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Abstract 
Previous studies have shown that mild cognitive impairment (MCI) may reflect the 

early stages of more pronounced neurodegenerative disorders such as Alzheimer’s 

disease (AD). In clinical practice, patients with AD are not usually identified until the 

disease has progressed to a stage when primary prevention is no longer possible. 

Therefore there is a need for a minimally invasive and inexpensive diagnostic to 

identify those who exhibit cellular pathology indicative of MCI and AD risk so that they 

can be prioritised for primary prevention. Human buccal cells are accessible in a 

minimally invasive manner, and exhibit cytological and nuclear morphologies that may 

be indicative of accelerated ageing or neurodegenerative disorders such as AD.  

 

The hypothesis that a minimally invasive approach using isolated buccal mucosa cells 

can be used to identify individuals diagnosed with MCI or AD was therefore tested 

using laser scanning cytometry (LSC). LSC combines the principles of flow cytometry, 

quantitative imaging and immunohistochemistry with high-content, multi-color 

fluorescence analysis, and can be used to identify specific cells in a heterogeneous 

population as well as scoring unique molecular events within them. This study aimed at 

investigating buccal cell types (buccal cell cytome) by the use of high-content LSC 

analysis and to detect potential biomarkers of MCI and AD risk i.e. buccal cell types, 

nuclear DNA content, intracellular neutral lipids, Tau protein and amyloid-β (Aβ) 

protein. Buccal cells were sampled from the South Australian Alzheimer’s Nutrition & 

DNA Damage study (SAND) or the The Australian Imaging, Biomarker & Lifestyle 

Flagship Study of Ageing (AIBL), fixed and stained with labelled fluorescent antibodies 

(for detection of Aβ and Tau) and/or DAPI, Fast Green and Oil Red O dyes. In an initial 

study an LSC protocol was developed to identify and measure differences in buccal cell 

types and nuclear DNA content as well as a significant increase in micronuclei 

measured in AD (n=10) and Down’s syndrome (n=10) compared to their respective 

controls (n=20). Another LSC protocol measured a significant increase in DNA content 

and hyperdiploidy (as measured by DAPI fluorescence) as well as a significant decrease 

in neutral lipid content (measured by Oil Red O staining) in buccal cells of MCI (n=22) 

and AD (n=15) compared to controls (n=37) from the SAND study. Using another 

novel LSC protocol a significant increase in Aβ was measured in buccal cells from AD 

(n=20) compared to controls (n=20) from the AIBL study. Immunocytochemistry and 
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ELISA experiments showed no significant differences in putative buccal cell Tau 

protein. The diagnostic value of parameters examined in these studies, individually or in 

combination was assessed and reported as specificity and sensitivity scores. In these 

studies, LSC has proven to be an efficient and useful technology for high-content 

analysis of buccal cells. Moreover, the changes in the buccal cell cytome observed using 

LSC may reflect alterations in the metabolism, cellular kinetics, gene expression, 

genome stability or structural profile of the buccal mucosa, and may prove useful as 

potential biomarkers in identifying individuals with a high risk of developing MCI and 

eventually AD. 
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CHAPTER 1 
 

1. LITERATURE REVIEW 

1.1 ALZHEIMER’S DISEASE 

1.1.1 History 
Alzheimer’s disease (AD) is the sixth leading cause of death in the United States and 

the most common form of dementia (Alzheimer's Association, et al. 2011). According 

to the World Health Organisation, the number of people suffering from AD worldwide 

is around 18 million and at least 4.9 million new cases are reported annually with a 

predicted prevalence worldwide of 80 million people suffering from the disease over the 

next 30 years (Ferri, et al. 2005). AD is a progressive neurodegenerative disorder, 

characterised by the gradual onset of dementia and leading to death usually between 7 

and 10 years after diagnosis. AD is the leading cause of dementia in the elderly and 

affects about 5% of individuals at age 65 (Villemagne, et al. 2005). AD patients have 

been reported with behavioural and psychological symptoms such as lack of 

cooperation, tremors, depression and lack of concentration, often correlated with loss of 

cognitive functions (Marin, et al. 1997; Waldemar, et al. 2007; Fernandez, et al. 2010). 

The disease was first described by Dr. Alois Alzheimer, a German physician who 

published a case report detailing the pathological changes in the cerebral cortex of a 51 

years old woman, Auguste Deter, with progressive dementia in the year 1907. He 

identified three neuropathological features in his examination of the brain of Mrs. Deter 

which were (1) “unusual, striking changes of the neurofibrils”, (2) “deposition of a 

particular substance in the cortex” and (3) “numerous fibres that glia have developed” 

(Alzheimer, et al. 1995; Graeber, et al. 1997). Since their first description, “senile” 

plaques and neurofibrillary tangles (NFTs) have been the hallmark histopathological 

features of AD and are employed in the histological diagnosis of the disease post-

mortem (Khachaturian. 1985; Mirra, et al. 1991; Hyman, Trojanowski. 1997).  

 

1.1.2 Diagnosis 
The pathogenic processes of AD are likely to begin years before clinical symptoms are 

observed. Indeed the early clinical signs indicating risk for AD are referred by the term 
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of mild cognitive impairment (MCI) that corresponds to the following criteria: Normal 

activities of daily living and general cognitive function but with subjective memory 

impairment and abnormal memory for age (Petersen, et al. 1995a; Petersen, et al. 1999; 

Petersen. 2000). Currently, clinical diagnosis of AD is based upon criteria of cognitive 

decline, memory impairments, visuospatial and language impairment as measured by 

the mini mental state examination (MMSE) (Petersen, et al. 2009). However this suite 

of tests can only provide a possible or probable diagnostic of AD in living subjects and 

the definitive diagnostic can only be made during post-mortem by the observation of the 

senile plaques and NFTs in the cerebral tissue (Armstrong. 2006; Nelson, et al. 2012).  

 

1.1.3 Pathology 

1.1.3.1 Amyloid-β 
Amyloid-β (termed Aβ) is a 39-42 amino acid peptide produced by the proteolytic 

cleavage of the cell membrane-associated amyloid precursor protein (APP) (Martins, et 

al. 1991; Runz, et al. 2002). Amyloid deposits consist of abnormally misfolded proteins 

and are composed primarily of Aβ insoluble peptides of approximately 42 kDa 

generated from the precursor APP encoded on chromosome 21 (Selkoe. 2001). APP is 

an integral membrane protein with a single membrane-spanning domain, a large 

extracellular amino terminus and a short cytoplasmic carboxyl terminus (Martins, et al. 

