no gender ratio differences between the control and the AD groups. There 

were no gender differences in biomarkers occurring within each cohort except for a 

significant increase in nuclear buds in males compared to females within the younger 

AD group (P<0.01). Cross correlation analysis between MMSE scores and the 

biomarkers of the buccal cytome assay showed no positive correlation.  
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Figure 4:  DNA damage markers in buccal cells of controls (N=26), younger AD 

(N=23) and older AD (N=31). (A). Frequency of cells containing micronuclei in 1000 

buccal cells with normal nuclear morphology. (B). Frequency of cells with nuclear 

buds. Groups not showing the same letter are significantly different from each other 
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Figure 5:  Frequency of (A) basal cells and (B) binucleated cells amongst 1000 total 

cells scored in controls (N=26), younger AD (n=23) and older AD (N=31). Groups not 

showing the same letter are significantly different from each other. 
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Figure 6:  Cell death rates in buccal cells of controls (N=26), younger AD (n=23) and 

older AD (N=31). Frequency of (A) cells containing nuclei with condensed chromatin 

morphology, (B) cells containing karyorrhectic nuclei, (C) cells with pyknotic nuclei, (D) 

karyolytic cells per 1000 total cells scored. Groups not showing the same letter are 

significantly different from each other. 
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3.5.1 Sensitivity and Specificity 
 

Values for both basal and karyorrhectic cells were analysed singularly and in 

combination to determine the sensitivity and specificity of these potential biomarkers, 

which were most different between the control and AD groups. Table 2 lists the 

sensitivity and specificity data for diagnosis of AD based on basal and karyorrhectic 

cell frequency at different cut off values. The odds ratio for being diagnosed with AD 

for a combined karyorrhectic and basal cell frequency value of < 41 per 1000 cells is 

140 with a specificity of 97% and a sensitivity of 82%. This would indicate that a false 

positive rate for these potential diagnostic biomarkers within the general population 

would be 2.3% (positive predictive value of 97.7%) and that 23.1% (negative 

predictive value 76.9%) of those individuals tested that are likely to have AD would be 

falsely detected as normal. The relationship of basal cell and karyorrhectic cell 

frequencies shows a clear separation in distribution of these values for the control and 

AD cohorts (Figure 7).  
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Table 2:  Positive predictive value (PPV), negative  predictive value (NPV), sensitivity, specificity, 
likelihood ratio (LR), odds ratio (OR) and P values  for karyorrhectic and basal cell frequency  
  
  PPV  NPV Sensitivity Specificity LR OR (95% CI)    P 

Value 
Karyorrhectic 
cell  

            
  

frequency <30*  85.5% 85.2% 92.1% 74.2% 3.6 33.8(9.2-124) 0.0001 
        
Basal  cell         
frequency <27* 93.5% 77.8% 84.3% 90.3% 8.7 50.1(12.3-205) 0.0001 
               
Basal cell plus 
karyorrhectic 
cell frequency         
<41* 97.7% 76.9% 82.4% 96.8% 25.5 140 (16.8-1165) 0.0001 

 
    *denotes number of cells in 1000 buccal cells scored  
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Figure 7: Shows a scatter plot for basal and karyorrhectic cell frequency biomarkers 

as expressed in Controls and AD cohorts 
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3.6 Discussion 
 

This study is the first to use the buccal micronucleus cytome assay, which is based on 

cellular and nuclear morphology, to identify potential biomarkers that are associated 

with individuals that have just been clinically diagnosed with AD. Results showed a 

significant decrease in the number of basal cells (P<0.0001), karyorrhectic cells 

(P<0.0001) and condensed chromatin cells (P<0.0001) in the AD patients, suggesting 

potential changes in the cellular kinetics or structural profile of the buccal mucosa. The 

combination of basal and karyorrhectic cells as potential biomarkers within the buccal 

mucosa may be useful as a potential future diagnostic to identify individuals with a 

high risk of developing or having AD. 

 

The buccal mucosa is a stratified squamous epithelium consisting of four distinct 

layers (Figure 8a). The stratum corneum or keratinised layer lines the oral cavity 

comprising cells that are constantly being lost as a result of everyday abrasive 

activities such as mastication. Below this layer lie the Stratum granulosum or granular 

cell layer and the stratum spinosum or prickle cell layer containing populations of both 

differentiated and apoptotic cells. Integrated within these layers are convoluted 

structures known as rete pegs, containing the actively dividing basal cells known as 

the stratum germinativum which produce cells that differentiate and maintain the 

profile and integrity of the buccal mucosa.  
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a) Cross section of Normal buccal mucosa
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Figure 8a:  Shows a cross section of normal buccal mucosa illustrating the different 

cell layers. 

 

With increasing age the cell renewal process becomes less efficient and cellular 

regeneration decreases [248,249]. Ageing results in a decrease in the thickness of the 

epidermis and the underlying cell layers [236]. Studies have shown that there is a 

decline in epidermal thickness with advancing age in both sexes with values occurring 

in the range from 11.4 to 22.6 microns [250]. The number of cells within the stratum 

corneum does not diminish and therefore does not compromise its function as an 

essential protective layer [251]. The rete pegs become less prominent and less 

convoluted resulting in a more flattened appearance [237,238]. This flattening of the 

dermal–epidermal junction makes the skin more susceptible to mild mechanical 

trauma. 
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The results from the buccal cytome assay suggest significant changes within the 

buccal cell profile of AD patients when compared to the control cohort. Two models 

were considered to explain the observed changes of buccal cell populations within this 

group of individuals (Figures 8b and 8c). Both proposed models make the assumption 

that there is an excessive structural flattening of the rete pegs beyond normal ageing, 

resulting in a reduced basal cell population. Within both the AD cohorts the number of 

mitotically active basal cells was significantly reduced. A reduction in the number of 

basal cells would result in reduced cellular proliferation per unit volume and 

consequently fewer cells would be made available to maintain the thickness and 

integrity of the buccal mucosa. In model 1 ( Figure 8b) in order to compensate for a 

reduced proliferation rate, a potential adaptation may be to reduce the amount of cells 

undergoing morphogenetic programmed cell death, possibly as a result of an 

increased cell cycle time. This would lead to the production of just enough cells to 

maintain the required thickness of an adequately functional buccal mucosa (Figure 

8b). The study showed a significant reduction in the populations of cells with 

condensed chromatin and in the number of karyorrhectic cells collected which is 

indicative of a reduced apoptotic rate. 
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b) Alzheimer Buccal cell Model 1
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Figure 8b)  Model 1 shows a proposed cross section of buccal mucosa that may occur 

in AD individuals, with flattening of rete pegs, lower basal cell frequency and reduced 

frequency of cells undergoing apoptosis with an increased average distance between 

basal layer and surface of the mucosa. 

 

An alternative model illustrated in model 2 (Figure 8c) proposes that cell death rate 

does not change and is comparable to the same rate of cell death as seen in normal 

controls. With fewer mitotically dividing cells being produced within the basal cell layer 

and a normal apoptotic rate, less differentiated cells would be made available to 

maintain the thickness and integrity of the buccal mucosa. Consequently, the 

thickness of the dermal-epidermal layer would be severely compromised resulting in a 

general thinning of the buccal mucosa. No evidence currently exists that clarify or 

refute these proposed models, only further investigation with sectional biopsies will 

verify whether these models truly reflect the cellular kinetics within the buccal mucosa 
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of AD patients. Model 1 appears to be the better model given that both basal and 

apoptotic cells (karyorrhectic and condensed chromatin cells) are reduced in this 

study, and that the flattening of the basal cell layer would in itself increase the distance 

from the surface, making it less likely that these cells would be collected during 

sampling. 

C)  Alzheimer Buccal cell Model 2

ORAL CAVITY
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Figure 8c ) Model 2 shows flattening of rete pegs with a lower basal cell proliferation 

and frequency whilst maintaining a normal apoptotic rate resulting in thinning of the 

buccal mucosa, and a shorter average distance between the basal cell layer and 

mucosal surface.  

 

It is plausible that the changes within the ratios of the cell populations of the buccal 

mucosa of AD patients may reflect some of the physiological changes that contribute 

to the etiology of the disease. AD is histopathologically confirmed by the presence 

within the brain of neurofibrillary tangles consisting of the microtubule associated 

protein tau and amyloid plaques which contain the 42 amino acid β amyloid (Aβ42) 
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resulting from the aberrant proteolysis of the amyloid precursor protein (APP). The 

gene for APP is found on chromosome 21 at 21q21 [252]. Both of these AD 

associated proteins are present within vertebrate buccal mucosa [253,254]. It has 

been shown that the level of tau in Alzheimer’s oral epithelium had a significant 

positive correlation with tau levels in the cerebrospinal fluid [253]. This indicates that 

buccal cells potentially may reflect some of the patho-physiological changes that occur 

within the AD brain. Individuals suffering from AD had significantly higher levels of oral 

epithelial tau when compared to controls who were clinically diagnosed as not 

suffering from AD [253]. It has also been shown that Aβ42 has been detected within 

the buccal mucosa of a genetically accelerated senescence mouse model [254] and 

that APP has been detected in the basal cell layer of human skin epidermis [255]. APP 

at low levels (1nM-10nM) has been shown to have a positive effect on the rate of 

proliferation of basal cells. However at higher concentrations >10nM the rate of 

proliferation is significantly impaired. Whether increased tau, Aβ42 or APP expression 

alters proliferation rate of the basal cells and cell ratios of the buccal mucosa remains 

unclear. Only future studies combining these multiple parameters may answer this 

question.  

  

Micronutrient deficiency such as zinc has also been shown to have a number of 

effects on the structural profile of the buccal mucosa [256,257]. Rats fed on a zinc 

deficient diet exhibited hyperplastic changes within the buccal mucosa. After 9 days 

the keratin layer showed parakeratosis and significant thickening [257]. After 18 days 

all cells within the keratin layer showed further thickening and a complete 

parakeratotic transformation with a doubling of the mitotic rate within the basal cell 

layer. These changes were readily reversible once the rats returned to a normal 
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control diet containing the normal amount of zinc [258]. It is plausible that AD patients, 

if suffering from a micronutrient deficiency such as zinc, or if zinc is not bioavailable 

because it is aggregated by β amyloid [259] may exhibit similar changes within the 

buccal mucosa. If such thickening were apparent, then the number of basal cells 

sampled would be significantly reduced as the keratinised layer thickened. Future 

studies need to be performed to investigate the effects of micronutrient zinc deficiency 

or availability of free zinc on changes in both cellular kinetics and structure of the AD 

buccal mucosa. 

 

An alternative explanation for the reduced proportion of basal and apoptotic cells 

could be differences in cell sampling between AD and control groups. However, we 

think that this is unlikely because collections were done by one person following a 

standard protocol. Nevertheless, studies were performed involving repeated sampling 

on the same day which showed that basal cells are increased as deeper layers are 

sampled (Table 3). The proportion of karyorrhectic and condensed chromatin cells 

were found not to be significantly changed with repeated sampling (Table 3). Although 

a trend for an increase of karyorrhectic cells with repeated sampling was evident (P 

trend=0.049), the increase in both basal cells and karyorrhectic cells at the fifth 

sample was 195% and 69% greater than the first sample. This is much less than the 

427% increase in basal cells and 486% increase in karyorrhectic cells of the normal 

older controls relative to AD subjects. This argues against the possibility that observed 

differences between controls and AD, may be explained by less vigorous sampling in 

AD compared to the controls. In addition condensed chromatin cells were reduced in 

AD but remained unchanged with repeated sampling. More attention maybe needed to 
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standardise the sampling protocol in order to obtain reproducible results especially 

when multiple samplers are involved. 

 

Previous studies by Migliore and colleagues showed that micronucleus frequency is 

increased in lymphocytes and skin fibroblasts of AD patients [96,97,247]. However, 

our results in buccal mucosa do not show a marked difference between AD and 

controls for MN frequency or nuclear buds. As expression of MN requires nuclear 

division, MN frequency in buccal mucosa is also dependent on the proportion of once 

divided cells. It is possible that the reduced number of basal cells and perhaps a 

reduced proportion of dividing basal cells in AD may inhibit MN and nuclear bud 

expression (the latter being S-phase dependent) [227].  

 

Future developments of the buccal cytome assay may involve automation either 

through image analysis or flow cytometry in order to evaluate a larger number of cells 

and provide a more accurate measure of buccal cell division kinetics, differentiation 

and cell death.  

 

Changes in the ratios of buccal cell populations may form the basis of a non invasive 

test that could identify potential biomarkers that are specific to individuals suffering 

from AD. Through further investigation it may be possible to further refine the buccal 

cytome assay to include other DNA damage markers such as telomere shortening 

[112], aneuploidy [97,99] and oxidative stress [134,137] which have been shown to 

contribute to the etiology of the disease. If combined with quantitative measures of tau 

and β amyloid, a more comprehensive assay with even greater diagnostic value could 
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potentially be developed and used to non-invasively identify individuals 

presymptomatically of increased risk of AD.  
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Table 3 : Shows the changes in the ratios of buccal cells (mean, standard deviation and P values) following sequential buccal cell sampling. 
Buccal cells were collected from volunteers (N=4, 2 male, 2 female, age range 40-50yrs) over five different time points 0 mins, 90 mins, 270 
mins, 360 mins and 450 mins. Buccal cells were collected as outlined in the cell sampling and preparation part of this manuscript. (Page 6) 
Slides were stained as outlined in the Feulgen staining part of this manuscript (Page 8). Slides were classified and scored as outlined under the 
scoring criteria part of this manuscript (Page 9-14). Statistical analysis for mean, standard deviation and one way ANOVA and linear P trends 
were calculated using Graphpad PRISM (Graphpad inc., San Diego, CA). Significance was accepted at P<0.05. Groups not showing the same 
letter are significantly different from each other.  
 
  
Sequential 
samples 

Micronuclei 
per 1000 
cells 

Nuclear 
buds 
Per 1000 
cells 

Basal cells 
per 1000 
cells 

Binucleated 
cells per 
1000 cells 

Condensed 
chromatin 
cells per 
1000 cells 

Karyorrhectic 
cells per 
1000 cells 

Pyknotic 
cells per 
1000 cells 

Karyolytic 
cells per 
1000 cells 

Sample1 
(0 mins) 

0.50±0.57
a
 0.50±0.57

a
 28.75±12.79

a
 9.25±4.78

a
 25.75±15.59

a
 20.3±13.1

a
 0.50±0.57

a
 156.5±118.4

a
 

Sample 2 
(90 mins) 

0.50±0.57
a
 0.25±0.50

a
 51.5±7.9

bf
 12.0±4.16

a
 22.5±11.47

a
 29.0±16.79

a
 0.7±1.5

a
 111.8±49.17

a
 

Sample 3 
(270 mins) 

0.0±0.0
a
 0.25±0.50

a
 59.5±6.75

cf
 9.75±3.78

a
 30.0±5.1

a
 31.0±18.31

a
 0.0±0.0

a
 135.5±49.17

a
 

Sample 4 
(360 mins) 

0.50±0.57
a
 0.25±0.50

a
 65.5±5.19

df
 11.5±5.82

a
 21.25±2.06

a
 29.3±19.21

a
 0.0±0.0

a
 102.0±32.30

a
 

Sample 5 
(450mins) 

0.25±0.5
a
 0.0±0.0

a
 84.75±6.0

e
 9.0±1.83

a
 31.0±13.29

a
 34.3±23.16

a
 0.0±0.0

a
 129.3±25.25

a
 

ANOVA P 
values 

0.6272 0.6363 <0.001 0.7968 0.6749 0.2320 0.5032 0.6696 

P Value for 
Linear 
trend 

0.5744 0.1742 <0.001 0.8841 0.6146 0.0489 0.1672 0.4729 
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4.1 Abstract 
 
Changes in telomere length have been associated with ageing and with certain age 

related degenerative diseases. This study involves using a quantitative RTm-PCR 

method to measure absolute telomere length (in Kb per diploid genome) and show 

the age-related changes in white blood cells and buccal cell telomere length (in kb 

per diploid genome) in normal healthy individuals and Alzheimer’s patients. A 

significantly lower telomere length was observed in white blood cells (P<0.0001) and 

buccal cells (P<0.01) in Alzheimer’s patients relative to healthy age-matched controls 

(31.4% and 32.3% respectively). However, there was a significantly greater telomere 

length in hippocampus cells of Alzheimer’s brains (P=0.01) compared to control 

samples (49.0%). It was also observed that telomere length in buccal cells was 

52.2%-74.2% shorter than in white blood cells (P<0.0001). The odd’s ratio of being 

diagnosed with Alzheimer’s disease was 10.8 (95% CI 1.19-97.85) if white blood cell 

telomere length was less than 115kb per diploid genome with a specificity of 46% 

and sensitivity of 92.9%. The odds ratio for AD diagnosis was 4.6 (95% CI 1.22-

17.16) if buccal cell telomere length was less than 40kb per diploid genome with a 

sensitivity of 72.7% and a specificity of 63.1%. These results suggest important 

differences in telomere maintenance in Alzheimer’s cases compared to healthy 

controls depending on sampled tissue. 
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4.2 Introduction 
 
The ends of eukaryotic chromosomes, which consist of highly conserved 

hexanucleotide repeats (TTAGGG) are known as telomeres. Telomeres play an 

essential role in the maintenance of genomic stability because they act to protect the 

ends of chromosomes from DNA damage and prevent chromosomal end to end 

fusions [111,112,260,261]. Due to the nature of the DNA replication mechanism 

copying of the 3’ DNA strand ends is incomplete. Consequently, somatic cells lose 

between 50-150bp of the telomere repeats every time a cell replicates its DNA and 

divides. Therefore, telomere content may serve as an effective biomarker of a cell’s 

replicative history [262].  

 

Telomere size is maintained by a unique ribonucleoprotein enzyme called telomerase 

(TERT) that mediates the synthesis of telomere repeats in a wide range of tissues 

[263]. TERT activity is increased in germ line, malignant cells and stem cells 

[115,264]. Thereby, it has been postulated that this increased activity is essential in 

establishing a status of “immortality” and uncontrolled cell proliferation which is 

characteristic of cancer [265]. Although normal somatic cells may have a limited 

capacity to restore telomere length, this does not appear to be sufficient to overcome 

telomere shortening caused by the telomere end replication problem or by other 

mechanisms induced by oxidative stress [113,266,267]. 

 

Thus ageing, involves progressive telomere shortening which is caused by the 

inevitable increase in DNA replication with time, and possibly as a result of other 

factors such as breaks and deletions in the telomere sequence, deficiencies in 

telomere repair and reduced TERT activity. Telomere shortening leads to 
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chromosomal end to end fusions resulting in chromosomal instability due to the 

initiation of breakage fusion bridge (BFB) cycles, cellular senescence, apoptosis and 

potential neoplastic changes [261,268]. It has been shown that telomere shortening 

is associated with an elevated risk of degenerative disease states such as cancers of 

the head, neck, lungs, prostate and bladder and increased risk of cardiovascular 

disease [114,115,269,270].  

 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that is 

characterised clinically by cognitive impairment, memory loss, visuo-spatial and 

language impairment and is the most common form of dementia [3,8,10,46]. 

Currently the global prevalence of AD is 24.3 million with 4.6 million new cases being 

diagnosed annually [4,5]. To date no reliable biomarker exists that will identify 

individuals with an increased risk for AD.  

 

AD is an example of a premature ageing syndrome and has been associated with 

elevated frequencies of genomic instability biomarkers. Genomic instability 

biomarkers found to be elevated within AD include micronuclei,  

( biomarkers of whole chromosome loss and breakage ) [96,242], aneuploidy of 

chromosome 21 in lymphocytes and fibroblasts [97-99] and telomere shortening in 

both lymphocytes and fibroblasts [112,271,272]. These results indicate that genomic 

instability may play a key role in the etiology of this disease. 

 

The primary aim of the study was to investigate age-related changes in telomere 

length in white blood cells (WBC) and buccal cells and to determine whether 

excessive shortening of telomere length was a common feature of WBCs, buccal 



Chapter 4: Telomere length 

 108 

cells and brain tissue from clinically diagnosed or histopathologically confirmed AD 

patients, compared to age and gender matched healthy controls. A secondary aim of 

the study was to compare telomere length in WBCs and buccal cells because the 

extent to which telomere length differs in these tissues remains unknown. In this 

study the quantitative RTm-PCR method of Cawthon [273] was adapted to obtain an 

absolute measure of telomere length and report for the first time results with this new 

method. 

 

4.3 . Methods 
 

4.3.1 Recruitment and characteristics of participan ts 
 

Approval for this study was obtained from the Human Experimentation Ethics 

Committee’s of CSIRO Human Nutrition, Adelaide University, and College Grove 

Hospital. Participants in this study consisted of three distinct groups: 30 young 

controls (age 18-26yrs), 26 old controls (age 64-75yrs), and 54 clinically diagnosed 

Alzheimer’s patients (age 58-93yrs). None of the participants recruited to the study 

were receiving anti-folate therapy or cancer treatment. Age, gender and MMSE 

scores of the cohorts are shown in Table 1. Gender ratio differences between the 

groups were not significant (Chi square P>0.05). Young and old controls were 

recruited through the clinic of CSIRO Human Nutrition. Alzheimer’s patients were 

recruited at the College Grove Private Hospital, Walkerville, Adelaide, South 

Australia following their initial diagnosis and prior to commencement of therapy. 

Diagnosis of AD was made by two experienced clinicians according to the criteria 

outlined by the National Institute of Neurological and Communicative Disorders and 

Stroke-Alzheimer’s Disease and related Disorders Association (NINCDS-AD&DA) 
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[12]. These are well recognised standards used in all clinical trials. Mini Mental State 

Examination scores (MMSE) which are a recognised measure of cognitive 

impairment were only available for the Alzheimer’s cohorts’. Participants did not 

receive any remuneration for their participation.  Alzheimer’s patients were separated 

into two distinct groups. The younger AD group was age-matched to the old control 

group, whilst the second older AD group was classified as an older Alzheimer’s 

cohort. MMSE scores between the two AD groups were not significantly different 

(P>0.05). The age of the old control group compared to the younger AD group was 

not significantly different, but the younger AD group had a significantly lower age 

relative to the older AD group (P<0.0001). The young and old controls were “normal” 

functioning healthy individuals, who self volunteered, consented to the study and did 

not report a history of cognitive impairment.  
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Table 1     Age, gender ratio and MMSE scores in study groups  
 

 
  Young             

Controls 

Old Controls*  Younger AD Older AD Alzheimer 
Brain Tissue 
Group 

Control  
Brain Tissue 
Group 

        N=30         N=26       N=23         N=31         N=13       N=9 
     Age    
(Mean±S.D) 

 22.47±2.177     68.7±2.6   70.7±4.1   83.13±4.5   75.75±7.8 74.10±10.95 

Age (Range)      18-26        66-75      58-75        78-93        59-88       60-98 
       
Gender Ratio 
(Male/Female) 

      15/15       11/15        8/15         8/23          5/8         6/3 

       

    MMSE 
(Mean±S.D) 

       NA        NA 22.52±3.013  22.13±3.6.76          NA         NA 

    MMSE 
   (Range) 

      15-27       12-29   

 
 
       * Age and gender matched to younger AD group 

NA= Not available 
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4.3.2 Cell sampling and preparation 
 

Blood was collected from consented young and old controls by trained nursing staff 

at the CSIRO Human Nutrition clinic. Buccal cells were also collected from these 

cohorts. Blood was collected from consented clinically diagnosed Alzheimer’s 

patients prior to medical treatment by trained nursing staff at College Grove Private 

Hospital, Walkerville, Adelaide. Buccal cells were also collected from these cohorts.  