1991). APP is processed following two different pathways, called amyloidogenic and 

non-amyloidogenic. The non-amyloidogenic pathway involves the enzyme α-secretase 

(metalloproteases such as the tumor necrosis alpha converting enzyme and Adam10) 

which cuts within the sequence of the Aβ peptide at the 17th amino acid. Following this 

pathway, no intact Aβ peptide is released and therefore no aggregation occurs. The 

amyloidogenic pathway on the other hand results in the production of Aβ peptides after 

cleavage of the APP by first the β- then the γ-secretase. After processing of APP by β-

secretase, identified as the beta-site APP-cleaving enzyme 1, two products are 

generated, an extracellular soluble stub called sβAPP and an intracellular C-terminal 

stub called C99, respectively. The γ-secretase activity, regulated by presenilins (PS1 and 

PS2), is then involved to cleave the C99 at residues 40/42/43 of the Aβ sequence, 

generating intact Aβ peptides which aggregate rapidly into oligomers and ultimately 

plaques, Aβ42 being toxic to neurons and directly associated with AD pathology 

(Pastorino, Lu. 2006; Grosgen, et al. 2010). The Aβ42 peptide is neurotoxic and 



Chapter 1 ǁ Literature Review 
 

Page 3  
 

proinflammatory, impairs memory, and represents a major constituent of cerebral 

amyloid plaques associated with AD (Braak, Braak. 1991; Selkoe. 1991; Barger, 

Harmon. 1997; De-Paula, et al. 2012). 

 

1.1.3.2 Neurofibrillary tangles 
Aberrant Tau protein is present in neurodegenerative diseases called “tauopathies” and 

is one of the early established hallmarks of AD in which Tau proteins accumulate in its’ 

hyper-phosphorylated form and can lead to NFTs within neurons (Grundke-Iqbal, et al. 

1986; De-Paula, et al. 2012). Encoded on a single gene located on chromosome 17 

(Huang, Jiang. 2009) the Tau protein is known to have various molecular weights since 

there are multiple isoforms produced by alternative splicing. Six isoforms are known to 

exist in adult brain and the proper function of Tau depends on its state of 

phosphorylation regulated by several kinases, phosphatases and other Tau related 

proteins. The activity of protein phosphatase 2A has been shown to be compromised in 

AD affected brain (Gong, et al. 1993; Gong, et al. 1995; Wang, et al. 2007) and has 

been strongly implicated as a cause of abnormal hyperphosphorylation of Tau (Iqbal, 

Grundke-Iqbal. 1998; Iqbal, et al. 2005). The Tau protein in its’ hyper-phosphorylated 

form is the main component of NFTs in AD and appears in senile plaques and 

dystrophic neurites in an insoluble form. This results in Tau being difficult to remove 

and may lead to neuronal death (Spires-Jones, et al. 2009). 

 

1.1.3.3 Apolipoprotein E4 
Apolipoprotein E (apoE) is a glycoprotein of 34 kDa synthesised in the central nervous 

system and is implicated in cholesterol and lipid metabolism. The gene coding for this 

protein is located on chromosome 19 and three common isoforms exist, known as 

apoE2, apoE3 and apoE4. The APOE ε4 allele was discovered to be a strong genetic 

risk factor for AD in a familial late-onset AD population (Strittmatter, et al. 1993). 

Individuals with one APOE ε4 allele are three to four times more likely to develop AD 

than those without this variant allele; however the ε4 allele is neither essential nor 

sufficient on its own to cause AD. The three apoE protein isoforms differ from each 

other by a single amino acid, and that difference induces an interaction between the 

carboxyl and amino terminal domain of apoE4 which does not occur in the two other 

isoforms apoE2 and apoE3 (Mahley. 1988; Dong, et al. 1994; Dong, Weisgraber. 1996; 
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Richard, Amouyel. 2001). The existence of this intramolecular domain interaction is 

believed to render apoE4 more susceptible to undergo proteolysis (Ye, et al. 2005; 

Mahley, et al. 2006) and this interaction is one mechanism that contributes to the 

astrocytic dysfunction associated with apoE4 (Zhong, Weisgraber. 2009; Zhong, et al. 

2009). Exactly how APOE ε4 allele and the apoE4 protein influence the 

pathophysiology of AD is still unknown, but individuals who have this “risk” allele 

appear to be affected by AD at an earlier age and develop a heavier amyloid burden in 

their brains. However, studies on apoE4 and its role in AD have suggested several 

potential mechanisms including modulation of Aβ-caused synaptic and cholinergic 

deficits (Buttini, et al. 2002) as well as lysosomal leakage and apoptosis in neuronal 

cells (Ji, et al. 2002). Moreover, APOE ε4 genotype (heterozygous) was shown to 

correlate (P=0.002) with the accumulation of intraneuronal Aβ by 

immunohistochemistry experiments performed on brain tissue from 20 AD patients and 

10 controls (Christensen, et al. 2010). Studies have also suggested a role of apoE4 in the 

impairment of the antioxidative defense system and mitochondrial function (Miyata, 

Smith. 1996; Gibson, et al. 2000; Kamino, et al. 2000; Ohta, et al. 2004), dysregulation 

of neuronal signaling pathways (Herz, Beffert. 2000), altered phosphorylation of Tau 

and NFT formation (Strittmatter, et al. 1994; Tesseur, et al. 2000; Huang, et al. 2001; 

Ljungberg, et al. 2002; Harris, et al. 2003; Brecht, et al. 2004) and acceleration of age-

related neurodegeneration (Buttini, et al. 1999). Therefore it appears that carriers of the 

APOE ε4 allele exhibit a range of altered states of cellular signaling which in 

combination, may lead to a higher susceptibility to AD. 

 

1.1.3.4 Lipids 
There have been several studies that demonstrated a variety of lipid classes (e.g. 

ceramide, cholesterol, plasmalogen, and sulfatide) are substantially altered at a very 

early stage during AD pathogenesis (Han, et al. 2001; Han. 2005). Additionally, the 

phospholipid and neutral lipid composition was found to be modified in different 

regions of the brain of subjects who had suffered from AD (Soderberg, et al. 1990). It 

was reported that n-3 long chain polyunsaturated fatty acids (mainly docosahexaenoic 

acid, which is essential for cerebral functions), as well as monoenes (mainly oleic acid) 

declined in lipid rafts of brain tissues sampled post-mortem from the frontal cortex of 

AD subjects, when compared to age-matched controls (P<0.05) (Martin, et al. 2010). 
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Alterations in lipids were also observed in mice with cholesterol, phospholipids, 

docosahexaenoic acid and arachidonic acid that were significantly reduced in the cortex 

of 9 month old AD mice compared to age-matched control mice (Yao, et al. 2009). 

Additionally, docosahexaenoic acid was found to exert potential protective actions 

towards neurotoxicity (i.e. amyloid burden, synaptic dysfunction, and learning and 

memory deficits) induced in vivo by Aβ in AD mice (Oster, Pillot. 2010).  Cholesterol 

levels have been outlined as a risk factor for AD (Martins, et al. 2006; Martins, et al. 

2009) and in brains of aging and AD patients, cholesterol metabolism was found to be 

affected resulting in an increased level of total cholesterol (Cutler, et al. 2004; Xiong, et 

al. 2008). Previous studies in both animal (transgenic mice FAD mutants APPK670N,M671L 

and PS1M146V) and cellular (primary neurons) AD models indicated that intracellular 

cholesterol distribution can regulate Aβ (considered the main biomarker of AD) 

biogenesis in the brain (Puglielli, et al. 2003). Moreover variations in cholesterol levels 

of plasma membrane may play a role in the regulation of Aβ production and APP 

endocytosis (Cossec, et al. 2010). Additional data indicated that levels of cholesterol 

and its precursors were reduced in cerebrospinal fluid (CSF) sampled from AD (Kolsch, 

et al. 2010). Furthermore, relative to controls, altered levels of plasma apoE in AD have 

been observed (Taddei, et al. 1997; Gupta, et al. 2011). Evidences suggest that it is 

conceivable that lipid metabolism plays an important role in the neuropathological 

development of AD. 

 

1.1.4 Biomarkers of AD risk 

1.1.4.1 Relevance of a test for AD 
The pathogenic processes of AD are likely to begin years before clinical symptoms are 

observed and as the prevalence of AD is doubling every five years between 65 and 85 

years of age (WHO Press. 2006), the need of biomarkers has become urgent. Moreover 

AD does not only alter the quality of life, health and wellbeing of those affected but also 

leads to a significant financial burden in society (Sloane, et al. 2002). The mechanisms 

responsible for AD are unclear, and effective therapies are lacking. However, in 

combination with clinical methods and cognitive tests, it is anticipated that biomarkers 

will soon contribute to a more accurate assessment of the pathology caused by AD 

before the onset of cognitive dysfunction. Therefore, biomarkers for an early diagnostic 

of the disease would tremendously benefit the community as treatment strategies will 
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likely to be most effective in preserving brain function, if administered early in the 

disease process before symptoms develop.  

 

1.1.4.2 Rationale for the use of peripheral tissue for biomarkers of AD 
The scientific community has been actively investigating potential early biomarkers of 

AD. Currently, the majority of investigators have used blood, CSF or brain imaging. In 

terms of direct brain imaging, Pittsburgh B (PiB) compound was used and shown to be 

able to readily detect Aβ protein aggregation forming senile plaques in specific regions 

of the brain, however it has been shown in some case reports that the accumulation of 

large plaques are necessary for PiB imaging to be useful (Leinonen, et al. 2008; Cairns, 

et al. 2009). Additionally, CSF has been used to identify changes in Tau protein levels 

(Blennow, Zetterberg. 2009; Prvulovic, Hampel. 2011). However, these methods of 

investigations are either too invasive and/or expensive (Blennow, Zetterberg. 2009; 

Thambisetty, Lovestone. 2010; Hampel, Prvulovic. 2012). Therefore, if screening of 

populations of individuals is to be performed, more suitable, easily accessible tissues 

would need to be utilised, also using diagnostic tests at much lower costs with high 

specificity and sensitivity. This need for minimally invasive tests could be achieved by 

targeting surrogate tissues reflecting systemic susceptibility as recent evidence indicates 

that AD is not a disorder restricted to pathology and biomarkers within the brain, but 

also appears in non-neural tissues (Schupf, et al. 2008; Thomas, et al. 2008b; Arnold, et 

al. 2010; Migliore, et al. 2011; Neumann, et al. 2011).  

 

 1.1.4.3 Peripheral tissue as source for AD biomarkers 

1.1.4.3.1 Fibroblasts 
The plausibility that AD risk is reflected in cellular biomarkers in peripheral tissue has 

been investigated by studying some well-known markers of genomic instability that 

have been reported to increase with age, and therefore suggest that the capacity for 

repair of DNA damage may also be altered in AD (Fraga, et al. 1990; Goukassian, et al. 

2000; Wilson, et al. 2008). Micronuclei (MN) are acentric chromosomal fragments 

occurring during cell division and one of the well characterised biomarkers of genomic 

instability. In fibroblasts for example, MN frequency has been shown to be increased 

with advancing age (Antoccia, et al. 1993) as well as in AD (Trippi, et al. 2001; 

Migliore, et al. 2011). Down’s syndrome (DS) is also considered a premature ageing 
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syndrome leading to dementia and is associated with abnormally high levels of DNA 

damage (Jovanovic, et al. 1998; Perluigi, Butterfield. 2012). Furthermore, DS (trisomy 

21) patients express brain changes that are histopathologically indistinguishable from 

AD by the 4th decade of life (Geller, Potter. 1999; Thomas, Fenech. 2008). As the APP 

gene is encoded on chromosome 21 (Selkoe. 2001), it has been suggested that one of the 

underlying mechanisms of AD could be the altered expression of this gene, leading to 

accumulation of the aggregating form of Aβ peptide. Peripheral tissue such as skin 

fibroblasts from familial and sporadic AD has been shown to exhibit a 2-fold increase in 

trisomy 21 levels when compared to controls (Geller, Potter. 1999). Moreover, an 

increase in immunostaining of amyloid peptides (Aβ40, Aβ42) as well as an imbalance 

between free cholesterol and cholesterol ester pools has been observed in fibroblasts of 

AD (Pani, et al. 2009a). The capacity of fibroblasts to spread in culture was also 

observed to be altered in AD, as well as their calcium content that was shown to 

decrease in terms of cytosolic free calcium (p<0.001) and increase in terms of total 

bound calcium when compared to age-matched controls (Peterson, Goldman. 1986; 

Peterson, et al. 1986).  