 

A single 8ml EDTA tube was collected by venapuncture from all consented 

individuals, placed on ice and then transported to the laboratory at CSIRO Human 

Nutrition. Prior to buccal cell collection the mouth was rinsed thoroughly with water to 

remove any unwanted debris. Small headed toothbrushes (Supply SA, code 

85300012) were rotated 20 times in a circular motion against the inside of the cheek, 

starting from a central point and gradually increasing in circumference to produce an 

outward spiral effect. Both cheeks were sampled using separate brushes. The heads 

of the brushes were individually placed into separate 30ml yellow top containers 

(Sarstedt code 60.9922.918) containing buccal cell (BC) buffer (0.01M Tris-HCL 

(Sigma T-3253), 0.1M EDTA tetra sodium salt (Sigma E5391), 0.02M sodium 

chloride (Sigma S5886)) at pH 7.0 and agitated to dislodge the cells. Cells from both 

right and left cheeks were transfered into separate TV-10 centrifuge tubes (Sarstedt, 

code 60.9921.829) and spun for 10 mins at 1500rpm (MSE Mistral 2000). 

Supernatant was removed and replaced with 10mls of fresh BC buffer. The BC buffer 

helps to inactivate endogenous DNAases and aids in removing bacteria. 
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Frozen non-fixed hippocampal brain tissue from histopathologically confirmed 

Alzheimer’s patients (positive for the presence of amyloid plaques and neurofibrillary 

tangles) was provided by the Brain Bank of South Australia, Centre of Neuroscience, 

Flinders University. Control hippocampal brain tissue from histopathologically normal 

individuals was provided by both the New South Wales tissue resource centre, 

Department of Pathology, University of Sydney and the Brain Bank of South 

Australia. Tissue provided from the hippocampus was taken from slices. Cores were 

taken using a special drill bit and battery powered drill with the slices being kept on a 

bed of ice during retrieval. The removed cores were placed in a small test tube and 

stored at -70oC until transported. 

 

4.3.3 DNA isolation  
 

The isolation of DNA from whole blood, buccal cells and brain tissue was performed 

under conditions that minimise in vitro oxidation. It has been shown that under 

conditions of commonly used DNA isolation protocols, oxidative adducts can 

spontaneously form thereby affecting the integrity of the acquired DNA [274,275] . A 

modified version of the protocol outlined by Lu was used [276]. DNA was isolated 

using the silica-gel membrane based DNeasy blood and tissue kit (Qiagen Cat no 

69506), following the manufacturers instructions. Prior to isolation all buffers were 

purged for five minutes in nitrogen and supplemented with 50µM phenyl-tert-butyl 

nitrone (Sigma B7263) which acts as a free radical trap and scavenger, the use of 

phenol and high temperatures (>56 oC) were avoided.  
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DNA from WBCs was isolated as follows: 

100µl of whole blood was added to a microtube containing 20µl of proteinase K and 

adjusted to 220µl with phosphate buffered saline (PBS). 200µl of nitrogen purged 

DNeasy (Qiagen) AL buffer was added and incubated at      37 oC for 2hrs. 200µl of 

ethanol was added and vortexed for 10 seconds. The mixture was pipetted into 

another microtube housed in a collection tube and spun for 1 min at 8000rpm 

(Eppendorf, Centrifuge 5415R). The spin column was placed inside another 

collection tube and 500µl nitrogen purged DNeasy (Qiagen) AW1 buffer was added 

and spun for 1 minute at 8000 rpm. The spin column was placed inside another 

collection tube and 500µl nitrogen purged DNeasy (Qiagen) AW2 buffer was added 

and centrifuged for 3 minutes at   14,000 rpm to dry the DNeasy membrane. DNA 

was eluted by placing the spin column in a 2ml collection tube and adding 200µl of 

nitrogen purged DNeasy (Qiagen) AE buffer and spun at 8000rpm for 1 minute. 

 

DNA from buccal cells was isolated using a modified version of the protocol used to 

isolate DNA from WBCs. Buccal cell pellets were resuspended in 0.5ml of BC buffer 

and 100µl was used for the DNA isolation according to the above protocol. Buccal 

cells were incubated with proteinase K over night prior to the final steps of DNA 

elution. 

 

For isolation of DNA from brain tissue we used a modified version of the protocol 

used to isolate DNA from WBCs. 25 mg of brain tissue was cut into small pieces and 

placed into a microcentrifuge containing 180µl of nitrogen purged DNeasy (Qiagen) 

ATL buffer. After the addition of proteinase K the samples were incubated at 37 oC for 

4hr until completely lysed. DNA elution occurred as above.  
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All samples were quantified using a nanodrop ND-1000 spectrophotometer 

(Nanodrop Technologies, Wilmington, U.S.A)  

 

4.3.4 Quantitative real time PCR 
 
The quantitative Real-Time amplification of the telomere sequence was performed as 

described by Cawthon (2002) with the following modifications. A standard curve was 

established by dilution of known quantities of a synthesised 84mer oligonucleotide 

containing 14 TTAGGG repeats. The number of repeats in each standard was 

calculated using standard techniques, as follows: the oligomer is TTAGGG repeated 

14 times, 84bp in length (MW= 26667.2). The highest concentration standard 

(standard 1) contained 1.9 x1010 telomere hexamer repeats units in 60pg which is 

equivalent to 1.18 x108 kb of telomere sequence. Assays on serial dilutions were 

performed to determine a standard curve for measuring kb of telomeric sequence 

(Figure 1). Plasmid DNA (pBR3222) was added to each standard to maintain a 

constant 20ng of total DNA per reaction tube. 
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Figure 1. Standard curve used to calculate absolute telomere length. CT (cycle 

threshold) is the number of PCR cycles which enough SYBR-I green fluorescence is 

detected above background. X-axis represents amount of telomere sequence in kb. 

Correlation coefficient is 0.979. The graph shown here represents the linear range of 

the PCR – DNA amount was optimised so that experimental samples are detected 

within the linear range. The value generated from the experimental samples utilising 

this standard curve is equal to kb of telomere sequence per sample. Standard curve 

was generated using an ABI 7300 Sequence Detection System with the SDS Ver. 1.9 

software (Applied Biosystems, Foster City, CA). 

 

 

All samples were run on an ABI 7300 Sequence Detection System with the SDS Ver. 

1.9 software (Applied Biosystems, Foster City, CA). After the reaction is completed 

the AB system produces a value that is equivalent to telomere sequence length (kb) 
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per 20ng of total genomic DNA which is equivalent to telomere sequence length (kb) 

per 2983 diploid genomes. The telomere sequence length (kb) per diploid genome 

can then be derived from this value by dividing by 2983. A standard curve was 

generated in each assay run. Each sample was analysed in duplicate. 36B4 

amplification for every sample was also performed to verify accurate quantification of 

the amount of template in each well. If the results for duplicate samples differed by 

more than one CT value, the results were discarded and the assay repeated. Each 

20µl reaction was performed as follows: 20ng DNA, 1xSYBR Green master mix, 

100nM telo1 forward (CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGG TTTGGGTT), 

100nM telo2 reverse (GGCTTGCCTTACCCTTACCCTTACCC TTACCCTTACCCT) 

[273,277]. Cycling conditions (for both telomere and 36B4 amplicons) were: 10min at 

95oC, followed by 40 cycles of 95oC for 15sec, 60oC for 1min. DNA from the 1301 

lymphoblastoid cell line was used as a control in each plate run. Using the 1301 data 

we estimated that the inter-experimental variability was ≤ 7 % (n=34) and the intra-

experimental variability ±1.1 % (n=17). The quantitative RT-PCR technique was 

correlated against the established relative RTm-PCR which has been validated 

against the southern blot technique (r=0.73, P<0.0001) (Figure 2). 
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Figure 2 : Graph showing correlation between absolute RT-PCR technique and 

established relative RTm-PCR method. 

 

4.4 Statistical analysis 
 

One way ANOVA analysis was used to determine the significance of differences 

between groups for the measurement of telomere length, whereas pair wise 

comparison of significance was determined using Tukey’s test. Comparisons 

between two groups were performed using student’s t-test. ANOVA analysis and t-

test values, positive predictive values, negative predictive values, sensitivity, 

specificity, likelihood ratios and odds ratio were calculated using Graphpad PRISM 

(Graphpad inc., San Diego, CA). P values <0.05 were considered to be significant. 
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4.5  Results 
 

The results for the differences in telomere length in WBCs, buccal cells and brain 

hippocampus for the cohorts investigated are shown in Table 2 and Figures 3-6.  

 

4.5.1  WBCs (Figure 3) 
 
There was a significant difference in WBC telomere length between the young and 

old controls (P=0.01). The mean value was lower in the old group by 21.0%. 

Telomere length in the young and old controls was greater than that in AD patients 

(P<0.0001). Telomere length of the younger AD cohort were significantly shorter than 

that of their age-matched old controls (P=0.007). The older AD cohort was also 

significantly shorter than the old controls (P=0.001). There were no significant 

differences in telomere length between the younger AD and older AD cohorts 

(P=0.512) (Figure 3). A correlation analysis was performed of age against telomere 

length for all the cohorts for WBC values. An inverse relationship was obtained 

between these two parameters with an r value of -0.5098 and a 2 tailed P<0.0001. 
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Figure 3 . Absolute telomere length in WBC DNA of young controls (N=30), old 

controls (N=26), younger AD (N=14) and older AD cohorts (N=18). Groups not 

sharing a letter are significantly different from each other. Error bars represent SE of 

the mean. 

 

4.5.2 Buccal cells (Figure 4)  
 
There were no significant differences in telomere length in buccal cells between the 

young and the old control cohort (P>0.05). The Younger AD group tended to have a 

lower telomere length when compared to the older control group but this difference 
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did not achieve significance (P>0.05). The Older AD group had a significantly lower 

telomere length compared to the older controls (P=0.01) (Figure 4). Results from 

these studies showed that telomere length in buccal cells were consistently lower by 

52.2% to 74.2% than the corresponding value for WBCs (Figure 5). 

                

Buccal telomere length

You
ng

 co
nt

ro
ls

Old 
co

n
tro

ls

You
ng

er
 A

D

Olde
r A

D

0

10

20

30

40

50

P=0.01

a
a

ab

b

A
bs

ol
ut

e 
te

lo
m

er
e 

le
ng

th
(K

b 
pe

r 
di

pl
oi

d 
ge

no
m

e)

 

Figure 4 . Absolute telomere length in DNA from buccal cells of young controls 

(N=30), old controls (N=26), younger AD (N=23) and older AD cohorts (N=30). 

Groups not sharing a letter are significantly different from each other. Error bars 

represent SE of the mean. 
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Figure 5.  Comparison of absolute telomere length in whole blood and buccal cell 

DNA from the same cohorts. Young controls (N=30), old controls (N=26), younger 

AD (N=23) and older AD cohorts (N=30). Error bars represent SE of the mean. 

 

 



Chapter 4: Telomere length 

 122 

4.5.3 Brain hippocampus 
 
There was a significant increase in telomere length in the hippocampus of 

Alzheimer’s brain tissue compared to control hippocampus tissue (P=0.01) (Figure 

6). 

 

There were no significant gender effects for telomere length within any of the cohorts 

for any of the tissues investigated. 
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Figure 6 . Absolute telomere length in DNA from hippocampal brain tissue of a 

histopathologically confirmed Alzheimer’s cohort (N=13) and a normal control cohort 

(N=9). Error bars represent SE of the mean. 
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Table 2: Mean and standard deviation values for cohort absolute telomere lengths 
 
       Young        

     Controls         
   (Mean±SD) 

 Old controls 
 (Mean±SD) 

   Young AD 
   (Mean±SD) 

     Old AD 
  (Mean±SD) 

    AD Brain 
   (Mean±SD) 

   Control  
    Brain 
(Mean±SD) 

WBC 144.7±58.44a 110.3±28.24 72.04±33.45b 79.36±29.59       NA        NA 
       
Buccal 41.98±32.66 40.57±19.28 34.41±34.05 20.51±18 .04*       NA        NA 
       
Brain         NA         NA         NA        NA 176.9±44.44** 118.7±49.57 
 
  NA: Not available 
   a P<0.05 comparing blood telomere length between young and old controls 
   b P<0.05 comparing blood telomere length between Young AD and older controls 
  * P<0.05 comparing buccal telomere length between older AD and old controls 
  **P=0.01 comparing telomere length between AD brain hippocampus and control hippocampus brain tissue 
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4.5.4 Correlations 
 
Combined data for all cohorts showed no significant correlation between buccal cell 

and WBC telomere length. Correlation for MMSE scores and WBC telomere length 

(r=0.45, -0.02) or buccal telomere length (r=-0.03, 0.04) in the younger AD cohort or 

older AD cohort (respectively) were not significant.  

 

4.5.5 Sensitivity and specificity 
 

Values for telomere length for both WBCs and buccal cells in the younger AD group 

and the age and gender-matched older control group were analysed to determine the 

sensitivity and specificity and thus the usefulness of changes in telomere length as a 

potential biomarker for AD. For WBC telomere length <115 Kb per diploid genome 

the odds ratio of being diagnosed with AD is 10.8 (95% CI 1.19-97.85) with a 

specificity of 46% and sensitivity of 92.9%.  

 

For buccal cell telomere length <40kb per diploid genome the odds ratio of being 

identified with AD is 4.6 (95% CI 1.22-1716) with a specificity of 63% and sensitivity 

of 72.7%. 

  

4.6 . Discussion 
 

The aim of the study was to investigate age-related changes in telomere length in 

WBCs and buccal cells and compare results for these two cell types which are 

commonly used in population and biomonitoring studies. It was also determined 



Chapter 4: Telomere length 

 125 

whether there were alterations in telomere length in WBCs, buccal cells and brain 

tissue within clinically diagnosed or histopathologically confirmed Alzheimer’s 

patients compared to control cohorts. 

 

A significantly lower telomere length was found in WBCs in the younger AD 

(P=0.007) and the older AD (P=0.001) cohorts compared to the old control group 

(Figure 3). There were no significant differences in telomere length between the 

younger AD and older AD cohorts (P=0.512). Whole blood contains diverse 

populations of WBCs some, or all of which, may demonstrate telomere shortening in 

relation to ageing, as well as a result of certain genetic or environmental factors 

[266,278]. It has been shown that telomeres from T and  B lymphocytes, and 

monocytes are shorter in AD patients compared to controls [112]. These results are 

consistent with these previous observations. A significantly lower telomere length 

was observed between the old controls and the young cohort (P=0.01). Taken 

together these results suggest that any observed effects of telomere shortening with 

ageing, may be influenced by effects in sub-groups susceptible to developing AD.  

 

The buccal cell telomere length tended to be shorter in the AD groups compared to 

the old controls (Figure 4). This is the first time that an association between buccal 

cell telomere length and AD has been reported. Unlike WBCs, there was no 

significant age-related telomere shortening trend occurring between the young and 

old control cohorts. When buccal cell telomere length was compared to the 

measurements in WBCs made from the same cohort it is evident that the buccal cell 

telomere length is consistently significantly shorter across all groups. Buccal and 

WBC telomere length were not found to be significantly correlated. This supports 
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observations in other studies that telomere length in one tissue does not predict 

telomere maintenance in other parts of the body [279,280]. 

 

Shorter telomeres in buccal cells may be due to a higher rate of cell division in 

epithelial tissues relative to WBC tissue, given a high turn over rate in buccal 

exfoliate cells of 21 days relative to a half life of 6 months or greater in lymphocytes. 

However, neutrophils which represent the majority of white blood cells, have a life 

span of no more than 10 hrs in the blood [281-284]. Despite the differences in half-

life, telomere length in neutrophils is only 5% shorter than in lymphocytes, suggesting 

that the effect of replicative history of the different cell types on telomere length may 

not be a strong one [285]. An alternative explanation for the shorter telomeres in 

buccal cells could be the heterogeneous population sampled which contains 

karyorrhectic, karyolytic, pyknotic and cells with condensed chromatin that are in the 

process of cellular senescence [225]. This may have affected telomere length 

measurements in buccal cells if telomeres are degraded during cell senescence or 

cell death. It is possible that buccal cell samples may over-represent dying/dead cells 

and under-represent viable cells such as basal and normal differentiated cells. This 

highlights the need for methods resulting in more selective sorting of cells that could 

potentially lead to a more precise and sensitive assay. It is also not currently evident 

whether telomerase activity occurs in any of these buccal cell populations. 

Alternatively, the microenvironment of the buccal mucosa which is highly oxygenated 

may have an effect on telomere content as a result of oxidative stress, which has 

been shown to shorten telomeres [267].  
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Telomere length within the brain hippocampal tissue was found to be significantly 

longer in the Alzheimer’s brain compared to normal control tissue (P=0.01), which is 

opposite to the trends observed in WBCs and buccal cells (Figure 6). It has recently 

been shown that cells within the dendate gyrus of the hippocampus continue to 

divide throughout adult life and may succumb to factors that may influence the 

mechanisms underlying cell proliferation [286,287]. Assuming telomere length 

reflects proliferation history, then one can conclude that the longer hippocampal 

telomeres in the AD group are due to a weaker proliferative capacity relative to 

healthy controls. An alternative explanation for the longer telomeres in the AD brain 

may be due to initial telomere shortening followed by telomere to telomere end 

fusions and amplification of telomere sequences due to breakage /fusion /bridge 

cycles [120,121]. It has also recently been shown that DNA methylation is an 

important repressor of telomeric DNA recombination [288].  

 

Reduced methylation in subtelomeric sequences possibly as a result of folate, B12 

and choline deficiency may result in telomeric elongation either through increased 

telomeric recombination events or as a result of increased telomerase activity [288]. 

Decreases in methylation of subtelomeric regions results in a more “open” chromatin 

structure in telomeres, allowing greater accessibility for telomerase and proteins 

involved in the alternative lengthening of telomeres mechanism (ALT) [289]. It is 

possible that certain somatic tissues susceptible to folate deficiency and in particular 

those of the brain, may be more sensitive to such mechanisms regulating telomere 

length. There is no evidence to confirm or refute these hypotheses. Only further 

experimentation will shed light on hippocampal telomere kinetics. Further studies are 

needed in order to determine brain telomere status and functionality. 
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One of the limitations of the study is that it is not evident which populations of cells 

contribute to the changes in telomere content, and whether there is uniform 

chromosomal shortening, or shortening of only a specific subset of chromosomes. 

Homogeneous cell populations could be made available through fluorescently 

labelled cell surface markers and separated by flow cytometry, thereby reducing the 

influence of non-viable cells and cell type mixtures on overall telomere content. From 

these results it would appear that WBC DNA is potentially a more sensitive measure 

of differences in telomere length between AD cases and controls compared to buccal 

cells. However, individual cell types may need to be identified to further improve 

sensitivity and specificity and more accurately evaluate telomere length as a viable 

biomarker for accelerated ageing syndromes. 
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5.1 Abstract   

 
Alzheimer’s disease is a premature ageing syndrome characterised by cognitive 

impairment arising from neuropathological changes occurring within specific areas of 

the brain. This study found a 1.5 fold increase in trisomy 21 (P<0.001) and a 1.2 fold 

increase in trisomy 17 (P<0.001) in buccal cells of Alzheimer’s patients compared to 

age and gender matched controls. Chromosome 17 and chromosome 21 monosomy 

and trisomy increase significantly with age (P<0.001). Down’s syndrome, which 

exhibits similar neuropathological features to those observed in Alzheimer’s disease 

also showed a strong increase in chromosome 17 monosomy and trisomy compared 

to matched controls (P<0.001). These results suggest that an increased incidence of 

aneusomy for both chromosomes 17 and 21, which may lead to altered gene dosage 

and expression of both the Tau and APP genes, may contribute to the etiology of 

Alzheimer’s disease. However, aneuploidy rate for chromosome 17 and 21 in the 

nuclei of hippocampus cells of brains from Alzheimer’s patients and controls were not 

significantly different. 

 

5.2 Introduction 
 
Alzheimer’s disease (AD) is a complex progressive neurodegenerative disorder of 

the brain, and is the commonest form of dementia [3]. Neurodegenerative changes 

appear firstly within the entorhinal cortex and then progress to the hippocampus 

eventually disrupting learning and short term memory [290,291]. The disease is 

clinically defined by progressive memory loss, visuo-spatial and language impairment 

and various psychiatric and behavioural changes [3,8,10,46]. The two 

histopathological structures present within the brain that positively identify AD 
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conclusively at post mortem are the neurofibrillary tangles and the amyloid based 

neuritic plaques [10,46]. 

 

Neurofibrillary tangles are composed of the microtubule associated protein tau, the 

gene of which is located on chromosome 17q21.1 [18]. Tau is important as it 

associates with tubulin in the formation of microtubules. Microtubules impart shape 

and structure to cells, and also form the basis of a cellular transport network allowing 

the movement of neurotransmitters, micronutrients and organelles that are essential 

for normal cellular function [20]. Microtubules also provide points of attachment for 

chromosomes during cell division, which if disrupted may result in an increased 

incidence of chromosome malsegregation [292]. The neurofibrillary tangles contain 

structures known as paired helical threads comprised of tau which are 

hyperphosphorylated. This hyperphosphorylation leads to a dissociation between 

tubulin and tau resulting in a breakdown of the brain transport system leading to loss 

of biological activity, cell death and potential microtubule dysfunction leading to 

chromosome malsegregation [18,20]. The second histopathological feature in the 

brain of AD patients is the amyloid based neuritic plaques. These  consist of the 42 

amino acid β amyloid peptide 42 (Aβ42), which originates from the aberrant 

proteolysis of the amyloid precursor protein (App), the gene (APP) of which is located 

on chromosome 21q21 [28]. 

 

Down’s syndrome (DS) like AD is a premature ageing syndrome characterised by 

various degrees of chromosome 21 trisomy and an elevated incidence of genome 

instability [241,293]. DS individuals develop dementia and manifest brain changes 

that are histopathologically indistinguishable from AD, usually during the third or 
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fourth decade of life [101,294]. For this reason it has been suggested that both AD 

and DS share underlying mechanisms involving susceptibility to chromosome 

malsegregation events, particularly those involving chromosome 21. Alteration in 

gene dosage and expression for the TAU and APP gene resulting from aneuploidy 

may be an important contributor to the etiology of AD. It has not yet been determined 

whether aneuploidy of chromosome 17 has a higher incidence in AD and DS and 

whether gene dosage and altered gene expression of the TAU gene may play a 

potential contributory role in AD and DS pathology.  

 

There is much evidence from previous studies to show that both AD and DS share an 

increased susceptibility to genomic instability events. Micronuclei are elevated in AD 

lymphocytes and were shown to be centromere positive indicating whole 

chromosome loss [96]. Migliore et al also showed a significant increase in 

micronuclei in the lymphocytes of young Down’s syndrome mothers (MDS) and 

showed they were more prone to non-disjunction events for chromosome 13 and 21 

[295]. A similar predisposition to increased aneuploidy events for chromosome 13 

and 21 has been shown in lymphocytes of AD patients [97,98]. Fibroblast cultures 

from sporadic and familial AD patient’s that carry mutations within the presenilin 1, 

presenilin 2 and the amyloid precursor protein were found to have an approximately 

2 fold increase in the number of trisomy 21 cells compared to cultures from normal 

individuals [99]. These findings suggest that aneuploidy may have a contributing role 

to early changes in disease development. 

  

The aim of this study was to use fluorescent in situ hybridisation (FISH) and 

fluorescently labelled DNA probes, to determine the incidence of aneuploidy of 
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chromosome 17 and 21 in the buccal mucosa and hippocampal brain tissue of 

Alzheimer’s patients compared to age and gender matched controls. It was also our 

intention to investigate any age-related effects on aneuploidy involving these two 

chromosomes between a young and old cohort, and whether aneuploidy for 

chromosome 17 in the buccal mucosa of DS was significantly different from controls. 

Buccal cells were selected for this study because they can be collected non-

invasively and originate from the neuroectoderm from which brain tissue is derived 

[296]. Buccal cells may therefore exhibit genetic defects common to brain tissue 

acquired during the early stages of development. 