 

1.1.4.3.2 White blood cells  
Tau protein, one of the main proteins known to be associated with AD interacts with 

microtubules, actin filaments and intermediate filaments to play a key role in regulating 

the organisation and integrity of the cytoskeleton (Binder, et al. 1985). An increase in 

the phosphorylation levels of Tau was reported to occur due to the compromised 

function of protein phosphatase 2A in AD brains (Gong, et al. 1993; Gong, et al. 1995). 

Tau protein was shown to be elevated in CSF of AD patients and is an accepted 

biological marker of AD (Blennow, Zetterberg. 2009; Prvulovic, Hampel. 2011). This 

important marker of AD has also been investigated in lymphocytes. As a result, both 

phosphorylated and non phosphorylated forms of Tau were detected by Western blot 

and shown to be significantly increased in AD compared to controls (approximately 2-

fold increase), with a direct correlation between those two forms of Tau (Armentero, et 

al. 2011). In terms of DNA damage, differences were also observed in AD. Evidence of 

the nuclear accumulation of γH2AX, a phosphorylated protein that accumulates 

following induction of DNA double strand breaks, has been observed in astrocytes of 

AD brains (Myung, et al. 2008). Oxidative stress which results in the accumulation of 
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oxidised DNA base adduct 8-hydroxy-2deoxyguanosine (8-OHdG), is also believed to 

be involved in a number of neurodegenerative diseases (Giasson, et al. 2002; Migliore, 

Coppede. 2002; Perry, et al. 2002) and has been shown to occur prior to the pathology 

hallmarks of AD (Nunomura, et al. 2001). An approximate 5-fold increase in 8-OHdG 

was observed in CSF of AD compared with controls (P<0.001) and may partly explain 

the DNA damage that has been observed in AD cases (Abe, et al. 2002). The comet 

assay, which can be used to assess both single and double strand breaks in DNA, has 

been utilised to demonstrate that peripheral leukocytes exhibit an increase in DNA 

damage markers in AD with respect to controls (P<0.001) (Migliore, et al. 2005). 

Individuals with MCI have also been used to study biomarkers of AD since this group 

shows an approximate 50% of conversion into AD over 4 years (Petersen, et al. 1995b) 

and it is interesting to note that the level of oxidative damage is lower in AD compared 

with MCI (Migliore, et al. 2005). This may suggest that this type of DNA damage 

decreases as the disease progresses further.  Genomic instability markers such as MN 

seem to increase in lymphocytes with age (Fenech, Morley. 1986) and AD when 

compared to healthy controls (Migliore, et al. 1997; Migliore, et al. 1999; Migliore, et 

al. 2011).   

 

Another marker of genetic instability, telomere length, is known to change with ageing 

and in some cell types involves progressive telomere shortening. Telomeres are highly 

conserved DNA sequence repeats (of TTAGGG) involved in the maintenance of 

genome stability. Telomere length can be assessed by a variety of methods including 

southern blot, flow cytometry, quantitative fluorescence in situ hybridisation (FISH) or 

by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) (Bull, et al. 

2009; Kimura, et al. 2010; Takubo, et al. 2010; O'Callaghan, Fenech. 2011). Shortened 

telomeres have been shown to be associated with an increased risk of cardiovascular 

disease and degenerative disease such as cancers (Artandi, et al. 2000; Samani, et al. 

2001; Cawthon, et al. 2003; Wu, et al. 2003). Studies have shown a decrease in 

telomere length in lymphocytes isolated from AD (Panossian, et al. 2003; Jenkins, et al. 

2006). The telomere shortening has also been investigated in white blood cells of 

confirmed AD cases and found to be significantly shorter in those AD patients 

compared with young and old controls (P<0.0001) (Thomas, et al. 2008b). 

Lymphocytes from AD cases or first degree relatives also show substantial differences 

relative to controls with respect to intracellular lipids (Pani, et al. 2009b). Oil Red O 
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(ORO) staining (indicative of accumulation of neutral lipids) has been used to 

demonstrate higher levels of neutral lipids in peripheral blood mononuclear cells of 

probable AD patients (Pani, et al. 2009b). This study from Pani et al. 2009b 

demonstrated that approximately 85% of isolated lymphocytes from AD had high 

neutral lipids levels (mainly cholesterol ester) as well as an increased content of the 

Acetyl-Coenzyme A acetyltransferase-1 protein (the enzyme that catalyses the 

formation of cholesterol esters in cells) compared with cognitively normal age-matched 

controls. These data suggest that intracellular cholesterol ester levels are systematically 

increased in AD patients and support the hypothesis of altered lipid metabolism in AD. 

 

1.1.4.3.3 Platelets 
Platelets have also been investigated in AD and found to express changes with the 

disease state. For instance the ratio of two isoforms products of APP processing that 

occurs in platelets was studied as a potential biomarker and found to be decreased in 

platelet membranes in AD and MCI compared with their respective controls (Padovani, 

et al. 2002; Schneider, et al. 2009; Borroni, et al. 2010). The presence of phosphorylated 

and non phosphorylated Tau protein was detected by immunofluorescence as well as 

different variant forms of Tau using Western blot techniques. Those different 

immunoreactive fractions of Tau separated by Western were combined to obtain a ratio 

of high (>80 kDa) and low (<80 kDa) molecular weight bands. The ratio of the high/low 

molecular weight bands (when quantified by imaging) was found to be significantly 

increased in AD compared to healthy controls (t-test P=0.0001) (Neumann, et al. 2011).  

 

1.1.4.3.4 Olfactory epithelium  
Olfactory dysfunction is common in neurodegenerative diseases, appears as one of the 

first symptoms in AD and is commonly used to assess memory in mice (Yang, Crawley. 

2009; Cheng, et al. 2011). In humans, the olfactory epithelium was shown to be a 

peripheral tissue reflecting changes in AD by expressing Aβ and hyperphosphorylated 

Tau at various rates. Detection was performed by immunohistochemistry and a 

significant increase in frequency of both Aβ (P<0.001) and hyperphosphorylated Tau 

(P<0.05) was observed when compared to controls (Arnold, et al. 2010). Post-mortem 

neuropathological examinations of participants’ brains were also undertaken and a 

strong correlation was determined between Aβ frequency in olfactory epithelium and 
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averaged Aβ frequency in multiple cortical regions (i.e. hippocampus, entorhinal cortex, 

amygdala, superior/middle temporal gyri, angular gyrus, mid-frontal gyrus, and anterior 

cingulate cortex); (P<0.001) (Arnold, et al. 2010). A slighter but still existent 

correlation was also found when examining hyperphosphorylated Tau in olfactory 

epithelium and in brains (P<0.03) (Arnold, et al. 2010). Therefore, presence of Aβ and 

Tau immunostaining should also be investigated in peripheral tissue such as olfactory 

epithelium.  