 

5.3 Methods 
 

5.3.1 Recruitment and characteristics of participan ts 
 

Approval for this study was obtained from CSIRO Human Nutrition, Adelaide 

University, Ramsay Health Care and Southern Cross University Human 

Experimentation Ethics Committee’s. Participants in this study consisted of four 

distinct groups: 30 younger controls (age 18-26yrs), 31 older controls (age 64-75yrs), 

21 DS individuals (age 5-20yrs) and 54 clinically diagnosed Alzheimer’s patients (age 

58-93yrs). None of the participants recruited to the study were receiving anti-folate 

therapy or cancer treatment. Alzheimer’s patients were recruited at the College 

Grove Private Hospital, Walkerville, Adelaide, South Australia following their initial 

diagnosis and prior to commencement of therapy. Diagnosis of AD was made by 

experienced clinicians according to the criteria outlined by the National Institute of 

Neurological and Communicative Disorders and Stroke-Alzheimer’s Disease and 
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related Disorders Association (NINCDS-AD&DA) [12]. These are recognised 

standards used in all clinical trials. Mini Mental State Examination scores (MMSE) 

which are a recognised measure of cognitive impairment were only available for the 

Alzheimer’s cohorts. Participants did not receive any remuneration for their 

participation.  

 

Alzheimer’s patients were separated into two distinct groups. One group (younger AD 

group) was age matched to the older control, whilst the second group was classified 

as the older AD group. Gender ratio differences between the groups were not 

significant (P>0.05). MMSE scores between the two AD groups were not significantly 

different (P>0.05). The age of the older control group compared to the younger AD 

group was not significantly different but the younger AD group had a significantly 

lower age relative to the older AD group (P<0.0001). The younger and older controls 

were “normal” functioning healthy individuals, who self volunteered and consented to 

the study and did not report a history of cognitive impairment. Demographic 

characteristics of the cohorts are shown in Table 1. Consent from AD and DS 

volunteers’ was provided by either partners or guardians. 
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Table 1     Age, gender ratio and MMSE scores in study groups  
 
 
 Young 

controls 

Down’s 

syndrome 

Old Controls*  Younger AD Older AD Alzheimer’s 
Brain Tissue 
Group 

Control  
Brain Tissue 
Group 

        N=30       N=21         N=26       N=23         N=31         N=13       N=9 

     Age    
(Mean±S.D) 

 22.47±2.177 10.43±5.582     68.7±2.6   70.7±4.1   83.13±4.5   75.75±7.8 74. 10±10.95 

Age (Range)      18-26        5-20        66-75      58-75        78-93        59-88       60-98 

        
Gender Ratio 
(Male/Female) 

      15/15       11/10       11/15        8/15         8/23          5/8         6/3 

        

    MMSE 
(Mean±S.D) 

       NA        NA        NA 22.52±3.013  22.13±3.6.76          NA         NA 

    MMSE 
   (Range) 

       15-27       12-29   

 
 

       * Age and gender matched to younger AD group 
NA= Not available 
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5.3.2 Buccal cell collection and slide preparation 
 

Buccal cells were collected using a modified version of the method used by Beliën et 

al [225]. Prior to buccal cell collection the mouth was rinsed thoroughly with water to 

remove any unwanted debris. Small headed toothbrushes (Supply SA, code 

85300012) were rotated 20 times in a circular motion against the inside of the cheek, 

starting from a central point and gradually increasing in circumference to produce an 

outward spiral effect. Both cheeks were sampled using separate brushes. The heads 

of the brushes were individually placed into separate 30ml yellow top containers 

(Sarstedt ,code 60.9922.918) containing buccal cell (BC) buffer (0.01M Tris-HCL 

(Sigma T-3253), 0.1M EDTA tetra sodium salt (Sigma E5391), 0.02M sodium 

chloride (Sigma S5886)) at pH 7.0 and agitated to dislodge the cells. Cells from both 

right and left cheeks were transfered into separate TV-10 centrifuge tubes (Sarstedt, 

code 60.9921.829) and spun for 10 mins at 1500rpm (MSE Mistral 2000). 

Supernatant was removed and replaced with 10mls of fresh BC buffer. The BC buffer 

helps to inactivate endogenous DNAases and aids in removing bacteria that may 

complicate scoring. Cells were spun and washed twice more, with a final volume of 

5mls of BC buffer being added to the cells. The cell suspension was vortexed and 

then homogenised for 2 mins in a hand homogeniser (Wheaton scientific 0.1-0.15 

mm gauge) to increase the number of single cells in suspension. Left and right cell 

populations were pooled into a 30ml yellow top container and drawn into a syringe 

with a 21G gauge needle and expelled to encourage cellular separation. Cells were 

passed into a TV-10 tube through a 100µm nylon filter (Millipore,code 

MILNYH02500) held in a swinex filter (Millipore, code MILSX0002500) to remove 

large aggregates of unseparated cells that hinder slide preparation and cell analysis. 
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Cells were further spun at 1500rpm for 10 mins and the supernatant removed. Cells 

were resuspended in 1ml of BC buffer and the cell concentration determined by a 

Coulter counter (Beckman Coulter Model ZB1, Settings Attenuation:1, Threshold:8, 

Aperture:1/4, Manometer:0.5). Cell suspensions were prepared containing 80,000 

cells/ml after initial readings from a 1:50 dilution (300µl/15mls isoton). 50 µl/ml of 

dimethyl sulphoxide (Sigma 2650) was added to help clarify cellular boundaries by 

further separating the cells. 120 µl of cell suspension was added to cytospin cups 

and spun at 600 rpm for 5 mins in a cytospin (Shandon cytospin 3). Slides containing 

two spots of cells were air dried for 10 mins and then fixed in ethanol:acetic acid (3:1) 

for 10 mins. Slides for FISH were air dried for 10 mins prior to being stored at -70°C 

in a sealed dessicated slide box.  

 

5.3.3 Brain tissue collection and slide preparation   
 

Frozen non-fixed hippocampal brain tissue from histopathologically confirmed 

Alzheimer’s patients (positive for the presence of amyloid plaques and neurofibrillary 

tangles) was provided by the Brain Bank of South Australia, Centre of Neuroscience, 

Flinders University. Control hippocampal tissue from histopathological normal 

individuals was provided by both the New South Wales tissue resource centre, 

Department of Pathology, University of Sydney and the Brain Bank of South 

Australia. Tissue provided from the hippocampus was taken from slices. Cores were 

taken using a special drill bit and battery powered drill with the slices being kept on a 

bed of ice during retrieval. The removed cores were placed in a small test tube and 

stored at -70oC until transported. 
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200mg of brain tissue was weighed (Sartorius Scales type 1475) inside a biological 

safety cabinet (Gelman Sciences, BH series) and placed on a slide inside a petri dish 

and moistened with a few drops of phosphate buffered saline (PBS),(120 mM sodium 

chloride, 2.7 mM pottasium chloride, 10 mM potassium phosphate monobasic,10 mM 

sodium phosphate dibasic, pH 7.4) . Tissue was minced and chopped thoroughly 

using a scalpel blade (Blade No 11,Swann-Morton Ltd, Sheffield, England) and 

transferred to TV-10 tube. 2ml PBS washings were taken of the slide within the 

inclined petri dish and transfered to the TV-10 tube. Three washings per slide were 

made. A glass pipette was used to draw up and release the cell suspension to 

encourage the separation of single cells. Care was taken to avoid the production of 

aerosols whilst pipetting. The tube was balanced and centrifuged at 2500 rpm for 10 

mins. The supernatant was removed and replaced with 6mls of PBS. The cell pellet 

was drawn up and released several times using a glass pipette to further encourage 

the production of single cells. Cells were drawn up into a 10ml syringe and filtered 

into a TV-10 tube through a 100µm nylon filter (Millipore, code MILNYH02500) held 

in a swinex filter (Millipore, code MILSX0002500) to remove large aggregates of 

unseparated cells that hinder slide preparation and cell analysis. 1ml of Carnoys fix, 

ethanol: glacial acetic acid (3:1) was added and the suspension mixed. Tubes were 

spun for 2500rpm for 10 mins. Supernatant was aspirated and fresh fix added to a 

volume of 6mls and centrifuged at 2500rpm for 10 mins. Fixation was repeated and 

cells resuspended in 4mls of fix to produce a cloudy suspension. Cells were dropped 

onto clean slides, air dried for 10 mins and placed in a slide box at -20°C with 

desiccant ready for FISH analysis. 
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5.3.4 Preparation of chromosome 17 DNA probe 
 
Centromeric chromosome 17 specific DNA probe was generated by PCR labelling 

with centromere specific primers for the chromosome (α17A1:  5' AAT TCG TTG 

GAA ACG GGA TAA TTT CAG CTG 3'; α17B2:  5' CTT CTG AGG ATG CTT CTG 

TCT AGA TGG C 3' (Geneworks, Thebarton, Adelaide) [297,298] . The length of the 

amplification product is 227bp (26). Briefly, PCR was carried out with 0.2 µM of each 

primer, 60 µM Digoxingenin-11-dUTP (Roche No: 1093088), 140 µM dTTP, 200 µM 

dATP, dCTP and dGTP (Roche No: 1969064). The PCR was started with pre-

denaturation at 94°C for 2 min, followed by 25 cycles of 92°C for 1 min, 61°C for 2 

min, 72°C for 2min, and terminal extension at 72°C for 10min. Chromosome 17 

centromeric probe was validated by hybridising to human metaphases to determine 

exact position and ensure no cross hybridising had occurred. 

 

5.3.5 Human metaphase preparation  
 
5mls of whole blood was collected in a lithium heparin tube. 500µl of whole blood 

was added to 10ml of RPMI-1640 media (Trace lot DO8183-100) containing 20% 

fetal calf serum (Trace LotAO6168-100),100IU/ml penicillin/streptomycin (Trace Lot 

DO5335-100), 0.7mmol L-glutamine (Sigma G7513) and 90µg/ml 

Phytohaemagglutinin (Ref No:HA15, Remel Europe Ltd, U.K). Duplicate cultures 

were incubated at 37oC for 48hrs.100µl of Thymidine (30mg/ml in distilled water 

Sigma T-9250) was added to each 10ml culture and incubated for 18hrs at 37oC. 100 

µl of 2-deoxycytidine (Sigma cat no: D-3897) was added to each culture at a final 

concentration of 2.4µg/ml and further incubated at 37oC.for 5 hours. 100µl of 

colchicine (Sigma, C-9754) was added at a final concentration of 0.1µg/ml and 
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incubated for 20 minutes after being transferred to conical based centrifuge tubes 

(Sarstedt, cat No: 60.9921.829). All tubes were spun at 1500rpm for 10 minutes, after 

which the supernatant was removed and replaced drop wise with 1ml of 0.022M 

potassium chloride (Sigma P-8041) which acts as a hypotonic. A further 7mls of 

hypotonic was added and incubated at 37oC for 20 mins. 1ml of ice cold 3:1 (ethanol: 

acetic acid) fixative was added drop wise to the cultures and left for 5mins. Tubes 

were inverted to allow even distribution of the fix and then spun down at 1500rpm for 

10 mins. The supernatant was removed leaving ~ 1 ml of cell pellet and a further 

7mls of fix was added. The tubes were inverted and subsequently spun down; fixing 

was performed a total of three times producing a white cell pellet.  

 

Slides were cleaned in ethanol prior to being placed in a freezer to chill down before 

metaphase preparation. Cold cell suspension was dropped onto the slides from a 

height of ~ 12 inches and Newtons rings allowed to expand and dry on the bench. 

Slides were checked under phase contrast to determine chromosome length, mitotic 

index and degree to which metaphases had spread out. Slides were then used to 

validate the specificity of prepared chromosome 17 labelled DNA probes (Figure 1). 

Chromosome 17 was identified by chromosomal length and centromeric position in 

relation to other group E chromosomes. Group E chromosomes are the short, 

submetacentric human chromosomes, comprising of chromosome pairs 16, 17, and 

18. 
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Chromosome 17Chromosome 17

         

Figure 1 : Metaphase showing hybridised DNA labelled probe specific to 

chromosome 17 centromere. 

 

5.3.6 Hybridisation and detection for chromosome 17  
 

Prior to hybridization and detection the buccal slides were pre-treated with pepsin 

(Sigma P-7012) (300µg/ml in 0.01N HCL (BDH Lab supplies)) for 10 mins whilst 

lymphoblastoid control slides were treated with (5µg/ml pepsin in 0.01N HCL) at 37 

°C for 10 min and then washed twice in phosphate-buffered saline (PBS, pH 7.0) for 

5 min at room temperature. Afterwards, the slides were dehydrated in a cold ethanol 

series (70%, 70%, 80%, 90%, and 100%) for 2 mins each and air dried. 

Hybridizations were performed according to a modified technique of Pinkel et al 

[299,300]. Slides were denatured at 79°C for 5 min in pre-warmed 70% formamide 

(Sigma Aldrich No:295876)/2XStandard Saline Citrate (SSC), (0.15M sodium 

chloride, 0.015M sodium citrate) and then dehydrated through an ethanol series 

(70%, 70%, 80%, 90%, 100%,for 2 min each) at 4°C. 2 µl of the digoxigenin -11-
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dUTP labelled PCR product, 1 µl of 2mg/ml herring sperm DNA (Sigma D7290) were 

mixed with 6 µl hybridization buffer (55% formamide, 10% dextran (Sigma D 6001) in 

1x SSC),  1 µl of water and denatured at 79°C for 5 min. The probe mixture was then 

added to the slides (5 µl/cytospin spot), a coverslip was applied and sealed with 

rubber cement. Hybridization was carried out overnight (18-20hrs) in a humidified 

chamber at 37°C. Cover slips wee removed with forceps and post-hybridization 

washing at 45°C occurred in coplin jars as follows, twice in 2 X SSC for 5 min, twice 

in 50% formamide (2x SSC, pH 7.0) for 5 min and twice in 0.1XSSC for 5min 

followed by a 30 minute incubation in block buffer (3% Bovine serum albumin (BSA) 

(Sigma No: B 4287)/ 4 X SSC) at 37°C. The signal was detected using anti-

digoxigenin rhodamine (1:300) (Roche Diagnostics No:1207750) at 37°C for 30 min 

followed by 3 washes in 4xSSC/ 0.03% Tween 20 (Sigma P1379) at 45°C for 5 min 

each. The nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI, 

Sigma No: D9542) (0.1µg/ml in 4XSSC with 0.06% Tween 20) for 5 min at room 

temperature and cover-slipped in anti-fade solution [0.2333g of 1, 4-diazabicyclo-

(2.2.2)-octane (DABCO, Sigma D 2522) in 800µl purified water, 200µl 1M Tris-HCL 

(Sigma T 3252), 9ml glycerol (Sigma G 5516)]. The coverslips were sealed with nail 

varnish and kept at –20°C in dark. 

 

5.3.7 Hybridisation and detection for chromosome 21  
 

Chromosome 21 aneuploidy was investigated using a directly labelled commercially 

bought fluorescent probe (Vysis-LSI 21 probe labelled with spectrum orange, No: 32-

190002). LSI 21 is approximately 200 kb and contains unique DNA sequences 

complementary to the loci D21S259, D21S341, and D21S342 (21q22.13-q22.2). It 
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was intended to probe the slides simultaneously, but due to delays in acquiring a 

suitably labelled chromosome 21 probe and specific filter blocks, slides were probed 

independently for both chromosomes.  

 

Hybridisation and detection of the probe was performed according to the 

manufacturer’s instructions following a pre-treatment. Prior to in situ hybridization the 

buccal slides were pre-treated with pepsin (Sigma) (300µg/ml in 0.01N HCL) for 10 

mins whilst lymphoblastoid control slides were treated with (5µg/ml pepsin in 0.01N 

HCL) at 37 °C for 10 min and then washed twice in phosphate-buffered saline (PBS, 

pH7.0) for 5 min at room temperature. Afterwards, the slides were dehydrated in a 

cold ethanol series (70%, 70%, 80%, 90%, and 100%, for 2 min each) and air dried. 

Slides were denatured at 79°C for 5 min in pre-warmed 70% formamide/2XSSC and 

then dehydrated through an ethanol series (70%, 70%, 80%, 90%, 100%, 2 min 

each) at 4°C and then placed in a 37°C oven to reach hybridization temperature. 10µl 

of probe mixture per slide (1µl LSi 21 probe, 2 µl distilled water, 6µl LSi/WCP 

hybridisation buffer) was prepared and denatured in a 79°C water bath for 5mins. 5 µl 

of the probe mixture was added to each buccal cytospin spot, cover slipped and 

sealed with rubber cement before incubating at 37°C over night (~16hr) in a 

humidified box. 

 

Coverslips were removed with forceps before slides were washed in three coplin jars 

of 50% formamide/2xSSC at 45°C for 10 mins. Slides were further washed in coplin 

jars of 2xSSC and 2XSSC/0.1% Nonidet P40 (Roche No: 1754599) at 45°C for 

10mins. The nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI) 

(0.05µg/ml in 4XSSC with 0.06% Tween 20) for 1min 20 secs at room temperature 
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and cover-slipped in anti-fade solution the coverslips were sealed with nail varnish 

and kept at –20°C in dark. 

 

5.3.8 Scoring Method 
 

A minimum of 1000 buccal cells or hippocampal brain tissue cells were scored for 

the presence of one, two or three signals (Figures 2 and 3). Only nuclei with at least 

one FISH signal were scored. In the cases of nuclei with more than one signal only 

those nuclei in which the signals were of similar size and intensities, and were 

separated by a distance of more than half the diameter of one FISH signal were 

scored [301]. A Nikon E600 fluorescence microscope was used with a triple band 

filter (for DAPI, FITC and Rhodamine) allowing simultaneous visualization of the 

signals from both the fluorochrome and the nuclear counterstain. 

 

5.4 Statistical Analyses 
 

One way ANOVA analysis was used to determine the significance of difference 

between groups for aneuploidy incidence, whereas pair wise comparison of 

significance was determined using Tukey’s test. Gender ratios were tested using the 

Chi square test. ANOVA analysis values and cross correlation analysis was 

calculated using Graphpad PRISM (Graphpad inc., San Diego, CA). Significance was 

accepted at P<0.05. 
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a) b) c)

d) e) f)

 

Figure 2 : FISH results showing non disjunction events in buccal cells. a) Chromosome 17 monosomy, b) Chromosome 17 disomy, 

 c) Chromosome 17 trisomy, d) Chromosome 21 monosomy, e) Chromosome 21 disomy, f) Chromosome 21 trisomy 
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a) b) c)

d) e)
f)

 

Figure 3 : FISH results showing non disjunction events in hippocampal brain tissue. a) Chromosome 17 monosomy, b) 

Chromosome 17 disomy, C) chromosome 17 trisomy, d) Chromosome 21 monosomy, e) Chromosome 21 disomy, f) Chromosome 

21 trisomy.
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5.5 Results 
 

The results for the incidence of aneuploidy (monosomy and trisomy) for chromosome 

17 and 21 in buccal cells for all groups are shown in Figures 4 and 5. The results 

showing the incidence of aneuploidy (monosomy and trisomy) for chromosomes 17 

and 21 in hippocampal brain tissue from Alzheimer’s and control groups are shown in 

Figures 6 and 7. Percentages of aneuploid cells scored in both buccal cells and brain 

tissue are outlined in Table 2. 

 

5.5.1 Normal ageing-Aneuploidy in buccal cells 
 
Monosomy of chromosome 17 and 21 is increased by 222.2 % (P<0.001), and    

91.4% (P<0.001) and trisomy of chromosome 17 and 21 is increased by 89.0% 

(P<0.001) and 97.4% (P<0.001) respectively in the old controls relative to the young 

controls. The total aneuploidy rate was 13.8% for chromosome 17 and 9.6% for 

chromosome 21 in old controls compared to 5.0% and 5.0% respectively in young 

controls.  

 

5.5.2 Down’s syndrome-Aneuploidy in buccal cells   
 
Monosomy and trisomy of chromosome 17 is increased by 292.7 % (P<0.001) and 

79.7% (P<0.001) respectively in DS relative to young controls and were at a level 

similar to that observed in old controls. Total aneuploidy rate for chromosome 17 in 

DS was 16.0% compared to 5.0% in young controls and 13.8% in old controls. 

Results for chromosome 21 aneuploidy could not be meaningfully compared given 

that DS is caused by trisomy of chromosome 21. The total aneuploidy rate for 
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chromosome 21 was 92.1% in DS compared to 5.0% in young controls and 9.6% in 

old controls. Most DS individuals are cytogenetically determined as having full 

trisomy 21. Incomplete hybridisation of the LSI 21 probe to buccal cells may be 

responsible for a lower rate of trisomy 21 with cells appearing disomic and therefore 

being scored as false negatives. However, It has been shown that DS individuals 

tend to exhibit increased disomy 21 with ageing, resulting in various frequencies of 

mosaicism for aneuploidy of chromosome 21, which may reflect our findings 

[272,302]. 

 

5.5.3 Alzheimer’s disease-Aneuploidy in buccal cell s 
 
Both chromosome 17 monosomy and trisomy were increased in the younger AD 

group by 19.4% (P<0.05) and 16.1% (P<0.001) respectively relative to the old control 

group, but there were no differences between the younger and older AD groups. The 

total chromosome 17 aneuploidy rate in younger and older AD groups was 15.7% 

and 16.4% compared to 13.8% in the old control group. Chromosome 21 trisomy was 

increased by 183.3% (P<0.001) in the AD groups relative to the old controls, but 

there was no difference in chromosome 21 monosomy. MMSE scores were not 

significantly correlated with chromosome 17 or chromosome 21 aneuploidy. 

 

5.5.4 Alzheimer’s disease- Aneuploidy in Brain hipp ocampus 
 
Chromosome 17 or chromosome 21 aneuploidy did not differ significantly in 

hippocampus tissue of Alzheimer’s cases and controls. Chromosome 17 and 21 

aneuploidy rate in hippocampus was 18-18.2% and 11.8-12.8% compared to 13.8-
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16.4% and 9.6-11.6% in buccal cells of old controls and AD patients respectively, 

suggesting a slightly higher aneuploidy rate in brain tissue relative to buccal mucosa. 
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Figure 4 : Frequency of a) Chromosome 17 monosomy and b) Chromosome 21 

monosomy following FISH in 1000 buccal cells of young controls (N=30), Down’s 

syndrome (N=21), old controls (N=26), younger AD (N=23) and older AD (N=31). 

Groups sharing the same letters are not significant. Error bars indicate SE of the 

mean.  
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Figure 5:  Frequency of a) Chromosome 17 trisomy and b) Chromosome 21 trisomy 

following FISH in 1000 buccal cells of young controls (N=30), Down’s syndrome 

(N=21), old controls (N=26), younger AD (N=23) and older AD (N=31). Groups 

sharing the same letters are not significant. Error bars indicate SE of the mean.  
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Figure 6 : Frequency of a) Chromosome 17 monosomy and b) Chromosome 21 

monosomy from 1000 hippocampal brain tissue cells of Alzheimer’s patients (N=13) 

and control hippocampal brain tissue (N=9). Groups sharing the same letters are not 

significant. Error bars indicate SE of the mean.  
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Figure 7 : Frequency of a) Chromosome 17 trisomy and b) Chromosome 21 trisomy 

from 1000 hippocampal brain tissue cells of Alzheimer’s patients (N=13) and control 

hippocampal brain tissue (N=9). Groups sharing the same letters are not significant. 

Error bars indicate SE of the mean (N=9).  
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Table 2:  Percentages of monosomy and trisomic cells for chromosome 17 and 21 in buccal cells of young controls (N=30), Down’s 
syndrome (N=21), old controls (N=26), younger AD (N=23) and older AD (N=31) and hippocampal brain tissue cells of Alzheimer’s 
patients (N=13) and control hippocampal brain tissue (N=9).   
 
 
 Young 

controls 

Down’s 

syndrome 

Old Controls  Younger AD Older AD Alzheimer’s 
Brain Tissue 

Control  
Brain Tissue 

Chromosome 
17 

       

Monosomy         3.1         12.4         10.1         12.1         11.3       14.6        14.3 
Trisomy         1.9           3.6           3.7           4.3           4.4         3.6          3.7 
Total 
aneuploidy 

        5.0         16.0         13.8         16.4         15.7       18.2        18.0 

        
Chromosome 
21 

       

Monosomy         3.1           2.9          5.9          5.5          5.8         8.9         7.9 
Trisomy         1.9         89.2          3.7          5.4          5.8         3.9         3.9 
Total 
Aneuploidy 

        5.0         92.1          9.6        10.9        11.6       12.8       11.8 
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5.6 Discussion 
 

The aim of the study was to test the hypotheses that aneuploidy of chromosomes 17 

and 21 in buccal cells a) is a risk factor for neurodegenerative diseases such as AD 

and DS and b) increases with ageing.  

 

A significant 1.2 fold increase in aneuploidy for chromosome 17 and a 1.5 fold 

increase in aneuploidy 21 was found within the buccal mucosa of AD patients 

compared to age and gender matched controls. A 1.8 fold increase in the incidence 

of chromosome 17 in DS buccal cells was found compared to the young control 

group (P<0.001). The DS values were not significantly different from the old control, 

even though the old control group is 50 yrs senior to the DS group. DS aneuploidy 

rates are beyond those expected for normal ageing confirming its status as a 

premature ageing syndrome. Although a significant increase in aneuploidy rate for 

chromosome 17 (P<0.001) and chromosome 21 (P<0.001) occurred in buccal cells 

with normal ageing, the data showed that the incidence of chromosome 

malsegregation in both the AD and DS groups was significantly increased and 

beyond the levels expected for healthy subjects in corresponding age groups. Given 

the strong association of trisomy 21 with premature ageing in DS, it is plausible that 

elevated trisomy 21 observed in AD may contribute to accelerated ageing in this 

condition. 

  

Increased aneuploidy for chromosome 17 and 21, which could lead to altered gene 

dosage and expression for tau and App, may be an important contributing factor 

leading to the early stages of the development of AD, if critical regions of the brain 
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are enriched in aneuploid cells during early development due to mosaicism. The APP 

gene present on chromosome 21 may be over expressed in the small population of 

cells that are trisomic and could result in aberrant proteolysis and the accumulation of 

the 42 beta amyloid peptide (Aβ42) which is the core component of the senile 

plaques found in the brains of both DS and AD patients [52,56,102,246]. This 

amyloidogenic pathway has traditionally held the view that the neurotoxic effects of 

these peptides contribute to the etiology of the disease. Recently this view has been 

challenged suggesting that APP itself may play an important neuronal role leading to 

cognitive impairment [252,303,304]. The precise role of these peptides and proteins 

and their interaction and potential relationship to the development of AD will need to 

be conclusively determined through future studies. App processing is also altered in 

terms of the ratio of (Aβ42) compared to the normal 40 amino acid β amyloid peptide 

(Aβ40), resulting in an increase of the more neurotoxic and amyloidogenic Aβ42. 

Similarly, an individual who is mosaic for trisomy 17 cells could potentially over-

express the microtubule associated protein tau which may lead to an increased 

aggregation of the protein; this could in turn result in increased paired helical 

filaments known to make up the neurofibrillary tangles. Abnormal accumulation or 

deficiency of tau could lead to a breakdown of the microtubule system, causing 

chromosomal malsegregation as a result of microtubule disruption. Similarly a 

breakdown in the neuronal transport system due to microtubule dysfunction may 

result in an apparent micronutrient deficiency affecting certain susceptible areas of 

the brain known to be affected in AD.  

 

It is plausible that trisomy 21 mosaicism in brain tissue, particularly within the 

hippocampus, may have originated from chromosome malsegregation events early in 



Chapter 5: Aneuploidy 

 156 

fetal development and may be a possible explanation for some sporadic forms of AD 

[99,100]. Low level In utero mosaicism may be the result of non-disjunction caused 

by folate deficiency, which has been shown to increase the rate of chromosome 17 

and 21 aneuploidy in lymphocytes [103]. Recent studies have shown an increased 

predisposition to chromosome malsegregation in the young mothers of Down’s 

syndrome individuals (MDS) [305]. Schumpf et al showed a five fold increase in the 

risk of AD within this cohort of young mothers and suggested that these individuals 

are biologically prematurely aged increasing their susceptibility to aneuploidy events 

[305]. Chromosome 21 aneuploidy could predispose these individuals to DS 

pregnancies and potentially contribute to an increased risk for developing AD later in 

life [305].  

 

The risk of aneuploidy due to chromosome malsegregation is likely to be increased in 

cerebral tissues undergoing post-maturation neurogenesis, such as the dentate 

gyrus of the hippocampus involved in short term memory and learning and the glial 

cells [306]. Both populations of cells have been shown to continue cell division in the 

adult brain and so could be potential candidates to accumulate aneuploid cells 

throughout an individual’s lifetime [287]. The data shows that mosaicism for 

chromosome 17 and 21 occurred within the hippocampus of histopathologically 

confirmed Alzheimer’s patients. However, the aneuploidy rate for these two 

chromosomes was not significantly different from control hippocampal tissue. This 

result suggests that elevated chromosome 17 and 21 aneuploidy is unlikely to be a 

causative factor of AD on its own, unless higher rates of aneuploidy of these 

chromosomes were present much earlier in the life of AD cases and rates of mitosis 

in neural tissue was reduced relative to controls. An alternative possibility is that 
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abnormal expression of tau and App occurs to a greater extent in chromosome 17 

and 21 aneuploid cells in AD relative to controls. Studies investigating the 

relationship between tau and App expression and chromosome 17 and 21 

aneuploidy are needed to address this question. 

 

Polymorphisms of Presenilins and APOE genes that are known risk factors for both 

AD and DS are likely to play a pivotal role in chromosome malsegregation. Mutated 

Presenilin genes that contribute to early onset familial AD, have been shown to 

produce proteins localised within the nuclear membrane, centrosomes and 

kinetochores indicating a role in chromosome segregation and organisation [106]. An 

association has also been shown between polymorphisms within intron 8 of the 

Presenilin 1 gene and errors within maternal meiosis II that led to trisomy 21 [307]. 

This same polymorphism has also been identified as conferring an increased risk for 

late onset AD [78,99,308]. It has been shown that certain alleles of APOE influence 

the age of onset of dementia in both AD and DS. The APOE4 allele has been shown 

to influence the development of sporadic AD and DS. DS individuals with two copies 

of this allele develop more severe forms of AD neuropathology compared to DS 

individuals lacking the e4 allele [98,309,310]. The APOE4 allele has also been shown 

to be significantly more common among young mothers of Down’s syndrome 

children, suggesting that this allele may predispose these individuals to chromosome 

21 non-disjunction and a potential influential role for this allele on chromosome 

malsegregation [311]. 

 

Micronutrient deficiency may also have an influence upon chromosome 

malsegregation in both AD and DS. It has been shown that AD patients tend to be 
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deficient in vitamins such as folate and B12 [138,154]. Folate and B12 play an 

important role in DNA metabolism and the maintenance of methylation patterns that 

could modify gene expression [140,141]. There is evidence to show that abnormal 

folate metabolism, possibly as a result of polymorphisms within genes of the 

folate/methionine pathway, may result in a state of DNA hypomethylation in the 

centromeric regions of chromosomes leading to abnormal chromosome segregation 

[159,312,313]. In addition folate deficiency has been show to increase aneuploidy of 

chromosome 17 and 21 [103]. 

 

In conclusion the results of this study show that a) aneuploidy of chromosomes 17 

and 21 increases with ageing in buccal cells, b) AD patients exhibit an abnormally 

high rate of chromosome 17 and 21 aneuploidy in buccal cells compared to controls; 

c) DS is associated with increased aneuploidy of chromosome 17 in buccal cells and 

d) despite these differences in buccal cell’s, aneuploidy of chromosome 17 and 21 in 

hippocampus tissue did not differ between AD cases and controls. These results 

suggest that aneuploidy of chromosome 17 and 21 may be caused by genetic factors 

that predispose to AD but are unlikely to be a primary cause of brain pathology in AD. 
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6.1 Abstract 
 
The primary aim of this study was to confirm earlier observations that AD individuals 

have altered plasma folate, B12 and Hcy levels compared to age matched controls 

who have not been clinically diagnosed with AD. Secondly, genotyping studies were 

undertaken to determine whether polymorphisms within the genes of the folate 

methionine pathway contributed to AD pathogenesis. Lastly, any correlation between 

folate, B12 and Hcy status with previously determined buccal micronucleus cytome 

assay biomarkers for DNA damage, cell proliferation and cell death markers was 

investigated.  

6.2  Introduction 
 
Folate (vitamin B9) is an essential B vitamin that is crucial to the prevention of 

genomic instability and hypomethylation of DNA [314,315]. Folate is required for the 

synthesis of deoxythymidine monophosphate (dTMP) from deoxyuridine 

monophosphate (dUMP) which is essential for DNA synthesis and repair (Figure 1). 

Under conditions of folate deficiency dUMP accumulates resulting in excessive uracil 

corporation into DNA leading to single and double strand DNA breaks, chromosome 

breakage and ultimately micronucleus formation [142,316,317]. Folate and vitamin 

B12 are required in the synthesis of methionine through the remethylation of 

homocysteine (Hcy) and in the synthesis of S-adenosylmethionine (SAM). SAM plays 

an important role as a methyl donor required for the maintenance of genomic 

methylation patterns that determine gene expression, DNA conformation and is 

required for the synthesis of myelin, neurotransmitters and membrane phospholipids 

[143,318]. Folate deficiency reduces SAM levels resulting in lower DNA cytosine 

methylation and elevated levels of Hcy. Additionally, folate deficiency may lead to 
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demethylation of centromeric DNA repeat sequences and centromere dysfunction 

leading to abnormal chromosome distribution during nuclear division, resulting in 

elevated rates of aneuploidy and altered gene dosage. Folate deficiency has been 

shown to increase trisomy for chromosome 17 and 21 leading to the possible over 

expression of Alzheimer’s disease (AD) related genes, Tau, MPO and APP 

[103,319]. 

 

AD is a chronic progressive neurological disorder accounting for more than 50% of all 

clinically diagnosed dementia cases. Studies have shown that AD is associated with 

lower levels of folate and B12 and elevated levels of plasma Hcy compared to age-

matched non-Alzheimer’s controls [138,139,154]. Hyperhomocysteinemia has been 

shown to be a strong independent risk factor for AD [146,320]. Hcy not only promotes 

excitotoxicity giving rise to neuronal DNA damage and apoptosis, but enhances β 

amyloid production through its interaction with presenilins resulting in the induction of 

stress proteins such as Herp [149,321,322]. These findings suggest that Hcy-induced 

neuronal damage occurring in areas of the brain, such as the hippocampus which is 

involved in short term memory and learning, may result in the cognitive impairment 

that is characteristic of AD patients. However, the actual concentration of 

homocysteine within the hippocampus of AD patients has yet to be determined. 

 

It is possible that polymorphisms within the folate metabolic pathway may alter the 

efficiency of folate metabolism as a result of reduced enzyme activity leading to the 

elevated Hcy levels observed in AD patients. Methylenetetrahydrofolate reductase 

(MTHFR) converts 5, 10 methylene tetrahydrofolate to 5, methyltetrahydrofolate 

which provides a methyl group used in the conversion of Hcy to methionine. A 
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common C to T polymorphism at position 677 of MTHFR, results in reduced enzyme 

activity of the heterozygote CT by 35% and by 70% in the TT homozygote compared 

to the CC genotype, possibly leading to elevated Hcy levels [159]. A second 

polymorphism in the MTHFR gene involves an A to C transition at position 1298 and 

is thought to play a regulatory role in the activity of the MTHFR enzyme, which when 

altered may lead to abnormal folate metabolism [161]. Methionine synthase (MTR) 

catalyses the transfer of a methyl group from 5 methyltetrafolate to Hcy utilising 

vitamin B12 as a cofactor to produce methionine. Deficiency in vitamin B12 or 

reduced MTR enzyme activity as a result of common polymorphisms such as the A to 

G transition at the 2756 position in MTR may result in elevated levels of Hcy [164]. 

Methionine synthase reductase (MTRR) is responsible for maintaining adequate 

levels of reduced methyl cob(I)alamin the activated cofactor for methionine synthase. 

A common polymorphism involving an A to G transition at position 66 has been 

shown to have an association with circulating Hcy concentrations in the blood, with 

AA homozygotes having elevated Hcy levels compared to AG heterozygotes and GG 

homozygotes [323].  

 

The primary aim of this study was to confirm earlier observations that AD individuals 

have altered plasma folate, B12 and Hcy levels compared to age matched controls. 

Genotyping studies were undertaken to determine whether polymorphisms within the 

genes of the folate methionine pathway are associated with AD pathogenesis. Lastly, 

correlations between folate, B12 and Hcy status with previously determined buccal 

micronucleus assay cytome biomarkers for DNA damage, cell proliferation and cell 

death markers were investigated, to determine the possibility that the buccal cytome 

may be influenced by B vitamin status  
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Figure 1 . A simplified scheme of one carbon metabolism showing the effects of key 

enzymes and co factors on DNA methylation, synthesis and repair. DHF, 

Dihydrofolate; THF, Tetrahydrofolate; MTHFR, Methylenetetrahydrofolate; MTR, 

Methionine Synthase; MTRR, Methionine Synthase Reductase; B12, 

Cyanocobalamin (in various oxidative forms). SAM, S-Adenosylmethionine; dUMP, 

deoxyuridine monophosphate; dTMP, deoxythymidine monophosphate. 

 

6.3  Methods 
 

6.3.1 Recruitment and characteristics of participan ts 
 
Approval for this study was obtained from CSIRO Human Nutrition, Adelaide 

University, and Ramsey Health Care Human Experimentation Ethics Committees. 

Participants in this study consisted of three distinct groups: 30 young controls (age 

18-26yrs), 26 old controls (age 64-75yrs), and 54 clinically diagnosed Alzheimer’s 

patients (age 58-93yrs). None of the participants recruited to the study were receiving 
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anti-folate therapy or cancer treatment. Age, gender and MMSE scores of the cohorts 

are shown in Table 1. Gender ratio differences between the groups were not 

significant (chi square P>0.05). Young and old controls were recruited through the 

clinic of CSIRO Human Nutrition. Alzheimer’s patients were recruited at the College 

Grove Private Hospital, Walkerville, Adelaide, South Australia following their initial 

diagnosis and prior to commencement of therapy. Diagnosis of AD was made by two 

experienced clinicians according to the criteria outlined by the National Institute of 

Neurological and Communicative Disorders and Stroke-Alzheimer’s Disease and 

related Disorders Association (NINCDS-AD&DA) [12]. These are well recognised 

standards used in all clinical trials. Mini Mental State Examination scores (MMSE) 

which are a recognised measure of cognitive impairment were only available for the 

Alzheimer’s cohorts. Participants did not receive any remuneration for their 

participation.  Alzheimer’s patients were separated into two distinct groups. The 

younger AD group was age-matched to the old control group, whilst the second older 

AD group was classified as an older Alzheimer’s cohort. MMSE scores between the 

two AD groups were not significantly different (P>0.05). The age of the old control 

group compared to the younger AD group was not significantly different, but the 

younger AD group had a significantly lower age relative to the older AD group 

(P<0.0001). MMSE scores were not available for the control groups. The young and 

old controls were “normal” functioning healthy individuals, who self volunteered, 

consented to the study and did not report a family history of cognitive impairment.  
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Table 1: Age, gender ratio and MMSE scores in study groups  
 
  Young                            

Controls 

Old Controls*  Younger AD Older AD Alzheimer’s 
Brain Tissue 
Group 

Control  
Brain Tissue 
Group 

Blood Plasma          N=30           N=26         N=23         N=31         NA        NA 
     Age    
(Mean±S.D) 

     22.47±2.177      68.7±2.6      70.7±4.1      83.13±4.5         NA        NA 

Age (Range)          18-26        66-75        58-75        78-93         NA        NA 
       
Gender Ratio 
(Male/Female) 

         15/15        11/15         8/15         8/23          NA        NA 

       
    MMSE 
(Mean±S.D) 

          NA          NA   22.52±3.013  22.13±3.6.76          NA         NA 

       

    MMSE 
   (Range) 

         NA          NA        15-27       12-29          NA         NA 

       
Genotyping         N=30        N=84         N=23         N=31        N=13         N=9 
            
      Age       
(Mean±S.D) 

   22.47±2.177    65.47±7.516      70.7±4.1     83.13±4.5     75.75±7.8    74.10±10.95 

       
 Age (Range)         18-26        51-98        58-75       78-93        59-88       60-98 
 

* Age and gender matched to younger AD group 
NA= Not available 
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6.3.2 Cell sampling and preparation 
 

Blood was collected from consented young and old controls by trained nursing staff 

at the CSIRO Human Nutrition clinic. Buccal cells were also collected from these 

cohorts. Blood was collected from consented clinically diagnosed Alzheimer’s 

patients prior to medical treatment by trained nursing staff at College Grove Private 

Hospital, Walkerville, Adelaide. Buccal cells were also collected from these cohorts. 

Buccal samples were more readily available from the AD cohorts as visits to the clinic 

were infrequent and obtaining a fasted blood sample required a second visit within 

the study time frame. This was not logistically practical as many individuals lived 

outside of the city limits and relied on relatives/friends for transportation to the clinic. 

Consequently, this resulted in more buccal cell samples being made available for 

analysis compared to the lower numbers for blood samples. 

 

A single fasted 8ml EDTA tube was collected by venapuncture from all consented 

individuals, placed on ice and then transported to the laboratory at CSIRO Human 

Nutrition. Blood samples were spun for 20 mins at 3000rpm (MSE Mistral 2000). 1ml 

of plasma was separated for folate and vitamin B12 evaluation and 0.5ml of plasma 

for Hcy determination. All samples were snap frozen in liquid nitrogen and then 

stored at -80ºC until analysis could be  performed. Prior to buccal cell collection the 

mouth was rinsed thoroughly with water to remove any unwanted debris. Small 

headed toothbrushes (Supply SA, code 85300012) were rotated 20 times in a circular 

motion against the inside of the cheek, starting from a central point and gradually 

increasing in circumference to produce an outward spiral effect. Both cheeks were 

sampled using separate brushes. The heads of the brushes were individually placed 
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into separate 30ml yellow top containers (Sarstedt code 60.9922.918) containing 

buccal cell (BC) buffer (0.01M Tris-HCL (Sigma T-3253), 0.1M EDTA tetra sodium 

salt (Sigma E5391), 0.02M sodium chloride (Sigma S5886)) at pH 7.0 and then 

transported to the laboratory at CSIRO Human Nutrition.  

 

Frozen non-fixed hippocampal brain tissue from histopathologically confirmed 

Alzheimer’s patients (positive for the presence of amyloid plaques and neurofibrillary 

tangles) was provided by the Brain Bank of South Australia, Centre of Neuroscience, 

Flinders University. Control hippocampal brain tissue from histopathologically normal 

individuals was provided by both the New South Wales tissue resource centre, 

Department of Pathology, University of Sydney and the Brain Bank of South 

Australia. Tissue provided from the hippocampus was taken from slices. Cores were 

taken using a special drill bit and battery powered drill with the slices being kept on a 

bed of ice during retrieval. The removed cores were placed in a small test tube and 

stored at     -70oC until transported. 

 

6.3.3 Quantification of plasma folate  
 

Plasma folate was quantified using the ARCHITECT® folate assay (Abbott 

Laboratories, Abbott Park, IL, USA), a chemiluminescent microparticular folate 

binding protein assay, on the ARCHITECT® i System. The ARCHITECT® folate assay 

exhibits total imprecision of < 10% within the calibration range (0.0 – 20.0 ng/mL). 

The analytical sensitivity of the assay is ≤ 0.8 ng/mL. Prior to quantification of the 

plasma samples, a calibration curve was generated for the ARCHITECT® folate 

assay. Subsequently, every 24 hours, a single sample of all control levels was tested 
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to ensure the control values were within the concentration range as specified by the 

manufacturer. The assay was recalibrated when control samples were out of range 

or when a new reagent kit with a new lot number was used. 

 

To convert plasma folate to measurable folate a manual pre-treatment is performed. 

Two pre-treatment steps mediate the release of folate from endogenous folate 

binding protein. First, plasma and a pre-treatment reagent (dithiothreitol in acetic acid 

buffer with EDTA) were aspirated and dispensed into a reaction vessel. Second, an 

aliquot of the pre-treatment solution and potassium hydroxide were aspirated and 

dispensed into a second reaction vessel. An aliquot of the second pre-treatment 

solution was mixed with a TRIS buffer with protein stabilisers (human albumin) 

containing monoclonal mouse anti-folate binding protein coupled to microparticles 

affinity bound with bovine folate binding protein (FBP). Folate present in the plasma 

binds to the FBP coated microparticles. After washing with phosphate buffered saline 

(PBS) solution, pteroic acid–acridinium labelled conjugate (in MES buffer with 

porcine protein stabiliser) was added, which binds to unoccupied sites on the FBP 

coated microparticles. Pre-trigger (1.32% w/v hydrogen peroxide) and trigger (0.35 N 

sodium hydroxide) solutions were then added, resulting in a chemiluminescent 

reaction that can be measured in relative light units (RLUs). An inverse relationship 

exists between the amount of folate in the plasma and the RLUs detected by the 

ARCHITECT® i optical system. The concentration of folate in plasma was expressed 

as nmol/L. Quantification of folate was performed by Division of Clinical Biochemistry, 

Institute of Medical and Veterinary Science, Adelaide. 
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6.3.4 Quantification of Vitamin B12 in plasma 
 

Vitamin B12 in plasma was quantified using the ARCHITECT® B12 assay (Abbott 

Laboratories, Abbott Park, IL, USA), a chemiluminescent microparticular intrinsic 

factor assay, on the ARCHITECT® i System. The ARCHITECT® B12 assay exhibits 

total imprecision of < 10% within the calibration range (0.0 – 1476 pmol/L). The 

analytical sensitivity of the assay is ≤ 44.27 pmol/L. Prior to quantification of plasma 

samples, the ARCHITECT® vitamin B12 assay was calibrated using the test 

calibrators supplied by the manufacturer and a calibration curve was generated. A 

single sample of all control levels was tested every 24 hours to ensure the control 

values were within the manufacturers specified concentration range. The assay was 

recalibrated when control samples were out of range or when a new reagent kit with 

a new lot number was used. 

 

In a reaction vessel plasma was combined with three pre-treatment reagents, 

containing either a) 1.0 N sodium hydroxide with 0.005% potassium cyanide, b) alpha 

monothioglycerol and EDTA or c) cobinamide dicyanide in borate buffer with protein 

stabilisers (avian). An aliquot of the pre-treatment solution and potassium hydroxide 

(KOH) was aspirated and dispensed into a second reaction vessel. An aliquot of the 

pre-treatment solution was mixed in a new reaction vessel with assay diluent (borate 

buffer with EDTA) and intrinsic factor (porcine) coated microparticles (in borate buffer 

with bovine protein stabilisers). Vitamin B12 present in the plasma binds to the 

intrinsic factor coated microparticles. After washing with a PBS solution, B12–

acridinium labelled conjugate (in MES buffer) was added, which binds to unoccupied 

sites on the intrinsic factor coated microparticles. Pre-trigger (1.32% w/v hydrogen 

peroxide) and trigger (0.35 N sodium hydroxide) solutions were then added to the 
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reaction mixture, resulting in a chemiluminescent reaction that can be measured in 

relative light units (RLUs). An inverse relationship exists between the amount of 

Vitamin B12 in the plasma and the RLUs detected by the ARCHITECT® i optical 

system. Vitamin B12 concentrations of the samples were determined from the 

standard (calibration) curve by matching the absorbance readings with the 

corresponding B12 concentrations. The concentration of vitamin B12 was expressed 

as pmol/L. Quantification of Vitamin B12 in plasma was performed by the Division of 

Clinical Biochemistry, Institute of Medical and Veterinary Science, Adelaide. 