 

1.1.4.3.5 Plasma 
Biomarkers of risks are a key in the prediction of AD; amyloid plasma levels have been 

investigated and linked to an increase in the risk for AD. A review of cross-sectional 

and longitudinal studies that examined plasma levels of Aβ indicates that baseline levels 

of Aβ40 and Aβ42 might predict higher rates of progression towards AD (Song, et al. 

2011). Moreover higher levels of Aβ42 were also associated with a 3-fold increase of 

AD risk (Schupf, et al. 2008). Levels of plasma amyloid also seem to decrease 

following conversion to the disease and have been more recently studied as a predictive 

marker of cognitive decline (Cosentino, et al. 2010). The evidence discussed above 

suggests that AD is a systemic disorder that can be reflected in peripheral tissue and 

therefore investigations involving minimally invasive tissue for sampling cellular 

biomarkers of MCI/AD risk need to be further investigated.  

 

 

1.2 BUCCAL CELLS 

1.2.1 Buccal cells as a material for analysis 
Buccal mucosa (BM), like the brain and skin epithelium cells, are derived from 

differentiated ectodermal tissue during embryogenesis and therefore would be a non-

neural tissue that may have the potential to reflect the underlying pathological changes 

observed in AD. Buccal cells have been used as a source of tissue in a variety of 

biochemical and molecular biology studies using an assortment of different techniques 

to collect the cells including; cotton swabs (Richards, et al. 1993), cytobrushes 

(Richards, et al. 1993; Patten, et al. 1996; Garcia-Closas, et al. 2001; King, et al. 2002), 

a “swish and spit” method (Hayney, et al. 1996; Lum, Le Marchand. 1998; Feigelson, et 

al. 2001) a modified Guthrie card (Harty, et al. 2000) and a method of rubbing cheeks 
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against teeth to exfoliate cells (King, et al. 2002). The results from those studies 

demonstrated that high quantities of buccal cells, more than a million, could be obtained 

and then subsequently used in a variety of assays; such as DNA analysis using PCR or 

other genotype tests (de Vries, et al. 1996; Hayney, et al. 1996; Lum, Le Marchand. 

1998; Guangda, et al. 1999; Myerson, et al. 1999; Le Marchand, et al. 2001), for 

isolation of mRNA for gene expression profiling, Western blots for detection of proteins 

and immunocytochemistry (Hattori, et al. 2002; Michalczyk, et al. 2004; Spivack, et al. 

2004), high-performance liquid chromatography (HPLC) (Borthakur, et al. 2008) and 

ion transporter assays (Patten, et al. 1996). Ideally invasive procedures should be 

avoided in AD patients due to age and presenting medical issues, therefore buccal cells 

could offer an appropriate alternative as a relatively non-invasive and easily accessible 

source of tissue for analysis. Furthermore, buccal cells have been shown to be 

osmotically stable in hypotonic solutions including water (Lee, et al. 1994), and are 

more difficult to disrupt or lyse than typical cultured cells or tissue [unpublished 

observations], making them more easily processed with less risk of losing intracellular 

contents during investigation procedures. Additionally, we have found that buccal cells 

can be readily preserved for Western blotting of cellular protein, cytology and 

immunocytochemistry studies by isolation directly into Saccomanno’s solution 

(contains 50% ethanol) and stored at 4oC for up to 4 weeks [unpublished observations –  

see later sections of this thesis]. Therefore it would be possible to isolate buccal cells 

from patients in remote regions and facilitate storage of samples in laboratories. 

 

1.2.2 Morphological changes in buccal cells 
For the BM to be a valuable tissue to study for biomarkers of AD, the BM would need 

to exhibit changes within the cells that correlate well with the disease state. Structurally, 

the BM is a stratified squamous epithelium consisting of four distinct layers (Veiro, 

Cummins. 1994; Masters, et al. 1997; Squier, Kremer. 2001) as shown in Figure 1. First 

the stratum corneum lines the oral cavity. Below this layer, is located the stratum 

granulosum, and the stratum spinosum containing populations of differentiated, 

apoptotic and necrotic cells. The next layer contains the rete pegs or stratum 

germinativum composed of basal cells, which, by cell division and DNA replication 

regenerate and maintain the profile, structure and integrity of the BM (Squier, et al. 

1976). The basal cells are believed to differentiate and migrate to the keratinised surface 



Chapter 1 ǁ Literature Review 
 

Page 12  
 

layer in 7 to 21 days. With normal ageing the efficiency of cell regeneration decreases 

(Hill. 1994a; Squier, Kremer. 2001) resulting in a thinner epidermis and underlying cell 

layers (Hill. 1994b).  The protective function of the stratum corneum is not altered 

(Hull, Warfel. 1983) but the rete pegs adopts a more flattened appearance (Thomas. 

2001; Burns, et al. 2004).  

 

 
 
Figure 1: Diagrammatic representation of a cross section of normal BM. 
The mucosa of healthy individuals illustrating the different cell layers and possible spatial relationships of 
the various cell types are shown. Adapted from Thomas et al. 2009. 
 

 

Since buccal cells and the nervous system are derived from the same germ cell layer, the 

ectoderm, the regenerative potential of BM might be affected in parallel with the 

regenerative potential of the brain, which is found to be altered in AD. One study 

investigated the BM’s different cell types and its composition in AD compared with 

age-matched controls (Thomas, et al. 2007). Frequencies of the various cell types have 

been measured and an alteration of the BM composition was shown to occur in AD. A 

significant decrease in the frequency of basal cells, karyorrhectic and condensed 

chromatin cells (P<0.0001) were found in an AD cohort, whilst a significant decrease in 

the frequency of condensed chromatin cells and increase in MN (P<0.001) were 

observed in a DS cohort when compared to the age-matched control groups (Thomas, et 

al. 2007; Thomas, et al. 2008a) as shown in Figure 2. Using two parameters, basal cells 
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and karyorrhectic cells, separation of AD and controls reached a specificity of 96.8% 

and sensitivity of 82.4% (Thomas, et al. 2007). This segregation of cell types has also 

been shown possible in an automated manner using imaging analysis by laser scanning 

cytometry (LSC) (Leifert, et al. 2011), making this cytome assay more feasible for 

scoring on a larger study scale. Another study aimed at assessing morphologic and 

cytometric aspects of cells of the oral mucosa of AD patients using the Papanicolaou 

staining method (Papanicolaou. 1948). A visual assessment of cell types was made by 

microscopy and cytological parameters were measured using the Image J analysis 

software. The results of that study demonstrated a significant reduction in the number of 

intermediate cells (P<0.05) as well as in their nuclear:cytoplasmic area ratio (P<0.0001) 

in the AD group compared to the controls (de Oliveira, et al. 2008). Both studies 

suggest that changes occur in the BM of those diagnosed with AD in terms of 

cytological features and cell type composition which may indicate a decrease in the 

regenerative capacity of the BM in AD. Additionally APP is ubiquitously expressed and 

may be involved in stimulation and proliferation of keratinocytes where they are mostly 

expressed in the basal layer (Kummer, et al. 2002). Investigation of APP expression in 

the BM may therefore reveal information regarding the regeneration potential of that 

tissue. 
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Figure 2: Buccal micronucleus cytome in AD and DS. 
Shows the number of (A) MN, (B) karyorrhectic cells, (C) cells with condensed chromatin and (D) basal 
cells scored per thousand cells between AD (n=31), DS (n=21) and their respective controls (n=56). A 
picture of a cell associated to each bar graph is shown as an example of these parameters measured. 
Adapted from Thomas, et al. 2007 and Thomas, et al. 2008a. 

 

 

1.2.3 Cytokeratins – Biochemical cell type segregation 
Buccal cells contain groups of structural proteins called cytokeratins (CK) (Anderton. 

1981), that are found to be expressed in a tissue specific manner (Moll, et al. 1982a; 

Tseng, et al. 1982). Buccal cells normally express CK 4,5,13,14 and possibly 19 

depending on their cell types (Moll, et al. 1982a; Vaidya, et al. 1989); CK5 and CK14 

are predominantly expressed in the basal layer but after a period of differentiation and 

migration, buccal cells begin expressing CK4 and CK13 accompanied with a 

progressively reduced expression of CK5 and CK14 (Clausen, et al. 1986). Additionally 

our preliminary results (unpublished observations) showed that some buccal cells were 

positive for CK5 whilst others were positive for CK13, others were both CK5 and CK13 

positive, whilst yet another population of buccal cells were negative for CK5 and CK13 
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(Figure 3). Another study also showed that CK10 and CK8 were detected in low 

amounts in buccal cells using immunocytochemistry and that β-actin was abundant and 

could be used as a loading control in Western blotting (Clausen, et al. 1986). 

Interestingly, differential expression of CK proteins, such as CK5, has been observed in 

carcinomas of the BM (Vaidya, et al. 1989; Lueck, Robinson. 2008). For instance, in 

mucoepidermoid carcinoma there was a strong correlation of high levels of CK5 

expression (in oral mucosa) with poorer survival times (P<0.001). Specifically, at the 

completion of that study, 12 (of 13) patients with high levels of CK5 expression were 

deceased, compared with 6 patients out of the 18 patients with the lowest values of CK5 

expression (Lueck, Robinson. 2008). Since CK expressions have been widely shown to 

differ in the BM with cell types (Moll, et al. 1982a; Vaidya, et al. 1989), developmental 

stage (Banks-Schlegel. 1982; Moll, et al. 1982b), tissue differentiation (Tseng, et al. 

1982; Woodcock-Mitchell, et al. 1982; Clausen, et al. 1983; Sun, et al. 1983; 

Breitkreutz, et al. 1984; Schweizer, et al. 1984) and pathological conditions (Loning, et 

al. 1980; Steinert, et al. 1980; Staquet, et al. 1981; Bowden, et al. 1983; Matoltsy, et al. 

1983; Winter, et al. 1983; Weiss, et al. 1984), they could provide information on the 

proliferation and differentiation profile depending on the disease state. Furthermore CK 

staining of BM may offer a convenient immunocytochemical manner of separating cell 

types which can also be scored in an automated manner in AD patients. 
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 (A) Schematic showing the differential expression of CK within the buccal cell layers. (B) CK5 and 13 
were detected using an immunocytochemistry dual-staining technique, cells expressing CK13 were 
detected with a secondary antibody 488 Alexa Fluor (Green) and cells expressing CK5 were detected with 
a secondary antibody 647 Alexa Fluor (Red). (C) Using LSC different populations of cells were separated 
depending on the type of CK expressed. (D) From the scattergram in (C), the percentage of buccal cell 
types based on CK5/13 expression is shown. 
 

 

1.2.4 Buccal cells and Tau 
Accumulation of Tau forming NFTs in the brain is one of the main hallmarks of AD 

and has a major role in neuronal death. Hattori et al. (Hattori, et al. 2002) demonstrated 

the presence of multiple bands of Tau on Western blots, that were the non-

phosphorylated form of Tau protein in buccal cells with the prominent appearance of 

two bands at approximately 65 kDa and 110 kDa, using the monoclonal BT-2 antibody. 

Using enzyme-linked immunosorbent assay (ELISA) techniques, total Tau protein was 

shown to be significantly elevated within buccal cells of AD compared with age-

matched controls (P<0.01). Furthermore, the increase in Tau of oral epithelium was 

shown to be significantly correlated with the Tau level in CSF and was also higher in 
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Figure 3: Preliminary results using immunocytochemistry techniques showed a 
difference in expression of CK5 and 13 within buccal cells. 



Chapter 1 ǁ Literature Review 
 

Page 17  
 

AD subjects when diagnosed at a younger age of onset than with patients at later age of 

onset (Hattori, et al. 2002). Therefore it is feasible that oral Tau may be measurable and 

may be a useful predictive biomarker of AD; however this has not been verified yet in 

other studies and awaits replication. 

 

1.2.5 Buccal cells and amyloid 
Aβ is the main component of senile plaques appearing in the brains of AD. It is 

generated by the processing of its precursor APP. The expression of APP was shown to 

be present in the buccal pouch of hamsters and APP is believed to promote the 

development of oral carcinogenesis (Ko, et al. 2007). The biopsy of oral tissues for 

instance has been advocated as an alternate method of detecting amyloid deposition in 

amyloidosis (Stoopler, et al. 2003) confirming that amyloid can accumulate to 

detectable levels in peripheral tissue such as the liver in systemic amyloidosis (Lovat, et 

al. 1998). APP has previously been investigated in young adult Wistar rats and localised 

by immunohistochemistry in several peripheral tissues, i.e. liver, kidney, spleen, 

pancreas, salivary gland, testis and ovary (Beer, et al. 1995). Moreover as APP is a 

protein ubiquitously expressed in humans, it makes amyloid protein and all its’ variants 

(e.g. monomers, dimers, oligomers, etc…) a rational and plausible target to be 

investigated in the BM of AD patients (Kimberly, et al. 2005). It is plausible that a 

genetic or acquired predisposition for amyloidogenic processing of APP could be 

evident not only in the brain but also in epithelial tissue. 