 

6.3.5 Quantification of plasma total L-homocysteine   
 

L-homocysteine in plasma was quantified using the AxSYM® homocysteine (Hcy) 

assay (Abbott, Wiedbaden, Germany), a fluorescence polarisation immunoassay 

(FPIA), on the AxSYM ® system. The AxSYM® Hcy assay exhibits total imprecision of 

< 6% within the calibration range (0.0 – 50 µmol/L). Prior to quantification of the Hcy 

samples, the AxSYM® Hcy assay was calibrated using the test calibrators supplied by 

the manufacturer and a calibration curve was generated. A single sample of all 

control levels was tested every 24 hours to ensure the control values were within the 

manufacturers specified concentration range. The assay was recalibrated when 

control samples were out of range or when a new reagent kit with a new lot number 

was used. 

 

In the assay homocysteine, mixed disulfide, and protein-bound forms of Hcy are 

reduced to form free Hcy by dithiothreitol (DTT).  Free Hcy is converted to S-

adenosylHcy (SAH) by SAH hydrolase and excess adenosine. Under physiological 
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conditions, SAH hydrolase converts SAH to Hcy. Excess adenosine in the pre-

treatment solution drives the conversion of Hcy to SAH by SAH hydrolase.  

 

Plasma was pre-treated in a reaction vessel with 0.1 M phosphate buffer, bovine 

SAH hydrolase (in phosphate buffer with bovine protein stabilizers) and a pre-

treatment solution containing DTT and adenosine in citric acid. An aliquot of this 

solution was mixed with monoclonal mouse anti-S-adenosyl-L-Hcy (in phosphate 

buffer with bovine protein stabilisers) and 0.1 M phosphate buffer, and transferred to 

the cuvette of the reaction vessel. A second aliquot of the pre-treated plasma solution 

was mixed with S-adenosyl-L-cysteine fluorescence tracer (in phosphate buffer with 

bovine protein stabiliser) and 0.1 M phosphate buffer, and transferred to the cuvette. 

SAH and the labelled fluorescent tracer compete for the sites on the antibody 

molecule. The intensity of the resulting polarised fluorescent light was measured by 

the FPIA optical assembly. Total L-Hcy concentrations of the samples were 

determined from the standard curve by matching the absorbance readings with the 

corresponding total L-Hcy concentrations. The concentration of total L-Hcy was 

expressed as µmol/L. Quantification of plasma Hcy was performed by the Division of 

Clinical Biochemistry, Institute of Medical and Veterinary Science, Adelaide. 

 

6.3.6 DNA isolation for genotyping  
 

The isolation of DNA from buccal cells and brain tissue was performed under 

conditions that minimise in vitro oxidation. These conditions are not essential for DNA 

isolation for genotyping but were originally performed to investigate telomere length 

as outlined in chapter 4. DNA was isolated using the silica-gel membrane based 
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DNeasy blood and tissue kit (Qiagen Cat no 69506), following the manufacturers 

instructions. Prior to isolation all buffers were purged for five minutes in nitrogen and 

supplemented with 50µM phenyl-tert-butyl nitrone (Sigma B7263) which acts as a 

free radical trap and scavenger, the use of phenol and high temperatures (>56 oC) 

were avoided.  

 

All samples were quantified using a nanodrop ND-1000 spectrophotometer 

(Nanodrop Technologies, Wilmington, U.S.A)  

 

DNA from buccal cells was isolated as follows: 
 
Buccal cell pellets were resuspended in 0.5ml of BC buffer and 100µl used for the 

DNA isolation. 100µl of the buccal pellet was added to a microtube containing 20µl of 

proteinase K and adjusted to 220µl with phosphate buffered saline (PBS). 200µl of 

nitrogen purged DNeasy (Qiagen) AL buffer was added and incubated at 37 oC 

overnight. 200µl of ethanol was added and vortexed for 10 seconds. The mixture was 

pipetted into another microtube housed in a collection tube and spun for 1 min at 

8000rpm (Eppendorf, Centrifuge 5415R). The spin column was placed inside another 

collection tube and 500µl nitrogen purged DNeasy (Qiagen) AW1 buffer was added 

and spun for 1 minute at 8000 rpm. The spin column was placed inside another 

collection tube and 500µl nitrogen purged DNeasy (Qiagen) AW2 buffer was added 

and centrifuged for 3 minutes at 14, 0000 rpm to dry the DNeasy membrane. DNA 

was eluted by placing the spin column in a 2ml collection tube and adding 200µl of 

nitrogen purged DNeasy (Qiagen) AE buffer and spun at 8000 rpm for 1 minute. 
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Isolation of DNA from brain tissue 
 
 We used a modified version of the above protocol to isolate DNA from brain tissue. 

25 mg of brain tissue was cut into small pieces and placed into a microcentrifuge 

containing 180µl of nitrogen purged DNeasy (Qiagen) ATL buffer. After the addition 

of proteinase K the samples were incubated at 37 oC for 4hr until completely lysed. 

DNA elution occurred as above.  

 

6.3.7 Genotyping 
 

Additional genotype data from age and gender matched healthy controls were used 

from historical data bases of our previous studies [324], to increase the number of 

older healthy controls (N=84) to achieve comparable numbers when comparing 

genotypes with the Alzheimer’s cohort. All additional individuals were recruited 

through CSIRO clinic of Human Nutrition after CSIRO ethics committee approval. 

 

Isolated DNA from all cohorts was genotyped for MTHFR C677T, MTHFR A1298C, 

MTR A2756G and MTRR A66G polymorphisms using the Applied Biosystems 

7900HT Real Time PCR system, and ABI 7300 Sequence detection system with the 

SDS Version 1.9 software (Applied Biosystems, Foster City, CA). Each reaction was 

performed in duplicate. Control samples for homozygotes and heterozygotes for each 

polymorphism were also included to act as internal controls for each reaction. These 

genotypes had previously been determined using the PCR Restriction Fragment 

Length Polymorphism method.  
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The allelic discrimination assay used in determining genotype is a multiplexed; end 

point assay that detects variants within a single nucleic acid sequence. The presence 

of two primer/probes that are specific for each allele within a single reaction allows 

the detection of the two possible variants at the polymorphic site within the target 

template sequence. The primers/probes can be distinguished, as they are labelled 

with different fluorescent reporter dyes such as FAM and VIC. During strand 

replacement a fully hybridised probe remains bound, resulting in probe cleavage and 

release of the reporter dye. A mismatch between primer/probe and the target 

sequence reduces probe hybridisation and subsequent cleavage. Increases in the 

fluorescence of reporter molecule fluorescence containing FAM or VIC indicate 

specific allele homozygosity, or an increase in both signals indicates allele 

heterozygosity. (Figure 2)   

 

Figure 2 : Allelic discrimination scatter plot for allele X (G) versus allele Y (A) for 

methionine synthase reductase A66G polymorphism  
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6.3.8 Allelic discrimination primers for genotype d etection 
 

Primers for MTHFR C677T and MTR A2756G were obtained from Applied 

Biosystems as assays on demand (Catalogue numbers: C-1202883-20          and C-

12005959-10 respectively). The primer and reporter sequences for MTHFR A1298C 

(Catalogue number: C-850486-20) and MTRR A66G (Catalogue number: C-

3068176-10) which were ordered as assays by design are outlined below. 

 

MTHFR A1298C 

Forward primer: 5’-GGAGGAGCTGCTGAAGATGTG-3’ 

Reverse primer: 5’-CCCGAGAGGTAAAGAACAAAGACTT-3’ 

Reporter 1: 5’-CCAGTGAAGCAAGTGT-3’ VIC 

Reporter 2: 5’-CCAGTGAAGAAAGTGT-3’ FAM (Common Allele A) 

 

MTRR A66G 

Forward primer: 5’-AGCAGGGACAGGCAAAGG-3’ 

Reverse primer: 5’-CCCGAGAGGTAAAGAACAAAGACTT-3’ 

Reporter 1: 5’-ATCGCAGAAGAAATGTGTGA -3’ VIC 

Reporter 2: 5’-TCGCAGAAGAAATATGTGA -3’ FAM (Common Allele A) 

 

6.3.9 PCR conditions and reagents 
 

The PCR master mix for each 20 µl reaction consisted of 10.0 µl Taqman® 2x 

Universal PCR Master mix without Amperase® UNG (Applied Biosystems, Foster city, 

CA, catalogue number: 4324018), 1.0 µl of each primer contained in 20x assay on 

demandTM SNP genotyping assay mix , 6 µl of distilled water and 20ng of genomic 

DNA. 
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The thermal cycling conditions for MTHFR C677T and MTR A2756G comprised of 10 

mins at 95oC as an initial denaturation followed by 50 cycles at 92oC for 15 seconds 

and 60oC for 60 seconds to complete annealing. The thermal cycling conditions for 

MTHFR A1298C and MTRR A66G consisted of 10 mins at 95oC followed by 50 

cycles at 96oC for 15 seconds and 60oC for 90 seconds to complete annealing.  

 

6.4 Statistics  
 

One way ANOVA analysis was used to determine the significance of difference 

between groups for plasma micronutrient and protein levels, whereas pair wise 

comparison of significance was determined using Tukey’s test. Gender ratios were 

tested using the Chi square test. ANOVA analysis values and cross correlation 

analysis was calculated using Graphpad PRISM (Graphpad inc., San Diego, CA). 

Significance was accepted at P<0.05. The Chi square test was used to determine 

differences in allelic and genotype frequencies between the old control and 

Alzheimer’s cohorts for all polymorphisms investigated.  The Hardy –Weinberg 

equilibrium equation was performed on all genotyping data. Chi square and odds 

ratios were calculated using Graphpad PRISM (Graphpad inc., San Diego, CA). 

 

6.5 Results 
 

6.5.1 Folate, B12 and homocysteine 
 

The results for plasma folate, vitamin B12 and Hcy for all cohorts are summarised 

and illustrated in Figures 3-5.  
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A significantly lower plasma folate was found in the young cohort compared to both 

old controls and the younger AD cohort (P=0.0008), but not with the older AD group. 

No significant difference was found between the old controls and both AD groups. 

The older AD group showed a slightly reduced plasma folate level compared to both 

older controls and the younger AD group but this did not achieve significance (Figure 

3). All values are within the normal range for plasma folate (6.9-39nmol/litre).  

 

Concentration of plasma B12 levels did not show significant differences between any 

of the four cohorts investigated (P=0.874) (Figure 4). All values are within the normal 

range for plasma B12 (133-664 pmol/litre). It has been shown that micronucleus 

formation is minimised when B12>300pmol/liter, all subjects achieved this 

level.[142,325] 

 

Concentrations of plasma homocysteine showed a significant increase in both AD 

groups compared to both control groups (P=0.0003) (Figure 5). All values are within 

the normal range for plasma Hcy (5-15µmol/litre). It has been shown that 

micronucleus formation is minimised when Hcy<7.5µmol/liter, all subjects exceeded 

this level. [142,325] 
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Figure 3:  Plasma folate levels in nmol/litre for young controls (N=30), old controls 

(N=26), younger AD (N=23) and older AD (N=31). Groups not showing the same 

letter are significantly different from each other. Error bars denote SE of the mean. 
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Figure 4 : Plasma B12 levels in pmol/litre for young controls (N=30), old controls 

(N=26), younger AD (N=23) and older AD (N=31). Groups not showing the same 

letter are significantly different from each other. Error bars denote SE of the mean. 
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Figure 5 : Plasma total homocysteine levels in µmol/litre for young controls (N=30), 

old controls (N=26), younger AD (N=23) and older AD (N=31). Groups not showing 

the same letter are significantly different from each other. Error bars denote SE of the 

mean. 
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6.5.2 Polymorphisms 
 
Genotype frequencies for the four polymorphisms examined were calculated and 

found to fit the Hardy-Weinberg equilibrium. The genotype frequencies of MTHFR, 

MTR and MTRR in the Alzheimer’s cohorts did not differ significantly from the 

genotype frequencies in the old control group (P>0.05) (Table 2).  

 

There were no significant differences in the allelic frequencies between all the 

cohorts for all of the polymorphisms examined (P>0.05) (Table 3). 

 
 
Table 2:  Folate metabolism polymorphism genotype frequencies for Alzheimer’s  
 

 
* Value for chi square test of differences in genotype frequencies between old control 
and AD cohort. 

Polymorphisms    Young 
control 
    (N=30) 

Older control 
    (N=84) 

Alzheimer’s 
group 
       (N=64) 

Chi-Square 
P value* 

MTHFR C677T     
         CC    13 (0.433)   46 (0.547)     36 (0.562)  
         CT    12 (0.400)   32 (0.380)     24 (0.375) p=0.970 
         TT     5  (0.166)     6 (0.380)       4 (0.062)  
     
MTHFR 
A1298C 

    

        AA    21(0.700)   37 (0.440)      25 (0.390)  
        AC     6 (0.200)   37 (0.440)      32 (0.500) p=0.770 
        CC     3 (0.100)   10 (0.119)        7 (0.109)  
     
MTR A2576G     
        AA    20 (0.666)   53 (0.638)      46 (0.718)  
        AG      9 (0.300)   27 (0.325)      18 (0.281) p=0.306 
        GG      1 (0.033)     3 (0.036)        0 (0.000)  
     
MTRR A66G     
        AA     7 (0.233)     7 (0.083)     14 (0.225)  
        AG   16 (0.533)   57 (0.678)     31 (0.500) p=0.577 
        GG     7 (0.233)   20 (0.238)     17 (0.274)  
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   Table 3 : Folate metabolism polymorphism allele frequencies for Alzheimer’s cohort and controls 
 

Polymorphisms     Young 
Controls 
          (N=30) 

      Older controls 
           (N=84) 

   Alzheimer’s 
cohort 
            (N=64) 

       Chi square 
          P value* 

    Odds  
ratio** 

MTHFR C677T      
            C             0.63              0.74               0.75           p=0.871          0.94 
            T             0.37              0.26               0.25   
      
MTHFR A1298C      
            A             0.80              0.66              0.64          p=0.766         1.09 
            C             0.20              0.34              0.36   
      
MTR A2756G      
            A             0.82              0.80              0.86           p=0.258         0.65 
            G             0.18              0.20              0.14   
      
MTRR A66G      
            A             0.50              0.42              0.48           p=0.390        0.78 
            G             0.50              0.58              0.52   
      

 
* Value for chi square test of differences in allele frequencies between old control and AD cohort. 
 
** Odds ratio for less common allele relative to common allele 
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6.5.3 Correlations 
 
Cross correlation analysis between the biomarkers of the buccal cytome assay for 

the young controls, old controls and for the combined Alzheimer’s cohorts and levels 

of plasma folate, B12 and homocysteine are shown in Tables 4-6. Buccal cytome 

analysis for these cohorts had previously been performed and is described in 

Chapters 2 and 3. 

 

In the young controls plasma folate, B12 and Hcy showed no significant correlation 

with any of the buccal cytome parameters measured. 

 

For the old controls plasma folate showed no significant correlation with any of the 

buccal cytome parameters measured. Plasma B12 showed a positive correlation with 

pyknosis (r=0.5365, P=0.0047), karyolysis (r=0.5447, P=0.0040) and condensed 

chromatin (r=0.5238, P=0.0060). Plasma Hcy showed no significant correlation with 

any of the buccal cytome parameters measured. 

 

In the Alzheimer’s cohort plasma folate showed no positive correlation with any of the 

buccal parameters measured. Plasma B12 showed a positive correlation with the 

number of micronuclei scored in 1000 cells (r= 0.3552, P=0.0425) and with the 

number of basal cells (r=0.3448, P=0.0494) scored in the assay. Plasma Hcy showed 

a negative correlation with the number of karyorrhectic cells (r=-0.4107, P=0.0176) 

scored in the assay. 

 

No significant correlation was found between the MMSE scores and plasma folate, 

B12 and Hcy. 
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Table 4 : Cross correlation results between biomarkers of the buccal micronucleus 
cytome assay and plasma micronutrients for young controls (N=30). 
 
 
  Plasma Folate Plasma B12 Plasma 

Homocysteine 
Number of 
buccal  cells 
with MN 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.0084 
 
 
      0.9646 

     -0.2732 
 
 
      0.1441 

     -0.0140 
 
 
       0.9411 

Number of MN 
in 1000 cells 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.0124 
 
 
      0.9480 

     -0.2197 
 
 
      0.2433 

      -0.2173 
 
 
      0.2487 

Karyorrhexis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.2938 
 
 
      0.1151 

     -0.3063 
 
 
       0.0997 

      0.0873 
 
 
      0.6461 

Pyknosis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.3474 
 
 
      0.0599 

       0.1005 
 
 
       0.5970 

      0.1154 
 
 
      0.5436 

Binucleates 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

      0.1180 
 
 
      0.5347 

       0.2521 
 
 
       0.1790 

     -0.2474 
 
 
      0.1875 

Karyolysis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

      0.0798 
 
 
      0.6750 

       0.2235 
 
 
       0.2351 

     -0.0686 
 
 
      0.7185 

Nuclear buds 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.1133 
 
 
      0.5513 

      -0.2732 
 
 
       0.1441 

      0.1339 
 
 
      0.4807 

Condensed 
chromatin 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.0414 
 
 
      0.8277 

      -0.0923 
 
 
        0.6273 

     -0.0281 
 
 
      0.8824 

Basal cells 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

      0.0926 
 
 
      0.6264 

       -0.3572 
 
 
       0.0526 

     -0.0015 
 
 
      0.9936 
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Table 5 : Cross correlation results between biomarkers of the buccal micronucleus 
cytome assay and plasma micronutrients for old controls (N=30). 
 
 
 
  Plasma Folate Plasma B12 Plasma 

Homocysteine 
Number of 
buccal  cells 
with MN 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

    -0.0234 
 
 
     0.9095 

     -0.0880 
 
 
      0.6688 

     -0.1665 
 
 
      0.4163 

Number of MN 
in 1000 cells 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

    -0.1828 
 
 
     0.3714 

     -0.1041 
 
 
      0.6128 

      0.0183 
 
 
      0.9292 

Karyorrhexis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     0.1414 
 
 
     0.4907 

      0.0948 
 
 
     0.6449 

    -0.3020 
 
 
     0.1337 

Pyknosis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

    -0.0330 
 
 
     0.8727 

     0.5365 
 
 
     0.0047**  

    -0.2053 
 
 
     0.3144 

Binucleates 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

    -0.0887 
 
 
     0.6663 

     0.0715 
 
 
     0.7284 

    -0.0958 
 
 
     0.6413 

Karyolysis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     0.2308 
 
 
     0.2566 

     0.5447 
 
 
     0.0040** 

    -0.0422 
 
 
    0.8376 

Nuclear buds 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

    -0.2463 
 
 
     0.2251 

     0.1320 
 
 
     0.5202 

   -0.2221 
 
 
    0.2754 

Condensed 
chromatin 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     0.1212 
 
 
     0.5554 

     0.5238 
 
 
     0.0060** 

   -0.2808 
 
 
    0.1646 

Basal cells 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

    -0.0390 
 
 
    0.8500 

    -0.0113 
 
 
     0.9559 

    0.1106 
 
 
    0.5906 

  
** Correlation is significant at the 0.01 level (2-tailed). 
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Table 6 : Cross correlation results between biomarkers of the buccal micronucleus 
cytome assay and plasma micronutrients for Alzheimer’s cohort (N=54). 
 
 
 
  Plasma Folate Plasma B12 Plasma 

Homocysteine 
Number of 
buccal  cells 
with MN 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.0975 
 
 
      0.5893 

     0.2120 
 
 
     0.2363 

     -0.1189 
 
 
      0.5098 

Number of MN 
in 1000 cells 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.2361 
 
 
      0.1860 

     0.3552 
 
 
    0.0425* 

     -0.0963 
 
 
     0.5938 

Karyorrhexis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

      0.0810 
 
 
      0.6537 

    0.2808 
 
 
    0.1134 

    -0.4107 
 
 
     0.0176* 

Pyknosis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

      0.0171 
 
 
      0.9244 

    0.0918 
 
 
    0.6112 

    -0.2431 
 
 
     0.1728 

Binucleates 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

      0.1507 
 
 
      0.4025 

   -0.1013 
 
 
    0.5749 

     0.1382 
 
 
     0.4433 

Karyolysis 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.1847 
 
 
      0.3036 

   -0.0181 
 
 
    0.9203 

     0.0419 
 
 
     0.8165 

Nuclear buds 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

      0.2468 
 
 
      0.1733 

    0.1977 
 
 
    0.2781 

    -0.3142 
 
 
     0.0799 

Condensed 
chromatin 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

      0.0553 
 
 
      0.7596 

    -0.1477 
 
 
    0.4122 

     0.1110 
 
 
     0.5385 

Basal cells 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     -0.0201 
 
 
     0.9113 

    0.3448 
 
 
    0.0494* 

    -0.1473 
 
 
     0.4133 

MMSE 
 

Pearson 
Correlation 
 
Sig. (2-tailed) 

     0.2359 
 
 
     0.1862 

    0.0035 
 
 
    0.9844 

    -0.0664 
 
 
     0.7134 

 
* Correlation is significant at the 0.05 level (2-tailed). 
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6.6  Discussion 
 
One of the aims of the study was to investigate levels of plasma folate, vitamin B12 

and homocysteine in Alzheimer’s patients compared to non-clinically diagnosed 

control groups. It has been well documented that Alzheimer’s patients often have 

reduced levels of folate, making them susceptible to genomic instability events [326-

328]. The results of the study showed only a slight non significant reduction in 

plasma folate levels for the Alzheimer’ cohorts compared to the age-matched old 

control group. However, it is possible that that although plasma levels appear to be 

adequate, bioavailability of folate may still be impaired as many physiological and 

biochemical processes are required to effectively deliver dietary folate from plasma 

into the cells [329]. Furthermore, defects in uptake and storage of folate could result 

in an apparent increase in plasma folate [330,331]. It is expected that red blood cell 

folate should give a more accurate determination of folate status in this cohort and 

should be considered for future studies.  

 

Plasma levels for vitamin B12 in this study showed no significant differences between 

any of the cohorts investigated. Vitamin B12 is an essential cofactor for methionine 

synthase, but in order to be biologically effective it needs to be in a reduced state 

[332]. AD has been shown to be associated with oxidative stress [134,137,333]. It is 

possible that under such conditions oxidative stress could lead to deactivation of 

cob(I)alamin by its subsequent oxidation to cob(II)alamin resulting in a functional B12 

deficiency [332]. This in turn would lead to reduced methionine synthase activity 

leading to Hcy accumulation following failure to be converted to methionine, and an 

inability to convert 5-Methyltetrahydrofolate to tetrahydrofolate the form of folate that 

is polyglutamated and stored [334,335]. Such changes in the oxidation state were not 
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determined in the analysis but would be of great interest in any future studies 

undertaken given the evidence for increased oxidative stress in AD [44,127-129]. 

Alternatively, as with folate, the plasma B12 levels do not reflect the bioavailability of 

B12 at the cellular level. Physiologically in order to deliver B12 from the gut to the 

tissues at least five peptides are necessary, (R binder, intrinsic factor, ileal receptors, 

transcobalamin I, transcobalamin II), and a further four enzymes are required to 

obtain the reduced state for effective methionine synthase function (cbIF, cbIC/D, 

cbIE/G and microsomal reductase [142]. It is possible that any changes in these 

biological components may lead to functional B12 deficiency which would not be 

reflected in plasma B12 analysis. Measurement of transcobalamin II and Methyl 

malonyl CoA are considered to be better biomarkers of functional B12 status and 

should be considered for future studies [336,337]. 