 

1.2.6 Buccal cells and DNA damage 
Genomic DNA damage has been associated with AD (Thomas, Fenech. 2007), 

particularly DNA damage in astrocytes of AD hippocampal regions as mentioned earlier 

(Myung, et al. 2008). Genomic instability has been reported to increase with age and 

therefore the capacity for DNA damage repair may also be altered (Fraga, et al. 1990; 

Goukassian, et al. 2000; Wilson, et al. 2008). In buccal cells a buccal micronucleus 

cytome assay was developed by Thomas et al. to score DNA damage, cell death and 

regenerative potential (Thomas, et al. 2007; Thomas, et al. 2009). A DS cohort was used 

as a model for premature ageing and presented a significantly elevated level of MN 

compared with both the older and younger control groups (P<0.0001) (Thomas, et al. 

2008a). The same buccal micronucleus cytome scoring assay was performed on an 
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Alzheimer’s cohort and showed a slightly elevated MN score in the AD group when 

compared to age-matched controls, but this difference did not reach statistical 

significance (P=0.11) (Thomas, et al. 2007). Genomic changes such as aneuploidy of 

both chromosomes 17 and 21, containing respectively the genes coding for Tau and 

APP (Iqbal, et al. 1989; Koo. 2002), has also been investigated in buccal cells. 

Aneuploidy levels of chromosomes 17 and 21 were shown to increase in buccal cells in 

AD and DS compared to their respective controls (Thomas, Fenech. 2008). 

Additionally, DNA double strand breaks have been detected in human buccal cells 

using an immunofluorescent antibody against γH2AX (Gonzalez, et al. 2010), therefore 

confirming that MN and γH2AX are two important DNA damage biomarkers that can 

be detected and may be altered in buccal cells from patients with AD. Oxidative stress 

has also been studied in leukocytes and exfoliated BM using HPLC after DNA isolation 

(Borthakur, et al. 2008) and because the association between accumulated oxidative 

DNA damage and ageing is well documented, it is possible that the BM may show 

changes in 8-OHdG levels from AD buccal samples; however this is yet to be tested. 

 

1.2.7 Buccal cells and lipids 
Studies have previously shown that a variety of lipid species can be detected in buccal 

cells, including sphingomyelin, cholesterol-3-sulfate, cholesterol, cholesterol esters, free 

fatty acids and triacylglycerols (Devereux-Graminski, Sampugna. 1993). Previous 

studies investigated the relationship between fatty acid composition of the BM and 

dietary intake (McMurchie, et al. 1984; Sampugna, et al. 1988) and have shown that the 

lipid composition of buccal cells could reflect changes in the dietary intake (e.g. the 

proportion of linoleic acid increased after exposure to a high polyunsaturated/saturated 

fat ratio diet). However, Kirby et al. (Kirby, et al. 2010a; Kirby, et al. 2010b) have 

measured the fatty acid composition of buccal cells from children and found there was 

no association of their fatty acid levels with fatty acid deficiency symptoms, learning 

and behaviour. However there is no evidence to date of research investigating changes 

of lipid levels in buccal cells in neurodegenerative diseases such as Alzheimer’s. 
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1.2.8 Buccal cells and telomere length 
Telomere shortening has also been investigated in buccal cells of confirmed AD cases 

and healthy age- and gender-matched controls. A significantly shorter telomere length 

was observed in buccal cells of the older AD group compared to the controls (P=0.01) 

and a similar but stronger trend was observed in white blood cells (P<0.0001) (Thomas, 

et al. 2008b). 

 

1.2.9 Summary 
Evidence that pathologic changes of AD are reflected in peripheral tissues such as 

plasma, fibroblasts, olfactory epithelium, platelets, white blood cells and buccal cells 

lead us to conclude that AD is plausibly a systemic disorder and that such tissues are of 

use to be a source of potential biomarkers (Table 1). However, investigating a tissue 

like the BM for new sources of biomarkers for AD is desirable for routine diagnostics 

because cells can be collected in a minimally invasive manner.  

 

Table 1: Summary of results from case-control studies showing an association of 
specific biomarkers with AD within peripheral tissues. 
 

Peripheral Tissues Variations observed 

Fibroblast 

• ↑ MN frequency (Trippi, et al. 2001; Migliore, et al. 2011) 

• ↑ Trisomy 21 levels (Geller, Potter. 1999) 

• ↑ Immunostraining of Aβ  and ↓ β-Secretase 1 (Pani, et al. 2009a) 

• ↑ Rate of cholesterol esterification (Pani, et al. 2009a) 

• Expanded pool of neutral lipids (Pani, et al. 2009a) 

• Altered pattern of spreading in culture (Peterson, et al. 1986) 

• ↓ Free calcium content (Peterson, et al. 1986) 

• ↑ Bound calcium content (Peterson, Goldman. 1986) 

White Blood Cell • ↑ Telomere shortening (Thomas, et al. 2008b) 

Lymphocyte 

• ↑ Neutral lipids accumulation (Pani, et al. 2009b) 

• ↑ Total Tau (Armentero, et al. 2011) 

• ↑ MN frequency in Ch13 and Ch21 (Migliore, et al. 1997; 

Migliore, et al. 1999; Migliore, et al. 2011) 

• ↑ Telomere shortening (Panossian, et al. 2003; Jenkins, et al. 

2006) 
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Leukocyte • ↑ Double strand breaks and oxidative damage (Migliore, et al. 

2005) 

Platelet 
• ↓ APP Isoforms (130kDa/110kDa) ratio in membranes (Padovani, 

et al. 2002; Schneider, et al. 2009; Borroni, et al. 2010) 

• ↓ High kDa/Low kDa forms of Tau ratio (Neumann, et al. 2011) 

Plasma 

• Baseline levels of Aβ may predicts ↑ rate of progression towards 

AD (Song, et al. 2011) 

• ↑ Aβ42 associated with ↑ of AD risk (Schupf, et al. 2008) 

• Plasma amyloid levels linked with cognitive decline (Cosentino, 

et al. 2010) 

Nasal Cell • ↑ Abundance ratings for Aβ and phosphorylated Tau (Arnold, et 

al. 2010) 

Buccal Cell 

• Distribution of various cell types (Thomas, et al. 2007) 

• Nuclei/Cytoplasmic size ratio in intermediate cells (Papanicolaou. 