 

Plasma Hcy was found to be significantly increased in both the Alzheimer’s cohorts 

compared to age matched controls confirming earlier studies with these findings 

[145,338,339]. There is substantial evidence to show that total Hcy is an independent 

vascular risk factor, and subjects with such risk factors and cerebrovascular disease 

have an increased risk for developing AD [146,320]. It has been shown that 

hyperhomocysteinemia sensitises nervous tissue to increased glutamate toxicity via 

activation of N-methyl-D-aspartate receptors and damages neuronal DNA giving rise 

to apoptosis. There is evidence that elevated levels of Hcy are also associated with 

increased β amyloid peptide generation, impairment of DNA repair and sensitization 

of neurons to amyloid toxicity [149,340]. It has been proposed that such findings 

result in neuronal damage within the hippocampus leading to cognitive impairment 

which is characteristic of AD.  
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A second aim of the study was to determine whether polymorphisms within the folate 

methionine pathway contribute to AD pathogenesis. AD patients within this study 

were found to have elevated levels of homocysteine compared to age-matched 

controls. The remethylation of Hcy to methionine is regulated by the effective activity 

of certain enzymes involved in folate metabolism. The genotypic and allelic 

frequencies were determined for MTHFR C677T, MTHFR A1298C, MTR A2756G, 

and MTRR A66G. Genotype frequencies for the four polymorphisms examined were 

found to fit Hardy-Weinberg equilibrium and did not deviate substantially from 

previously reported frequencies for these polymorphisms [161,164,341-343]. The 

genotypic frequencies for the AD cohort did not differ significantly from those 

reported for the older control groups, inferring that these particular polymorphisms do 

not play a critical role in AD pathology in the cohorts studied. It is possible that these 

polymorphisms may not be directly responsible for the observed elevated Hcy levels 

but their enzymatic efficiency may be compromised by inadequate levels of cofactors 

which are required for efficient enzyme activity. Changes in the oxidative state of B12 

resulting from oxidative stress may result in inefficient MTR enzyme activity leading 

to the observed elevation in Hcy in the Alzheimer’s cohorts. Only further studies 

investigating the relationship between cofactor enzyme activity and polymorphism 

status and its relation to AD folate metabolism may answer this question. 

 

Alternatively Hcy can also be catabolised via the transulphuration pathway. This 

pathway involves the condensation of Hcy with serine through the action of the B6 

dependent cystathionine β synthase (CBS) to form cystathionine [152]. Cystathionine 

is then metabolised to cysteine through the action of the B6 dependent cystathionine-
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γ-lysase that can then be utilised for glutathione synthesis. It is possible that 

polymorphisms within the CBS gene such as C699T, C1080T or the short tandem 

repeat -5697, or deficiency in B6 as an effective cofactor could lead to reduced CBS 

activity resulting in elevated levels of Hcy. 

 

Finally, cross correlation analysis was performed between the biomarkers of the 

buccal cytome assay and levels of folate, B12 and Hcy for the young, old and 

combined AD cohorts. In the young controls no association was apparent between 

buccal cytome parameters and any of the micronutrient levels investigated (Table 4). 

The results from the old control cohort showed a positive correlation for vitamin B12 

with the cell death parameters pyknosis (r=0.5365. P=0.0047), karyolysis (r=0.5447, 

P=0.004) and condensed chromatin (r=0.5238, P=0.006), no significant correlation 

was evident for either folate or Hcy (Table 5). This may suggest that B12 may in 

some way facilitate the cell death process in normal buccal mucosa, and could 

explain the association of B12 with lower MN frequency observed in previous studies 

involving smokers [344]. However, no association with MN was observed in this 

study. 

 

In the AD cohort folate showed no significant correlation with any of the buccal 

parameters measured. Plasma B12 showed a slight positive correlation with the 

number of basal cells (r=0.3448, P=0.04) showing an association with the 

proliferative index of these cells. Plasma B12 also showed a slight positive 

correlation with the number of MN scored (r=0.3552, P=0.04) indicating an 

association with chromosomal instability and proliferation rate in basal cells possibly 

via association with reduced apoptosis (Table 6). Dose response experiments 
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involving vitamin B12 are necessary in order to determine the relationship between 

B12 and these cytome measures. Plasma Hcy showed a negative correlation with 

the number of karyorrhectic cells (r=-0.4107, P=0.017) indicating a suppressive effect 

on cell death under conditions of high Hcy. In the AD cohort plasma Hcy was 

elevated and the number of karyorrhectic cells scored in the buccal cytome assay 

was significantly reduced compared to age matched controls with a lower Hcy level. 

These results suggest that a) the buccal cytome of AD subjects exhibits a different 

relationship to B12 and Hcy compared to the relationship seen in normal controls, 

and b) a low B12 and high Hcy status could be an underlying cause of the low basal 

cell and low karyorrhectic cell frequency seen in AD relative to matched and healthy 

controls. 
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7 Chapter 7: Ageing and polyphenols in a transgenic 

mouse model for Alzheimer’s disease  
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7.1 Abstract 
 
The study set out to determine a) whether DNA damage is elevated with time in mice 

that carry mutations that predispose to Alzheimer’s disease (AD) relative to non 

transgenic control mice, and b) whether increasing the intake of dietary polyphenols 

curcumin and grape seed extract could reduce genomic instability events in a 

transgenic mouse model for AD. Micronuclei (MN) frequency was recorded in both 

buccal mucosa and whole blood. After 9 months a non-significant 2 fold increase in 

buccal MN frequency and a non-significant 1.3 fold increase in whole blood MN 

frequency were found in the AD control group compared to the WT control group. A 

significant 91% decrease (P=0.04) in absolute buccal telomere length and a non-

significant 2 fold decrease in absolute olfactory lobe telomere length was evident 

between the AD control and WT control group. A significant 10 fold decrease in 

buccal micronucleus (MN) frequency (P=0.01) was found for both curcumin and 

microencapsulated grape seed extract (MGSE) and a 7 fold decrease (P=0.02) for 

the grape seed extract (GSE) AD cohorts compared to the AD group on control diet. 

Similarly, within whole blood a non-significant reduction in MN frequency was found 

for the curcumin (49.5%), GSE (33.3%) and MGSE (62.5%) AD groups when 

compared to the AD group on control diet. A non-significant 2 fold increase in buccal 

cell telomere length was evident for the curcumin, GSE and MGSE groups compared 

to the AD control group. Olfactory lobe telomere length was found to be non-

significantly 2 fold longer in mice fed on an enriched curcumin diet compared to 

controls. These results suggest potential protective effects of polyphenols against 

genomic instability events in different somatic tissues of a transgenic mouse model 

for AD. 
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7.2 Introduction 
 
Alzheimer’s disease (AD) is associated with elevated rates of oxidative stress that 

contribute to increased rates of genomic instability such as micronuclei, 

chromosomal aberrations, telomere length and apoptosis [96,127-129,345]. The 

characteristic hallmarks of AD involve the deposition of proteins leading to amyloid 

plaques and neurofibrillary tangles in areas of the brain that are associated with 

reduced cognitive function [10,62,346-348]. These proteins have also been linked 

with oxidative stress [43,349]. It has been suggested that both plaques and tangles 

are produced in order to protect sensitive areas of the brain from the effects of 

oxidative related injury [349]. However, other studies have shown that plaques may 

produce reactive oxygen species when they form complexes with metals such as 

copper and iron [200,259]. Free radical generation is the result of normal metabolic 

processes, whereby the levels are maintained within normal homeostatic boundaries 

by an elaborate endogenous antioxidant system. However, when levels of free 

radicals exceeds the normal clearing capacity of the cells oxidative stress follows 

resulting in potential cellular damage [350]. It has recently been shown that 

individuals with mild cognitive impairment (MCI) and more advanced AD have a 2 

fold increase in DNA damage levels and oxidized bases in their leucocytes compared 

with age matched controls not clinically diagnosed with AD [134]. This is suggestive 

that oxidative stress occurs in the early stages of the disease, as MCI individuals 

progress to AD with an estimated probability of 50% within 4 years [134,135], 

suggesting MCI may be representative of early AD and that oxidative stress may 

directly contribute to disease pathology. It has also been shown that within the post 

mortem Alzheimer’s brain that there is an increase in mitochondrial and nuclear 

oxidative damage [44]. 
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Recently, a number of studies have suggested the positive effects of dietary 

antioxidants as an aid in potentially reducing somatic cell and neuronal damage by 

free radicals [43,175,176,184,351]. Curcumin is the yellow phenolic compound in the 

Indian curry spice turmeric. This spice is used as a food preservative in India where 

the incidence of AD in individuals aged between 70 and 79 years of age is 4.4 fold 

less than that in the United States [352]. It has been shown to act as an antioxidant 

through modulation of glutathione levels [353] and possesses anti- inflammatory 

properties possibly mediated by inhibition of IL-8 release [353] as well as the ability to 

reduce Aβ42 toxicity by preventing the formation of β42 oligomers leading to amyloid 

plaque formation [178,351,354,355]. It has further been shown to block the 

aggregation of the β fibrils that comprise the structure of the amyloid plaque 

[180,354,356]. Curcumin may also contribute to reducing amyloid plaque formation 

by acting as a chelator, binding metals such as copper and iron that have been 

shown to form complexes with Aβ42 resulting in oxidative stress, free radical 

formation that leads to oxidative neurotoxicity [181]. Curcumin has also been shown 

to be a significantly more potent free radical scavenger than vitamin E and to protect 

the brain from the effects of lipid peroxidation [357,358].  

 

Grape Seed Extract (GSE) contains a number of polyphenols Including 

proanthocyanidins and procyanidins [359-361]. They have been shown to be 

powerful free radical scavengers, possess anti-inflammatory properties, reduce 

apoptosis and prevent H202 induced chromosomal damage in human lymphoblastoid 

cells [362-364]. It has been shown that their free radical scavenging capacity is 20 

times more effective than vitamin E and 50 times more effective than vitamin C [185]. 
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It has also been shown in rat models that cells are protected against β amyloid 

toxicity when treated with GSE compared to unprotected neurons, possibly as a 

result of the antioxidant or chelating properties [186,187]. 

 

The aims of this study were a) to investigate whether DNA damage events increase 

with time to a greater extent in AD mice relative to controls and b) to determine the 

potential protective effects of natural products rich in polyphenols on genomic 

instability events in a transgenic mouse model for AD. We investigated the effects of 

curcumin and GSE polyphenols on DNA damage by testing the mice over a 9 month 

period utilizing a buccal micronucleus cytome assay, an erythrocyte micronucleus 

assay and by determining telomere length in both buccal cells and olfactory lobe 

tissue from the brain. 

 

7.3 Materials and methods  

7.3.1 Mouse model 
 

The study involved the use of a double transgenic mouse model (Jackson 

Laboratory, Maine, USA) that expresses a chimeric mouse/human amyloid precursor 

protein (Mo/Hu APP695swe) and a mutant presenilin 1 (PSEN1-dE9) that are both 

directed to CNS neurons (Figure 1). These mutations are both associated with early 

onset AD. The “humanized” Mo/HuAPP695swe transgene allows the mice to secrete 

a human A-beta amyloid peptide. The transgenic peptide and holoprotein can be 

detected through immunohistochemistry using antibodies specific for the human 

sequence within this region (monoclonal 6E10 antibody, Signet laboratories, Cat No: 

Sig-39320). The included “swedish” mutations (K595N/M596L) elevate the amount of 
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A-beta peptide produced from the transgene by favoring processing through the 

beta-secretase pathway. The Mo/HuAPP695swe protein and the transgenic mutant 

human presenilin protein (PSEN1-dE9) are both immunodetected in whole brain 

homogenates [365,366]. 

                      

Figure 1 : B6C3-Tg (APPswePSEN1dE9)85Dbo/J transgenic mouse model for AD. 

 

The strain was developed by using two expression plasmids (Mo/HuAPP696swe and 

PSEN1-dE9) that were designed to each be controlled by independent mouse prion 

promoter elements, directing transgene expression predominantly to CNS neurons. 

The Mo/HuAPP695swe transgene expresses a “humanized” mouse amyloid 

precursor gene modified at three amino acids to reflect the human residues, and 

further modified to contain the K595N and M596L mutations that are linked to familial 

AD [367]. The PSEN1-dE9 transgene expresses a mutant human presenilin 1 

carrying the exon 9 deleted variant (PSEN1dE9) which is also associated with 

familial AD. These constructs were co-injected into B6C3HF2 pronuclei and insertion 

of the transgenes occurred at a single locus. Founder line 85 was obtained and the 

resulting colony was maintained as a hemizygote by crossing transgenic mice to 

B6C3F1/J mice [368,369]. 
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These transgenic mice develop amyloid plaques in the hippocampus and cortex at 

four months and in the thalamus at 6 months. At 9 months there is significant amyloid 

present in the cortex, hippocampus and thalamus [369,370]. At 12 months the plaque 

area accounts for 10.5±2.9% of the total cortex, 4.1±1.6% in the hippocampus and 

2.3±1.3% in the thalamus [371]. The plaques consist of diffused β amyloid alone or 

with the thioflavine S positive compact core. The amyloid plaques were of a compact 

core nature surrounded with dilated dystrophic neurites and associated with 

aggregated microglia and astrocytes. 

 

7.3.2 Genotyping 
 

All animals prior to receipt were genotyped at the Jackson laboratory for Tg(PSEN1) 

and Tg(APPswe). The protocols used are outlined below. 

 

7.3.2.1 Tg(PSEN1) protocol 
 
20µl reactions used 5-20ng of DNA per reaction. The reaction components for the 

amplification of the PSEN 1 transgene consisted of 10x PCR buffer, 25mM MgCl2, 

2.5mM dNTP, 20µM o1MR 1644 (forward primer for PSEN 1, 5’-AAT AGA GAA CGG 

CAG GAG CA-3’), 20µM o1MR 1645 (reverse primer for PSEN 1, 5’-GCC ATG AGG 

GCA CTA ATC AT-3’) 5u/µl Taq polymerase and distilled water. The cycling 

conditions consisted of 94oC for 3 mins and 35 cycles of 94oC for 30 seconds, 67oC 

for 1 min and 72oC for 2 mins with a final annealing step of 72oC for 2 mins. The PCR 

products were separated by gel electrophoresis on a 1.5% agarose gel at 67V for 30 

mins. The reaction amplifies a 608 bp product from the PSEN 1Tg. 
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A second reaction involving the amplification of the PrP gene was performed to act 

as an internal control. 20µl reactions used 5-20ng of DNA per reaction. The reaction 

components for the amplification of the PrP transgene consisted of 10x PCR buffer, 

25mM MgCl2, 2.5mM dNTP, 20µM o1MR 1588 (forward primer for PrP 5’-GTG GAT 

AAC CCC TCC CCC AGC CTA GAC C-3’), 20µM o1MR 944 (reverse primer for PrP 

5’-CCT CTT TGT GAC TAT GTG GAC TGA TGT CGG-3’), 5u/µl Taq polymerase 

and distilled water. The cycling conditions consisted of 94oC for 3 mins and 35 cycles 

of 94oC for 30 seconds, 70oC for 1 min and 72oC for 2 mins with a final annealing 

step of 72oC for 2 mins. The PCR products were separated by gel electrophoresis on 

a 1.5% agarose gel at 67V for 30 mins. The reaction amplifies a 750 bp product from 

the PrP gene. 

 

7.3.2.2 Tg(APPswe) protocol 
 
20µl reactions used 5-20ng of DNA per reaction. The reaction components for the 

amplification of the APPswe transgene consisted of 10x PCR buffer, 25mM MgCl2, 

2.5mM dNTP, 20µM o1MR 1597 (forward primer for APPswe 5’-GAC TGA CCA CTC 

GAC CAG GTT CTG-3’), 20µM o1MR 1598 (reverse primer for APPswe 5’-CTT GTA 

AGT TGG ATT CTC ATA TCC G-3’), 5u/µl Taq polymerase and distilled water. The 

cycling conditions consisted of 94oC for 3 mins and 35 cycles of 94oC for 30 seconds, 

69oC for 1 min and 72oC for 2 mins with a final annealing step of 72oC for 2 mins. 

The PCR products were separated by gel electrophoresis on a 1.5% agarose gel at 

67V for 30 mins. The reaction amplifies a 350 bp product from the APPswe Tg. 
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7.4 Study design 
 

Approval for this 9 month study was obtained from CSIRO Human Nutrition and 

Flinders University Animal Ethics committees. The experimental design is a parallel 

dietary intervention involving four different dietary treatments using the B6C3-

Tg(APPswePSEN1dE9)85Dbo/J mouse starting at an age of 3-4 months. The design 

of the study is intended to determine whether grape seed extract is as effective as 

curcumin in reducing the AD related genomic instability pathology observed in 

Alzheimer’s patients and whether micro-encapsulation of GSE enhances the observed 

effects. Normal mice with the same genetic background, but lacking defective APP and 

PSEN1 genes were included as an added control to identify the point in time when 

buccal and blood differences between normal and Alzheimer’s mice become evident, 

and to test the hypothesis that the Alzheimer’s prone mice exhibited elevated DNA 

damage. Double the numbers of normal mice relative to Alzheimer’s mice were used 

because it was necessary to practice the buccal sampling procedure on half of these 

mice. The mice used for buccal sampling practice were kept in the study on a normal 

control diet and were otherwise treated in the same way as the other normal mice. The 

mice used in the pilot buccal sampling were also used as additional controls. The 

design is summarised below. 
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  * Control groups 

** DNA damage biomarkers (Micronucleus and telomere length) 

#  Mice will be sacrificed at this point 

Figure 2 : Shows dietary groups, schedule and sampling points.AIN-93G denotes 

control diet. 

 

The mice were randomly grouped with good balance in age, sex and breeding pairs 

(Table 1). All animals were housed in the Flinders Medical Centre animal holding 

facility, 2-3 per cage in standard cages ~600cm2 (150-200cm2 per animal) and were 

genotyped prior to the commencement of the study following breeding from the 

originally acquired transgenic model. All groups were kept in the same room on a 

14/10hr light dark cycle and had free access to food and water ad libitum. Food 

consumption and bodyweight data was collected by the staff at the animal facility at 3 

and 9 months. 

 

AIN-93G 
N=20 
Normal* 

AIN-93G 
N=10 AD 
Mice* 

AIN-93G+ 
500pp 
Curcumin 
N=10 AD 
Mice 

AIN-93G+ 
20,000pp 
GSE 
N=10 AD 
Mice 
 

AIN-93G+ 
20,000pp 
MGSE 
N=10 AD 
Mice 
 

Buccal samples taken at 3 and 6 months dietary intervention. 
Blood samples taken at 3 months** 

Brain, buccal and blood samples taken at 9 month dietary 
intervention**# 
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Table1 : Age and gender of study cohort mice 

   WT Control   AD Control   Curcumin       GSE     MGSE 

      N=20      N=10      N=10       N=10       N=10 

  AGE (days) 

(Mean ±SD) 

119.9±21.04 116.1±25.15 111.5±21.04 119.9±21.04 119 .9±21.04 

      

  Gender Ratio 

(male: female) 

      10:10        6:4        5:5       5:5       6:4 

 

There were no significant differences in gender ratio or age between cohorts 

 

7.5 Diets   
 

All diets were prepared by Specialty Feeds, Glen Forrest, Western Australia. The 

control diet consisted of 95% standard AIN-93G rodent diet comprising of 39.7% corn 

starch, 20% casein (vitamin free), 13.2% dextrin, 10% sucrose, 7% soybean oil, 5% 

powdered cellulose, 3.5% AIN-93G mineral mix, 1% AIN-93G vitamin mix, 0.3% L-

cysteine, 0.25% Choline bitartrate, 0.001% t-Butylhydroquinone and 5% maize 

starch. Diet 2 consisted of 95% AIN-93G, 4.93% maize starch and 0.07% Curcumin 

(Sigma, Cat No: C1386, Australia). Diet 3 consisted of 95% AIN-93G, 3% maize 

starch and 2% free grape seed extract. Diet 4 consisted of 95% AIN-93G and 5% 

encapsulated grape seed extract. Enough diet was ordered for the duration of the 

study and housed at the Flinders Medical Centre animal holding facility.  
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7.6 Animal welfare  
 

Mice were observed daily and checked weekly for symptoms as outlined in the 

attached clinical assessment form (Appendix 1). Daily monitoring occurred if a mouse 

displayed 2 or more symptoms at Grade 1 level. Euthanasia was performed if a 

mouse displayed 2 or more symptoms at Grade 2 level or above. An animal that 

showed a sustained loss in body weight over consecutive weighings and demonstrated 

signs of distress as indicated within the appendix were also killed. 

 

7.7 Buccal cell collection 
 

Buccal cells were collected from all animals at 3, 6 and 9 months. Prior to sample 

collection the mouse was anaesthetized by placing 2mls of isoflurane (Veterinary 

companies of Australia Pty Ltd, NSW, Australia) on a tissue inside a bell jar that the 

mouse is free to move around in. After 1 min the mouse came to rest and was free to 

be handled. The mice were held using a firm grip of the neck skin which keeps the 

mouth of the mouse open and accessible to allow inner cheek scraping. The buccal 

cells were collected by swabbing the inner cheeks with a thin cotton-tipped stick with 

2mm diameter buds (aluminium shaft 0.9mm x 150mm, Applimed SA, Chatel St 

Denis, Switzerland). Both cheeks were sampled and the head of the applicator 

placed inside a 1.5ml eppendorf containing 1ml of buccal cell buffer (0.01M Tris-HCL 

(Sigma T-3253), 0.1M EDTA tetra sodium salt (Sigma E5391), 0.02M sodium 

chloride (Sigma S5886)) and revolved to dislodge the cells. Once all samples were 

collected they were harvested at the CSIRO Human Nutrition laboratories as 

described below. 
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Cells were spun in a microfuge (Centrifuge 5415R, eppendorf) at 1800rpm for 10 

mins. The supernatant was removed leaving approximately 150µl and replaced with I 

ml of buccal cell buffer. The cells were spun and washed twice more to remove 

DNAses and bacteria which may hamper scoring. Cells were not homogenised or 

filtered so as not to lose cells unnecessarily. Buffer was removed leaving ~120µl. 6µl 

of DMSO (5%) was added to the cell suspension, agitated and added to cytospin 

cups and spun at 600rpm for 5 mins in a cytocentrifuge (Shandon cytospin 3). Slides 

were then air dried for 10 mins and fixed in ethanol: acetic acid (3:1) for 10 mins prior 

to staining. The nuclei were counterstained with Propidium Iodide (Sigma P-4170) 

(0.05µg/ml in 4XSSC (Standard saline citrate, 0.15 M sodium chloride, Sigma 

S9888/0.015 M sodium citrate, Sigma S4641)/with 0.06% Tween 20, Sigma P1379) 

for 3 min at room temperature in the dark and cover-slipped in anti-fade solution and 

kept at –20°C until analysis could be performed. Slides were scored using a Nikon 

E600 microscope equipped with a triple band filter (Dapi, FITC and rhodamine) at 

1000x magnification. 

 

7.7.1 Scoring criteria for murine buccal micronucle us assay 
 

The various distinct populations used in the murine buccal micronucleus cytome 

assay were determined based on criteria outlined in the two previous human studies 

(Chapter 2 and 3). These criteria are intended to classify buccal cells into categories 

that distinguish between “normal” cells and cells that are considered “abnormal”, 

based on nuclear morphology. These abnormal nuclear morphologies are thought to 

be indicative of DNA damage or cell death. Images showing distinct cell populations 

as scored in assay are shown in Figure 3. 
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Basal Cells (Figure 3a): 
 
These are the cells from the basal layer. The nuclear to cytoplasm ratio is larger than 

that in typical normal differentiated buccal cells. Basal cells are smaller in size when 

compared to differentiated buccal cells and may occasionally contain micronuclei.  

 

Normal differentiated Cells (Figure 3b): 
 
These cells have a uniformly stained nucleus which is usually oval or round in shape 

and a nuclear to cytoplasmic ratio smaller than that of basal cells. No other DNA 

containing structures apart from the nucleus are observed in these cells.  

 

Basal and differentiated cells with micronuclei (Figure 3c): 
 
These cells are characterized by the presence of both a main nucleus and one or 

more smaller nuclei called micronuclei. The micronuclei are usually round or oval in 

shape and their diameter may range between 1/3 to 1/16 the diameter of the main 

nucleus. Cells with micronuclei usually contain only one micronucleus. It is possible 

but rare to find cells with more than 2 micronuclei. The nuclei in micronucleated cells 

may have the morphology of normal cells or that of dying cells (ie karyolytic cells). 

The micronuclei must be located within the cytoplasm of the cells. The presence of 

micronuclei is indicative of chromosome loss or fragmentation occurring during 

previous nuclear division. Micronuclei were scored only in basal and normal 

differentiated cells. Those cells undergoing any forms of cell death (three 

characterized stages of karyolysis) were not scored for micronuclei.  
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Karyolytic cells (Figure 3d-f): 
 
Early karyolysis (Figure 3d): These cells show the first signs of nuclear disintegration 

and appear to resemble the early stages of apoptosis. It is unclear at this time 

whether this group is representative of early apoptotic or necrotic pathways. This 

would need to be determined in future studies using specific cell surface markers. 

 

Mid karyolysis (Figure 3e): This group appears to still have the final stages of a 

nuclear membrane but the staining in these cells is very faint. 

 

Late karyolysis (Figure 3f): In these cells the nucleus is completely depleted of DNA 

and apparent as a ghost-like image that has weak to negative fluorescent staining. 

These cells may also appear to have no nucleus. Karyolitic cells may be in the late 

stages of apoptosis.  

 

7.7.2 Scoring method 
 

1000 cells were scored per mouse for all the various cells types outlined in the buccal 

cytome assay. These consisted of nucleated differentiated cells, basal cells, and the 

three stages of karyolysis. Only basal and normal differentiated cells were scored for 

micronuclei and their scores were combined to give the overall incidence. 
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3a) Basal cell 3b) Normal differentiated Cell

3c) Basal with MN 3C) Differentiated with MN

3d) Early karyolytic 3e) Mid karyolytic

3f) late karyolytic
 

 

Figure 3 : Types of cells scored in the buccal micronucleus cytome assay. Cells were 

stained with propidium iodide. Images shown under represent cytoplasmic staining in 

cells scored because cytoplasm is actually clearly visible when viewed through 

microscope. 
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7.8 Blood collection for micronucleated erythrocyte  assay 
 

Blood was collected from the tail at 3 months and from the right atrium during post 

mortem at 9 months. The cell preparation for this assay was the same at both time 

points. 500ul of RPMI-1640 media was added to a multivette tube (Sarstedt ref No: 

15.1673).  As mouse blood coagulates more so than human an additional 20 units of 

heparin was added to each tube. 10,000 lyophilized heparin (Sigma, cat no H3393-

10KU) was reconstituted with 1 ml of 0.9% saline and 2µl (20 units) added to each 

multivette tube. The mouse was anaesthetized with isoflurane and the end of the tail 

is removed (~1mm), 50µl of blood is acquired and added to the heparinised media. 

The blood sample was then thoroughly mixed to prevent clotting. Within a biosafety 

hazard cabinet 30µl was pipetted onto a clean slide and a blood film prepared by 

running a coverslip along the length of the slide. The slide is air dried for 10 mins and 

then fixed in methanol for 10 mins. 

 

7.8.1 Acridine orange staining  
 

A stock solution of Acridine orange (Sigma A-6014) was prepared in phosphate 

buffer saline (120 mM sodium chloride, 2.7 mM pottasium chloride, 10 mM potassium 

phosphate monobasic, 10 mM sodium phosphate dibasic, pH 7.4) at a concentration 

of 10mg/ml. A 1:250 dilution was prepared in 4xSSC to give a final concentration of 

40µg/ml (200µl of 10mg/ml Acridine orange in 50 mls of 4xSSC). Slides were stained 

for 4 mins, rinsed briefly in 2xSSC and coverslipped prior to analysis using a 

fluorescent microscope. Immature erythrocytes i.e. polychromatic erythrocytes (PCE) 

were identified by their orange–red color, mature erythrocytes by their green-brown 

color and micronuclei by their yellow color. The frequency of PCE’s in a total of 2000 
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erythrocytes was determined as well as the number of micronucleated PCE’s in 1000 

PCE’s scored. Figure 4 outlines the different cell types scored in the assay. 

 
 
 

             
 
    
 
 
 
 
 

               
 
 
 

a) Polychromatic erythrocyte 
with micronuclei

b) Polychromatic erythrocyte with 
micronuclei

c) Mature erythrocytes with 
micronuclei

d) Polychromatic erythrocyte (bright 
orange) and mature erythrocyte.

PCE

Micronuclei in Mature and immature erythrocytes

 

Figure 4 : a,b) Showing immature polychromatic erythrocytes with micronucleus, c) 

mature erythrocyte with micronucleus, d) Polychromatic erythrocyte and mature 

erythrocyte without micronuclei in same field if view. Cells were stained with acridine 

orange. 

7.9 DNA isolation for telomere length determination  
 

The isolation of DNA from buccal cells and olfactory lobes of the mouse brain were 

performed under conditions that minimise in vitro oxidation. We therefore used a 

modified version of the protocol outlined by Lu et al [276]. DNA was isolated using 

the silica-gel membrane based DNeasy tissue kit (Qiagen Cat no 69506), following 

the manufacturer’s instructions. Prior to isolation all buffers were purged for five 
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minutes in nitrogen and supplemented with 50µM phenyl-tert-butyl nitrone (Sigma 

B7263) which acts as a free radical trap and scavenger, the use of phenol and high 

temperatures (>56oC) were avoided. Each of the tissues was isolated separately. 

 

7.9.1 DNA isolation of buccal cells 
 

100µl of suspended buccal cells was added to a microtube containing 20µl of 

proteinase K and adjusted to 220µl with phosphate buffered saline (PBS). 200µl of 

nitrogen purged manufacturer’s AL buffer was added and incubated at 37 oC 

overnight. 200µl of ethanol was added and vortexed for 10 seconds. The mixture was 

pipetted into another microtube housed in a collection tube and spun for 1 min at 

8000rpm (Eppendorf, Centrifuge 5415R). The spin column was placed inside another 

collection tube and 500µl nitrogen-purged manufacturer’s AW1 buffer was added and 

spun for 1 minute at 8000 rpm. The spin column was placed inside another collection 

tube and 500µl nitrogen purged manufacturer’s AW2 buffer was added and 

centrifuged for 3 minutes at 14, 0000 rpm to dry the DNeasy membrane. DNA was 

eluted by placing the spin column in a 2ml collection tube and adding 200µl of 

nitrogen purged manufacturer’s AE buffer and spun at 8000rpm for 1 minute. 

 

7.9.2 DNA isolation of Brain tissue 
 

The above protocol was followed using the entire olfactory lobe sample (<4mg) which 

was cut into small pieces and placed into a microcentrifuge where 180µl of nitrogen 

purged manufacturer’s ATL buffer was added. After the addition of proteinase K the 
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samples were left at 37 oC for 4 hrs until completely lysed. DNA elution occurred as 

above.  

 

DNA in all samples was quantitated using a nanodrop ND-1000 spectrophotometer 

(Biolab, Australia). 

 

7.10 Real time PCR for absolute quantitation for te lomere length 
 

The quantitative Real-Time amplification of the telomere sequence was performed as 

described by Cawthon (2002) with the following modifications. A standard curve was 

established by dilution of known quantities of a synthesised 84mer oligonucleotide 

containing 14 TTAGGG repeats. The number of repeats in each standard was 

calculated using standard techniques, as follows: the oligomer is TTAGGG repeated 

14 times, 84bp in length (MW= 26667.2). The highest concentration standard 

(standard 1) contained 1.9 x1010 telomere hexamer repeats units in 60pg which is 

equivalent to 1.18 x108 kb of telomere sequence. Assays on serial dilutions were 

performed to determine a standard curve for measuring kb of telomeric sequence 

(Figure 1). Plasmid DNA (pBR3222) was added to each standard to maintain a 

constant 20ng of total DNA per reaction tube. 

 

All samples were run on an ABI 7300 Sequence Detection System with the SDS Ver. 

1.9 software (Applied Biosystems, Foster City, CA). After the reaction is completed 

the AB system produces a value that is equivalent to telomere sequence length (kb) 

per 20ng of total genomic DNA which is equivalent to telomere sequence length (kb) 

per 3472 mouse diploid genomes. The telomere sequence length (kb) per diploid 
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genome can then be derived from this value by dividing by 3472. A standard curve 

was generated in each assay run. Each sample was analysed in duplicate. 36B4 

amplification for every sample was also performed to verify accurate quantification of 

the amount of template in each well. If the results for duplicate samples differed by 

more than one CT value, the results were discarded and the assay repeated. Each 

20µl reaction was performed as follows: 20ng DNA, 1xSYBR Green master mix, 

100nM telo1 forward (CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT), 

100nM telo2 reverse (GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT) 

[273,277]. Cycling conditions (for both telomere and 36B4 amplicons) were: 10min at 

95oC, followed by 40 cycles of 95oC for 15sec, 60oC for 1min. Primers for the 36B4 

reaction consisted of (forward primer, 5’-ACT GGT CTA GGA CCC GAG AAG-3’) 

and (reverse primer, 5’-TCA ATG GTG CCT CTG GAG ATT-3’ geneworks, Adelaide, 

Australia). DNA from the 1301 lymphoblastoid cell line was used as a control in each 

plate run. Using the 1301 data we estimated that the inter-experimental variability 

was ≤ 7 % (N=34) and the intra-experimental variability ±1.1 % (N=17).  

 

7.11 Statistical analysis 
 

One way ANOVA analysis was used to determine the significance of differences 

between groups for all measurements, whereas pair wise comparison of significance 

was determined using the parametric Tukey’s test if distribution of values is 

Gaussian, or the non-parametric Kruskal wallis if values were not Gaussian. 2 way 

ANOVA was performed to investigate the effect of time on each of the parameters 

measured. Comparisons between the two control groups were performed using the 

Mann-Whitney non parametric t-test if values were not Gaussian or parametric t-test 
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if values were found to be Gaussian in distribution (Graphpad PRISM (Graphpad inc., 

San Diego, CA)). P values <0.05 were considered to be significant. 

 

7.12  Results 

7.12.1 Food consumption 

Food consumption data was measured at 3 and 9 months over a period of 1 week. 

Data was collected and averaged for these two time points and is shown in Figure 5. 

There was no significant difference in the amount of food consumed between the AD 

control and the WT control group. No significant differences in food consumption 

occurred between the AD control group and any of the polyphenol cohorts. 

 

7.12.2 Bodyweight  
 
Bodyweight data for all groups at 3, 6 and 9 months is shown in Figure 6. There was 

a significant increase in bodyweight for the AD control group compared to the WT 

control group at the 3 month (P=0.04), 6 month (P=0.009) and 9 month (P=0.02) time 

points. A significant increase in bodyweight occurred in the curcumin and free GSE 

cohorts between months 3 and 9. A significant decrease between AD control and the 

GSE cohort occurred at 3 months. 
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Figure 5 : Food consumption data for average of 3 and 9 month time points for wild 

type control (N=20), AD control (N=10), AD Curcumin (N=10), AD GSE (N=10) and 

AD MGSE (N=10). Groups were not significantly different from each other. Error bars 

denote SE of the mean. 
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Source of Variation   % of total variation   P valu e 

  Interaction                          5.19                                    0.0823 

  Diet group                        12.15                               P<0.0001 

  Time               16.11                               P<0.0001 

 

Figure 6 : Bodyweight data at 3, 6 and 9 month time points for wild type control 

(N=20), AD control (N=10), AD Curcumin (N=10), AD GSE (N=10) and AD MGSE 

(N=10). Letters denote comparisons within the same group. Time points not showing 

the same letter are significantly different from each other. Numbers denote 

comparisons between all the cohorts for the same time point. Time points not 

showing the same number are significantly different from each other. Error bars 

denote SE of the mean. 
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7.12.3 Buccal micronucleus cytome assay 
 

The results for the buccal micronucleus cytome assay are summarized and illustrated 

in Figures 7a-f. 

 

7.12.3.1 Basal cells 
 
The results for basal cell frequency are shown in Figure 7a. There were no significant 

differences in basal cell frequency between the AD control group and the WT control 

at any of the sample points. There were no significant differences in basal cell 

frequency between any of the polyphenol cohorts and the AD control group at the 

three time points sampled. 
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Source of Variation               % of total variat ion             P value 

  Interaction                               4.01                                  0.4519 

  Diet group                               4.56                                  0.0672 

  Time                      1.06                                  0.3546 

 

Figure 7a : Basal cell frequency sampled as a percentage of total cells sampled for 

WT Control (N=20), AD control (N=10), AD curcumin (N=10), AD GSE (N=10) and 

AD MGSE (N=10) at 3, 6 and 9 months. Error bars denote SE of the mean. 

 

7.12.3.2 Differentiated cells 
 

The results for differentiated cell frequency are shown in Figure 7b. There were no 

significant differences in differential cell frequency between the AD and WT control 

groups or between the AD control and polyphenol cohorts for any of the time points 

sampled. There was a significant increase (P<0.001) in the frequency of 
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differentiated cells in all cohorts between 3 and 6 months (average increase in value 

of 353.8%). There was a significant decrease (P<0.001) in the frequency of 

differentiated cells in all cohorts between months 6 and 9 (average decreased value-

72.9%). 
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Source of Variation    % of total variation       P  value 

  Interaction                          1.55                                       0.3579 

  Diet group                          1.20                              0.1465 

  Time                66.36                         P<0.0001 

Figure 7b : Frequency of differentiated cells sampled as a percentage of total cells 

sampled for WT Control (N=20), AD control (N=10), AD curcumin (N=10), AD GSE 

(N=10) and AD MGSE (N=10) at 3, 6 and 9 months. Groups not sharing the same 

letter are significantly different. Error bars denote SE of the mean. 
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7.12.3.3 Micronucleated cells (combined basal and d ifferentiated 
micronucleated cells) 

 

The results for combined micronucleus frequency for all cohorts are shown in Figure 

7c. A non-significant 2 fold increase in micronucleated buccal cells occurred in the 

AD control compared to the WT control group over the 9 month duration of the study. 

A decrease in micronuclei occurred within the curcumin group between months 6 and 

9, although this decrease did not achieve significance. A non-significant decrease in 

micronuclei occurred in both the GSE and MGSE groups compared to the AD control 

over the 9 month duration of the study.  
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Source of Variation       % of total variation            P value 

  Interaction                            2.53                                 0.7808 

  Diet group                            2.98                                 0.2360 

  Time                   0.33                                 0.7329 

Figure 7c : Combined frequency of micronuclei for both basal and differentiated cells 

in WT Control (N=20), AD control (N=10), AD curcumin (N=10), AD GSE (N=10) and 

AD MGSE (N=10) at 3, 6 and 9 months. Error bars denote SE of the mean. 
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7.12.3.4 Early Karyolytic cells 
 

The result for early karyolitic cell frequency is shown in Figure 7d. There were no 

significant differences in the frequencies of early karyolitic cells between the AD 

control and the WT control groups at each of the 3, 6 and 9 month time points. In 

each cohort studied there was a significant increase (P<0.001) in the frequency of 

early karyolytic cells between the 3 month and 6 month time points. An average 

increase in the control groups was 284.30% whereas the curcumin, GSE and MGSE 

had an average increase of 394.40%. There was a significant decrease (P<0.001) in 

early karyolytic frequency between the 6 month and 9 month time points for all study 

cohorts. The average decrease in the control groups was -82.25% whereas the 

curcumin, GSE and MGSE cohorts had an average decrease of -87.40%. At month 6 

inter group comparisons showed a significant increase (P<0.01) in curcumin early 

karyolitic frequency compared to the AD control and MGSE cohorts. 
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Source of Variation     % of total variation            P value 

  Interaction                          4.11                                  0.0067 

  Diet group                          2.19                                  0.0219 

  Time                60.80                             P<0.0001 

 

Figure 7d : Early karyolytic frequencies for WT Control (N=20), AD control (N=10), 

AD curcumin (N=10), AD GSE (N=10) and AD MGSE (N=10) at 3, 6 and 9 months. 

Groups not sharing the same letter are significantly different. Error bars are SE of the 

mean. 
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7.12.3.5 Mid Karyolysis 
 

The results for mid karyolytic cells for all the cohorts sampled are shown in Figure 7e. 

There was no significant difference in mid karyolytic cell frequency between the AD 

and WT control groups at the three time points sampled. There was a significant 

increase (P<0.05) in the frequency of mid karyolytic cells in both the WT control and 

the MGSE cohorts between the 3 month and 6 month time points. A significant 

decrease (P<0.05) in mid karyolytic cell frequency occurred between the 6 month 

and 9 month time points for both the WT control and the MGSE cohort. Similar trends 

occurred for the AD control and GSE cohorts over the 3, 6 and 9 month period but 

these changes did not achieve significance.  
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Source of Variation       % of total variation        P value 

  Interaction                             5.35                              0.1205 

  Diet group                             5.47                              0.0118 

  Time                  16.40                         P<0.0001 

 

Figure 7e : Mid karyolytic frequencies for WT Control (N=20), AD control (N=10), AD 

curcumin (N=10), AD GSE (N=10) and AD MGSE (N=10) at 3, 6 and 9 months. 

Letters denote intra group comparisons whereas numbers denote inter group 

comparisons Groups not sharing the same letter or number are significantly different. 

Error bars are SE of the mean. 

 



Chapter 7: Ageing and polyphenols 

 225 

7.12.3.6 Late Karyolysis 
 

Results for the late karyolytic frequencies for all sample cohorts at 3, 6 and 9 month 

time points are shown in Figure 7f. There was no significant difference in late 

karyolytic cell frequency between the AD and WT control group. There was no 

significant difference in late karyolytic cell frequency between the AD control group 

and any of the polyphenol cohorts at any of the time points measured. There was a 

significant reduction (P<0.001) in late karyolytic cells for all cohorts inclusive of 

controls between the 3 month and 6 month sample points. A significant increase 

(P<0.001) in the number of late karyolytic cells sampled at 9 months compared to the 

6 month sample occurred for all study cohorts.  

 

 

 

 

 

 

 



Chapter 7: Ageing and polyphenols 

 226 

              

 3  6  9  3  6  9 3  6 9  3  6  9  3  6  9
0

25

50

75

100

Late Karyolytic cells

 

WT Control

AD Control

AD Curcumin

AD GSE

AD MGSEa a
b

a a a a a a a a
b b b b

Time in Months

%
 o

f 
to

ta
l c

el
ls

 s
am

pl
ed

 

Source of Variation    % of total variation       P  value 

  Interaction                         1.20                                       0.4342 

  Diet group                         0.09                                       0.9621 

  Time              72.28                                  P<0.0001 

 

Figure 7f : Late karyolytic frequencies for WT Control (N=20), AD control (N=10), AD 

curcumin (N=10), AD GSE (N=10) and AD MGSE (N=10) at 3, 6 and 9 months. 

Letters denote intra group comparisons; groups not sharing the same letter are 

significantly different. Error bars are SE of the mean. 
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7.12.4 Whole blood micronucleus erythrocyte assay 
 

Results for this assay are shown in Table 2. 

 

7.12.4.1 Micronucleated PCE 
 

There were no significant differences in the frequency of micronucleated 

polychromatic erythrocytes between the WT control and AD control groups for both 

the 3 and 9 month sampled time points. A non-significant increase in micronucleated 

PCE’s occurred between month 3 and 9 for the WT control group (24.25%), whereas 

for the AD control cohort a non-significant 50% increase was measured at the 9 

month timeframe compared to the 3 month sample point. Non-significant reductions 

were apparent for the curcumin cohort (49.5%), GSE (33.3%) and MGSE (62.79%) 

for measured micronucleated PCE frequency at the 3 month and 9 month sampled 

time points. No significant difference in micronuclei frequency was apparent at 3 

months when all polyphenol cohorts were compared to the AD control group. At 9 

months each of the polyphenol cohorts had significantly lower micronucleated PCE’s 

(P<0.001) when compared to the AD control.  

 

7.12.4.2 Micronucleated Non polychromatic erythrocy tes 
 

No significant differences occurred in the micronucleated non-polychromatic 

erythrocyte frequency between the AD and WT control groups when compared to 

each other at the 3 and 9 month time point. No significant differences occurred 

between the AD control and the polyphenol cohorts at both the 3 and 9 month for 

measured non PCE micronucleus frequency.  
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7.12.4.3 Polychromatic erythrocyte percentage 
 

No Significant difference in polychromatic frequency occurred between the WT 

control and the AD control groups when compared at the 3 and 9 month time points. 

Intragroup comparisons between the 3 and 9 month PCE frequency showed a 

significant increase (P<0.05) for the curcumin group (49.99%), a significant increase 

(P<0.001) for the GSE group (60.71%) and the MGSE group (P<0.05) which had an 

increased frequency of (43.75%). 
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Table 2:  Frequencies of micronuclei in 1000 polychromatic (MN-PCE) and 
nonpolychromatic (MN-NCE) erythrocytes and PCE/ NCE relationship in control and 
polyphenol treated mice. 
 
Treatment group          MN-PCE 

      (Mean ± SD) 
     MN-NCE 
   (Mean ± SD) 

  PCE/2000 NCE 
(%) 
     (Mean ± SD) 

     WT Control    

     3 month*       4.33±1.44       6.62±3.31          3.07±0.51 

     9 Month*       5.38±3.24       6.29±2.54          3.54±0.69 

    
    AD Control    

    3 Month*       4.60±1.17       6.30±3.86          3.30±0.81 

    9 Month*       6.90±2.02       5.60±1.84          3.96±0.84 

    
    AD Curcumin    

    3 Month*       3.91±1.97       5.36±1.50          2.61±0.34 

    9 Month*       2.81±1.32**       5.45±1.91          3.96±0.66a 

    
    AD GSE    

    3 Month*       3.00±1.55       5.90±1.92          2.82±0.31 

    9 Month*       2.00±1.18**       4.36±1.86          4.54±1.78b 

    
    AD MGSE    

    3 Month*       4.30±1.76       5.60±2.76          3.24±0.49 

    9 Month*       1.60±1.17**       4.00±1.76          4.56±15.57a 
    
 
 * Months on assigned diet 
** P<0.001 when compared to the AD control group of the same month. 
  a P<0.05 comparing values for 3 and 9 months on diet within the same cohort.  
  b P<0.001 comparing values for 3 and 9 months on diet within the same cohort. 
 
2 way analysis results for micronucleated polychromatic erythrocytes  
 
 Source of Variation        % of total variation          P value 
  Interaction                                  12.12                                0.0004 
  Diet groups                                  23.46                            P<0.0001 
  Time in months                         0.33                                 0.4377 
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7.12.5 Correlation between micronuclei in buccal ce lls and polychromatic 
erythrocytes 

 
Combined data for all cohorts showed no significant correlation (r=0.09, P=0.28) 

between the combined MN for basal and differentiated buccal cells and micronuclei 

in the polychromatic erythrocytes (Figure 8). 
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Figure 8:  Graph showing correlation data between MN in buccal cells and 

polychromatic erythrocytes. 

 

 

 

 



Chapter 7: Ageing and polyphenols 

 231 

7.12.6 Telomere length at 9 months 
 

7.12.6.1 Olfactory lobe brain tissue 
 

The results for absolute telomere length for all the cohorts sampled are shown in 

Figure 9. A non significant 2 fold decrease in absolute olfactory lobe telomere length 

was evident between the AD control and WT control groups. The polyphenol 

curcumin cohort had non-significantly longer telomeres compared to the AD control 

and both grape seed extract cohorts (P>0.05).  
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Figure 9 : Absolute telomere length in olfactory lobes of WT controls (N=20), AD 
controls (N=10), AD curcumin (N=10), AD GSE (N=10), AD MGSE (N=10).Groups 
not sharing the same letter are significantly different. Error bars are SE of the mean. 
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7.12.6.2 Buccal cell absolute telomere length 
 

The results for absolute telomere length in buccal cells for all the cohorts sampled 

are shown in Figure 10. A significant decrease (P=0.04) in absolute buccal telomere 

length was evident in the AD control when compared to the WT control. All 

polyphenol cohorts had a non-significant increase in telomere length when compared 

to AD controls.  
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Figure 10:  Absolute telomere length in buccal cells of WT controls (N=20), AD 
controls (N=10), AD curcumin (N=10), AD GSE (N=10), AD MGSE (N=10).Groups 
not sharing the same letter are significantly different. Error bars are SE of the mean. 
 

There were no significant gender effects within any of the cohorts for any of the 

parameters investigated. 
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7.12.7 Correlation between buccal cell and olfactor y lobe telomere length 
 

Combined data for all cohorts showed a non significant inverse correlation  

(r=-0.12, P=0.23) between buccal cell and olfactory lobe telomere length (Figure 11).  
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Figure 11:  Graph showing correlation between buccal cell and olfactory lobe 

telomere length. 

 

7.13  Discussion 
 
Oxidative stress has been accepted as playing a key role in AD pathology. It results 

from an imbalance between free radical formation, and the counteractive 

endogenous antioxidant defense systems such as superoxide dismutase (SOD), 

catalase (CAT) and glutathione peroxidase (GPx). Reactive oxygen species (ROS) 

are damaging to cells leading to the oxidation of essential cellular components such 
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as proteins and lipids, leading to eventual genomic instability events such as MN 

formation and telomere shortening [96,345]. The aim of the study was to a) 

determine whether DNA damage events are increased to a greater extent with time 

in carriers of mutations that predispose to AD relative to controls and b) to investigate 

whether increasing the intake of dietary polyphenols such as curcumin and GSE 

prevent the onset and severity of genomic instability biomarkers in a transgenic 

mouse model for AD.  

 

Results from the study show differences in biomarkers for DNA damage between the 

transgenic AD control group and the WT control groups. Both were confined to the 

same AIN-93G diet for the duration of the study. MN frequency was determined in 

both buccal cells and whole blood. Buccal cell analysis showed an increase in MN 

frequency for both control groups over the duration of the 9 month study. WT controls 

showed an 8% increase whereas the AD control group showed an increase in MN 

frequency of 20%. After 9 months a non significant 2 fold increase in MN frequency 

was apparent in the transgenic AD buccal mucosa compared to the WT group. 

Similarly in whole blood a 24% increase in micronucleated polychromatic 

erythrocytes occurred in the WT control group compared to a 50% increase in the AD 

controls. After 9 months the AD control had a non significant 1.3 fold increase in MN 

frequency compared to the WT control. Taken together, the data suggest that the AD 

control cohorts have an increased rate of DNA damage in different tissues beyond 

the rate of normal ageing. It is possible that had sampling occurred later these initial 

trends may prove to be significantly different. These findings are similar to the results 

in human buccal mucosa which show a similar trend for increased MN frequency in 

the younger AD group and age matched controls (Chapter 3). 
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Differences were apparent in biomarkers for DNA damage, cell proliferation and cell 

death parameters between AD control mice and those cohorts with an increased 

dietary polyphenol intake. MN were scored in both buccal cells and whole blood. The 

results suggest a potential protective effect from a polyphenol enriched diet as the 

MN frequency in both buccal and whole blood was reduced compared to the control 

diets. The curcumin cohort showed a non-significant decrease of 72% whereas the 

GSE and MGSE cohorts showed an overall decrease of 9 and 84% respectively. 

There was a significant ten fold decrease (P=0.01) in MN frequency at 9 months 

between the AD control group and both the curcumin and MGSE cohorts and a 

significant seven fold decrease for the GSE cohort (P=0.02). This is the first time that 

buccal cells have been used to investigate the effects of polyphenols on MN 

frequency in a transgenic mouse model for AD. Similarly in whole blood differences 

were apparent between the AD control and polyphenol diet groups. All the 

polyphenol groups saw a reduction in MN frequency between the 3 and 9 month 

sample points. Curcumin showed a reduction of 49.5% and the GSE and MGSE 

cohorts showed an overall reduction of 33.3% and 62.5% respectively. However, no 

significant positive correlation for MN frequency between these tissues was evident 

(r=0.09, P=0.28) (Figure 8). These results suggest that the polyphenol diets may be 

protective in reducing the MN frequency in both buccal mucosa and whole blood, at 

the levels investigated confirming the results of earlier studies involving human 

lymphocytes [364,372-374]. 

 

It has previously been shown that both curcumin and GSE are effective antioxidants 

and have contributory roles in protecting cells from oxidative stress and the resulting 

DNA damage [363,375]. It is thought that the effectiveness of these compounds as 



Chapter 7: Ageing and polyphenols 

 236 

free radical scavengers can be directly attributed to their structural characteristics. 

The phenolic and methoxy groups on the curcumin benzene rings and the 1,3-

diketone system are thought to be important structures for effective oxygen free 

radical scavenging [376,377] . GSE has been shown to have a high number of 

conjugated structures between the B-ring catechol groups and the 3-OH free groups 

of the polymeric skeleton allowing these compounds to be effective free radical 

scavengers and metal chelators [372,378]. As GSE scavenges for free radicals, the 

resulting aroxyl radical formed has been shown to be more stable than those 

generated from other polyphenolic compounds [379] potentially aiding in preventing 

further DNA damage.  

 

Further mechanisms that have been attributed to both curcumin and GSE that 

enhance their effectiveness as powerful antioxidants involve the enhanced synthesis 

of the endogenous antioxidant enzymes SOD, CAT and GPx [373,380,381]. 

Reduced glutathione (GSH) is another endogenous antioxidant that regulates the 

expression of antioxidant genes [353,382-384]. GSH levels and subsequent activity 

is maintained by the enzyme γ-glutamylcysteine ligase catalytic subunit (GCLC) 

which in turn is regulated by oxidative stress [385]. It has been shown that both 

curcumin and GSE protect against GSH depletion by sequestering ROS and 

increases GSH synthesis by enhancing GCLC expression [353,386]. 

 

Telomere length was investigated as a biomarker of genomic instability in both 

buccal cells and olfactory lobe brain tissue, as telomere length has been shown to be 

compromised in AD and under conditions of oxidative stress [112,267]. In buccal 

cells a significant (P=0.04) 11 fold reduction in telomere length was found in the AD 
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control group compared to the WT control. This reduction in buccal telomere length in 

the AD control cohort may be due to increased levels of oxidative stress, or a higher 

turnover rate of cells. These results are in agreement with the findings from the 

human study (chapter 4) where telomere length was found to be shorter in AD buccal 

cells compared to age and gender matched controls. All polyphenol cohorts showed 

a non-significant 2 fold increase in buccal cell telomere length compared to the AD 

control cohort and a non-significant 4.3 fold decrease compared to the WT cohort. 

This would suggest that polyphenols through their effective scavenging of ROS and 

activation of endogenous defense mechanisms, may provide some degree of 

protection towards telomere maintenance in the buccal mucosa at the levels 

investigated.  

 

Telomere length within the olfactory lobe brain tissue of AD controls was found to be 

non-significantly reduced by 2 fold compared to the WT control group. Both the GSE 

and MGSE polyphenol group were found to have a 34% and 25% reduction in brain 

telomere length compared to the AD control group. AD mice that were fed a curcumin 

rich diet were found to have a 2 fold increase in brain telomere length compared to 

the AD control group, and were found to be only 4% shorter than the WT control 

cohort. It has been shown that curcumin has the ability to induce expression of genes 

involved in the cellular stress response network. Curcumin can activate Heme 

oxygenase-1 (HO-1) which increases cellular resistance to oxidative stress and 

phase II enzyme expression in neural tissue through the activation of the 

transcription factor Nrf2, affording significant protection to neurons exposed to 

oxidative stress [387-390]. Furthermore, curcumin and GSE have been shown to 

inhibit the formation of amyloid oligomers and prevents fibril formation that lead to the 
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formation of amyloid plaques [180,186,351,354]. Beta amyloid has been shown to 

form complexes with copper and iron to produce hypochlorous acid that increase the 

levels of oxidative stress within the brain [200,259]. Both Curcumin and GSE have 

been shown to act as a metal chelator binding these metals and possibly reducing 

amyloid levels resulting in lower levels of oxidative stress [181,391].  

 

A weak non-significant inverse correlation was found between telomere length in 

brain tissue and buccal mucosa (r=-0.15, P=0.24) (Figure 11). At this stage it is 

uncertain the contribution made by each cellular population to overall telomere 

length. It has been shown in this study that a high proportion of buccal cells are 

under going various stages of karyolysis which may distort the true telomere length of 

the progenitor basal cells by over representing senescent cells that would be 

expected to contain shorter telomeres. Only future studies on progenitor cells will be 

able to determine whether a stronger correlation exists between these two tissues, 

which if proven may lead to buccal cells potentially being used as a noninvasive 

biomarker reflecting physiological changes within telomere length in the brains of 

premature ageing mouse models for AD. 

  

The buccal cytome micronucleus assay also provided measures of potential cell 

proliferation and cell death in relation to potential genotoxicity of the polyphenols at 

the levels investigated. Basal cell frequency within both the control groups showed a 

slight but non-significant decrease over the three time points measured. After 9 

months the basal cell frequency in the AD control group had decreased by 7% 

possibly indicating the initial stages leading to the flattening of the rete pegs which 

are associated with advancing age. It would have been interesting to have sampled 
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the buccal mucosa at later time points, in order to determine whether similar changes 

in basal cell frequency reflect those observed in the earlier human study. The 

curcumin cohort showed a slight but non- significant decrease between months 6 and 

nine whereas both GSE groups showed a slight non-significant increase over the last 

three months of the study. All of the polyphenol cohorts did not show any marked 

changes in the cell proliferation rate of basal cells compared to controls suggesting 

that polyphenols at the dose used in the study had no cytotoxic or cytostatic effects. 

Similarly, differences were evident in the frequencies of differentiated cells measured 

between all of the cohorts. A significant increase (P<0.001, average increase 

353.8%) in differential cell frequency occurred in all groups between months 3 and 6 

suggesting a higher turn over of cells at this time point whilst a significant decrease 

(P<0.001, average decrease 72.9%) occurred in all groups between months 6 and 9 . 

These marked changes in proliferative rates at 6 months may reflect changes in the 

cellular kinetics of the buccal mucosa during growth and need to be further 

investigated in future studies.  

 

The three stages of cell death characterized in the assay represent over 95% of the 

cells sampled. This would indicate that the stratum corneum or keratinized layer of 

the murine buccal mucosa is significantly thickened and may be necessary to offset 

excessive sloughing off during mastication and to maintain the structural profile of the 

mouse’s buccal mucosa. At this stage it is uncertain whether these stages of 

karyolysis may represent specific forms of cell death such as apoptosis. Only future 

studies using cell death markers will determine their true origin. Early karyolysis was 

significantly increased (P<0.0001, average increase 286.96%) in both the control 

cohorts whereas the polyphenol cohorts had an average increase of 393.69%. 
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Similarly after 9 months the control groups showed a significant decrease (P<0.001, 

average decrease 82.25%) in early karyolysis and the polyphenol cohorts showed a 

decrease of 87.40%. These changes in cell death parameters exhibited similar trends 

in all the groups of the study indicating that these changes did not arise from dietary 

genotoxicity. There were no significant inter-group changes for both the mid and late 

karyolitic parameters measured. 

 

In conclusion, these results suggest a potential protective effect of a polyphenol 

enriched diet in terms of reducing DNA damage events, such as micronuclei and 

telomere length in different somatic tissue types, with no adverse effects on cell 

proliferation rates or cell death markers. This is reflected in that bodyweight and food 

consumption were also not significantly different between any of the cohorts 

suggesting that unpalatability of the diet at the doses investigated was not a variable 

affecting the observed results. This confirms earlier findings that increased dietary 

intake of polyphenols had no adverse effect on bodyweight [187,392]. However, due 

to multiple comparisons, the study was underpowered to demonstrate significant 

effects for some of the comparisons made. The results suggest that replication of this 

study with more mice per group, would be required to conclusively verify the possible 

protective effects of curcumin, GSE and MGSE in this model of AD. Further studies 

designed to elucidate the underlying molecular mechanisms for the observed 

protective effects should also be performed. 
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7.14 Appendix 1: Clinical morbidity assessment for AD Mice 
performed weekly 

• Switch to daily monitoring when mouse displays 2 or  more symptoms at 
Grade1 or above 

• Perform euthanasia when mouse displays 2 or more sy mptoms Grade 2 
or above. 

 
 
Signs Grade 0 Grade 1 Grade 2 Grade 3 

*Chronic weight loss 
compared with mean of 
aged matched normal 
controls  

Normal 
weight 

5-10% 11-15% >15% 

*Acute body weight loss 
compared to animal’s weight 
7 days earlier 

No change 5-10% 11-15% >15% 

Degree of anaemia Normal Slightly pale 
eyes, ears, 
tail 

Obvious 
pale 
extremities 

Very pale 
extremities, 
blood apparent 
in stools; cool 
extremities 

Behaviour/posture/ 
activity 

 

Normal Slightly 
hunched, 
sometimes 
on own; 
transiently 
dull; 
occasional 
lurch when 
disturbed 

Quiet and 
often on 
own; 
sometimes 
hunched; 
dull; 
occasional 
lurch. 

Often hunched 
or curled 
posture; 
isolated, does 
not interact 
with others; 
significantly 
dull; frequent 
lurch. 

Appearance Normal Slight 
porphyrin 
staining 

Moderate 
porphyrin 
staining; mild 
failure to 
groom 

Severe porphyrin 
staining; 
moderate failure 
to groom 

Vocalisation Normal Squeals 
when 
palpated 

Squeals 
when 
handled 

Struggles and 
squeals loudly 
when 
handled/palpated 

 
 
*If a study involves the use of growing animals the reduction in growth rate compared to 
healthy aged matched controls should be assessed rather than weight loss. 



Chapter 7: Ageing and polyphenols 

 242 

 Weekly Animal monitoring sheet  
 

AEC Project Number: 

 

Investigator Name & Contact: 

Animal ID Number: 

 

Diet: 

 

Comments: 

 

 

• Each animal is examined (am) for abnormalities weekly if normal and switch to daily 

monitoring when mouse displays 2 or more symptoms at Grade1 or above. 

� Observations are recorded in the table below. 

� Normal clinical  signs are recorded as “N” 

� Abnormalities are recorded as “A” and severity is scored in brackets eg. Appearance: A 

(2) where score is derived from clinical assessment form 

� Comments concerning abnormalities are recorded in the comments section of the table 

� Additional observations tailored to the monitoring requirements for each animal 

experiment are to be added at “Other” 
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Weekly Animal monitoring sheet  
 

Clinical Observation 
(N or A) 

Date 

        

Chronic weight loss 
compared with aged 
matched controls 

       

Acute body weight loss         

Anaemia        

Behaviour/posture        

Appearance        

Vocalisation reaction to 
Handling/gait 

       

Other:        

Comments        

Initials of assessor        

 
                                                     
Signature of (responsible) Investigator:                                             Date: 
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The aim of this thesis was to investigate changes in buccal genomic instability 

biomarkers in relation to normal ageing as well as in premature ageing syndromes 

such as AD and DS. A buccal cytome micronucleus assay was developed involving 

cellular/nuclear classification specific for DNA damage, potential cell proliferation and 

cell death markers. The assay was validated in cohorts of young, old and 

prematurely aged DS individuals to determine age-related changes. It was found that 

micronuclei, basal cells, karyorrhectic cells and condensed chromatin cells increased 

significantly with normal ageing (P<0.0001). Micronuclei and binucleated cells 

increased (P<0.0001) and condensed chromatin, karyorrhectic, karyolytic and 

pyknotic cells decreased (P<0.002) significantly in DS individuals relative to young 

controls. These changes show distinct differences between the cytome profile of 

normal ageing relative to that for a premature ageing syndrome, and highlights the 

diagnostic value of the cytome approach for measuring changes in genome damage, 

cell death and cell proliferative effects with normal and accelerated ageing.  

 

The buccal cytome assay was then used to investigate a cohort of individuals that 

had been clinically diagnosed with AD, to determine if specific changes in the buccal 

profile could also be identified in this cohort. It was found that frequencies of basal 

cells (P<0.0001), condensed chromatin (P<0.0001) and karyorrhectic cells 

(P<0.0001) were significantly lower in Alzheimer’s patients. These changes may 

reflect alterations in the cellular kinetics or structural profile of the buccal mucosa, 

and may be useful as potential biomarkers in identifying individuals with a high risk of 

developing AD. The odd’s ratio of being diagnosed with AD for those individuals with 

a basal plus karyorrhectic cell frequency <41 per 1000 cells is 140, with a specificity 

of 97% and sensitivity of 82%. 
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Although encouraging these preliminary results need to be performed in larger 

cohorts to determine the accuracy and reproducibility of these findings. Future 

studies are important to determine if these changes are specific to AD or whether 

they reflect alterations in the cellular kinetics of the buccal mucosa that can be linked 

to non-specific pathological situations. Thus, the same parameters need to be 

measured in mucosal cells from patients affected by other neurodegenerative 

dementia disorders such as vascular dementia or Huntingdon’s disease to determine 

specificity to AD. Furthermore, it is important to determine whether patients who have 

different genetic forms of familial AD exhibit the same changes and whether these 

changes can be identified presymptomatically. The proposed models (Chapter 3 

Figures 8a-c) derived from the studies that reflect potential structural profile changes 

can only be validated through further research involving histopathological sections 

and biopsies. Once this has been established more accurate models can be 

proposed for future testing. Testing for concentrations of micronutrients such as zinc 

may be important in explaining the changes in the structural mucosa of AD patients 

and may eventually be useful as a non-invasive model for individual micronutrient 

status. It may also be possible to culture buccal cells which would allow a wide range 

of in vitro experiments to be performed to investigate genotoxicity due to 

micronutrient deficiency or excess and identify the nutritional requirements for the 

reduction of genomic instability events. Further improvements in methodology 

involving image analysis and flow cytometry should be investigated and subsequently 

validated, to allow the development of an automated system that could potentially 

allow for scoring larger numbers of cells, in order to more accurately define changes 

in cellular kinetics and genomic instability events within the buccal mucosa. 
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A quantitative RTm-PCR method was developed and validated in order to determine 

absolute telomere length (in Kb per diploid genome) in a number of somatic tissues 

from AD patients. A significantly lower telomere length was observed in white blood 

cells (P<0.001) and buccal cells (P<0.01), and a significantly greater telomere length 

was found in hippocampus cells from AD patients relative to healthy age-matched 

controls. It was also observed that telomere length in buccal cells was 52.2%-74.2% 

shorter than in the corresponding white blood cells from the same cohorts 

investigated. The odds ratio for AD diagnosis was 4.6 (95% CI 1.22-17.66) if buccal 

cell telomere length was less than 40Kb per diploid genome with a sensitivity of 

72.7% and a specificity of 63.1%. It is not evident from these preliminary findings 

which cells from the heterogeneous populations investigated contribute to the 

observed changes in telomere length. Future studies need to be performed using 

flow cytometry to accurately determine the contribution from each cellular subset.  

Q FISH could be implemented to determine if there is uniform telomere shortening 

amongst chromosomes or whether shortening occurs in a select few chromosomes. 

As AD is associated with oxidative stress the integrity of the telomere sequence may 

be compromised if oxidized bases or abasic sites accumulate within the telomere 

sequence. A RTm-PCR method that would allow us to determine oxidized bases in 

the telomere sequence may provide a more accurate risk assessment of AD.  

 

The buccal cytome assay was also used to investigate aneuploidy events for both 

chromosome 17 and 21. An age related increase in both chromosome 17 and 21 

monosomy and trisomy occurred between the young and old cohorts investigated. 

The study showed a 1.5 fold increase in trisomy 21 (P<0.001) and a 1.2 fold increase 

in trisomy 17 (P<0.001) in buccal cells of AD patients compare to age matched 
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controls, which was beyond the effects of normal ageing. DS individuals also showed 

a significant increase in chromosome 17 monosomy and trisomy within their buccal 

cells compared to age-matched controls. It is possible that the observed increase in 

aneuploidy status for chromosome 17 and 21 in both AD and DS patients may lead 

to altered gene dosage and expression for both tau and APP. Through the utilization 

of specific fluorescently labeled antibodies for both these proteins, it may be possible 

to quantify the amount of protein present within individual aneuploidy cells, allowing 

us to determine the significance of aneuploidy as a contributing factor for altered 

gene expression of tau and APP in the early stages of AD. It is possible that 

micronutrient deficiency (e.g. folate deficiency) may have influenced the observed 

elevated chromosomal malsegregation frequencies for the chromosomes 

investigated [103,319]. Folate and B12 are important in the maintenance of 

methylation patterns that could potentially modify gene expression. Abnormal folate 

and methyl metabolism may result in a state of DNA hypomethylation leading to 

abnormal chromosome malsegregation and altered gene expression 

[140,141,143,171,172]. 

 

The levels of plasma folate, B12 and Hcy in AD individuals compared to age-

matched controls were investigated. Results from previous studies were confirmed 

showing that AD patients have higher levels of plasma Hcy (P<0.0003), however no 

significant difference in folate or B12 status was found suggesting the possibility of 

differences in folate/methionine metabolism due to genetic factors. However, 

genotypic frequencies for common polymorphisms for genes coding for key enzymes 

in folate and methionine metabolism in AD cases did not differ significantly from 

those for the older control group. Future studies could explore other possibilities such 
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as defects in folate uptake and storage which may be a more accurate predictor for 

Hcy status in AD patients. Similarly, the oxidative state of B12 and its impact as an 

effective cofactor for methionine synthase in the remethylation of Hcy should also be 

investigated, and measurements of methylmalonyl COA and transcobalamin (II) 

should also be considered in order to determine whether either may be a more 

informative biomarker in relation to B12 status. Elevated levels of Hcy may also be 

accounted for as a result of deficiencies in vitamins B2 and B6 which act as cofactors 

for MTHFR and cystathionine β synthase respectively. Therefore, it would be of 

interest to determine B2 and B6 levels and the polymorphism status of other 

enzymes that may affect Hcy metabolism.  

 

The last investigation involved a dietary study of the effects of antioxidants in relation 

to somatic genomic instability events in a transgenic mouse model of AD. It was 

found that animals fed on a diet rich in curcumin and GSE had a positive effect in 

reducing micronuclei frequency within the blood and buccal cells compared to control 

animals on normal diets. Curcumin also appeared to have a protective effect on 

olfactory lobe telomere length compared to control animals. The effects of 

phytonutrient antioxidants, in particular curcumin, need to be further investigated to 

determine their effectiveness as potential agents in reducing oxidative stress and 

genomic instability events associated with AD. It may also be reasonable to consider 

using Immunohistochemistry to determine whether levels of specific Alzheimer’s 

proteins in buccal cells are correlated with levels of the same protein within brain 

tissue from areas of the brain primarily affected by AD. This would then allow testing 

the possibility of using buccal cells as a potential surrogate tissue that may reflect the 

pathophysiological changes that occur within the brain of AD individuals. 
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In conclusion, changes within the buccal micronucleus cytome assay may be useful 

as potential biomarkers to gauge both normal ageing and in the identification of 

individuals associated with premature ageing syndromes such as AD and DS. 

Through further studies it may be possible to overlay data from tau and APP 

measurements together with the genomic instability events already investigated to 

increase the sensitivity, specificity, NPV, PPV and odds ratio to give a more precise 

and sensitive assay. In the future the buccal cytome may form the basis of a non-

invasive diagnostic test that may eventually be used to identify presymptomatically 

those individuals with an increase risk of developing AD. It may then be possible to 

develop and implement potential prophylactic measures based on dietary 

intervention studies that may result in a cessation or reversal of the changes that are 

characteristic of the disease. Buccal cytome changes may eventually be used to 

reflect disease severity or as a within subject biomarker to gauge the effectiveness of 

preventative interventions aimed at slowing down the progression of the disease.  
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