1948) 

• ↑ MN frequency  in DS (Thomas, et al. 2008a; Leifert, et al. 

2011) 

• ↑ Tau and correlation with ↑ Tau in CSF (Hattori, et al. 2002) 

• ↑ Aneuploidy levels of Ch17 and Ch21 (Thomas, Fenech. 2008) 

• ↑ Telomere shortening (Thomas, et al. 2008b) 

 

 

1.3 LASER SCANNING CYTOMETRY 
Since the aim of this study was to develop the LSC method for high-content buccal cell 

analysis, the following sections discuss the principal and applications of the LSC 

technology. A biomarker by itself may not be sufficient for a 100% accurate diagnostic 

test but a combination of several biomarkers successfully correlated to the development 

of the disease may provide more accurate information on the disease state. To develop 

such a screening-test for biomarkers an automated high-content analysis technology is 

required. CompuCyte Corporation (Westwood, Massachusetts) is a pioneer in 

quantitative imaging cytometry and CompuCyte’s iGeneration LSC instruments provide 

accurate, precise and quantitative measurements of cellular and tissue constituents, 

which are coupled with quantification of fluorescence, absorbance and light scatter 

imaging. LSC is therefore a technology of choice to simultaneously detect, localise and 
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quantify protein biomarkers in buccal cells as well as defining changes in the cell 

parameters and BM cell type and cytome profile of AD. 

  

1.3.1 iGeneration LSC instrument characteristics 
LSC is a recent technology that is capable of quantifying fluorescence and chromatic 

events simultaneously within cells as well as tissues. The technology has the 

quantitative ability of flow cytometry but allows evaluation of cell populations in situ 

(i.e. retention of cellular and/or tissue architecture). A laser scanning cytometer is 

equipped with up to four excitation lasers chosen from a palette of six possible 

wavelengths: 405 nm, 488 nm, 532 nm, 561 nm, 594 nm and 633 nm. It is also 

equipped with up to four photomultiplier tubes (PMTs), each detecting a specific 

wavelength range to collect emitted fluorescence from the samples, and two photo 

detectors (PD), 488 Light Loss (LL) and 633 LL to measure absorbance (Figure 4). As 

the laser light intersects the sample, scattered or transmitted light is simultaneously 

directed to one or more solid-state photosensors. The photosensors and PMT signals are 

converted into 14-bit pixel values that are then assembled into high-resolution images. 

 

 
 
Figure 4: iGeneration LSC technology schematic diagrams (CompuCyte 
Corporation). 
(A) Fluorescent measurement optical path. (B) Absorbance/scatter optical path and examples of 
corresponding images. (C) iCys Research Imaging Cytometer diagram. 
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1.3.2 Advantages 
The analytical capabilities of LSC are comparable to those of flow cytometry but with 

fewer limitations, therefore assays originally developed for flow cytometry analysis can 

be adapted for the LSC, for example immunophenotyping of peripheral blood 

leukocytes (Tarnok, Gerstner. 2003). With the use of LSC, unlike flow cytometry, 

subcellular localisation of the fluorochrome can be quantified and once measured the 

preparation can be reanalysed with another probe(s). Furthermore, the slides can be 

stored and archived for further analysis. LSC incorporates image-processing techniques 

into the analysis and the measured sample is not lost and can be rescanned. LSC 

generates images of high quality as the lasers provide an intense concentration of 

monochromatic excitation light at the optical plane of the cell to allow better separation 

of fluorescence emission from excitation. As a result, detection of cell constituents can 

generally be made with higher measurement sensitivity than in conventional 

fluorescence imaging analysis. Additionally, LSC can quantify laser light scatter and 

absorption along with the fluorescence emissions and employ laser light scatter in a 

unique bright field visualisation mode. Moreover, compared to confocal microscopy 

which uses sharply focused laser beams to illuminate very small area of the sample at 

any given time, the beam is as collimated as possible to allow depth of field of typically 

20-30 µm. This allows quantification of all of the fluorescent light emitted from the 

entire cell depth at each spatial location. As an example, LSC was shown to be useful in 

tissue section analysis such as brain slices from an AD case, where cell cycle 

dysregulation in subpopulations of neurons was observed in 120 µm of thick section of 

parahyppocampal gyrus that was scanned by adjusting the focus to capture several 

sections of 30 µm depth each (Mosch, et al. 2006). This design permits scanning 

relatively large sample areas making the instrument suited for automated experiments 

where large numbers of cells are to be examined. LSC also has advantages in protein 

detection, quantitation and localisation studies, since the use of Western blots comes 

with a number of limitations, i.e. the requirement for a large amount of sample matter 

and the inability to quantify the signaling molecules in individual cells and organelles; 

therefore leading to results that may not be representative of a particular cell type or 

organelle of interest (Grierson, et al. 2005). In contrast, LSC requires fewer samples and 

can allow analysis of localised cell-signaling molecules within specific cell types or 

organelles. Additionally the laser scanning cytometer is fully automated with an 

autofocus and automated stage. The exact position of each cell scanned is therefore 
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recorded and the LSC images generated can be visually examined. A disadvantage of 

LSC is the relatively slower speed at which data is captured relative to flow cytometry 

or imaging cytometry due to the very intensive scanning. 

 

1.3.3 Events and generation of data 
LSC generates data in a way similar to imaging analysis software by generating images 

produced as pixel maps with values directly linked to the dyes analysed. The signal can 

therefore be localised and boundaries can be drawn around pixels with contours of 

different sort, these include primary or threshold contour, background, integration, 

peripheral and phantom contours. An example of the different contours can be seen in 

Figure 5. 

 

 
 
Figure 5: Example of the different contours mapped around an event (shown in 
white). 
From iCyte User Guide. 
 

 

The threshold contour is set to define fluorescent “events” analysed, it can be 

accompanied by an integration contour to include further pixels within the total signal 

collected. The background contour made of two lines can be used to calculate the 

background fluorescence for an event. Finally the peripheral contour can be used to 

quantify pixel values within two boundary lines set at the periphery of an event. This 

possibility of contouring events in images allows increased specificity and flexibility in 
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generating data. These data are generated in an automated and high-content manner, 

which can include X and Y event positions, event area, event counts, circularity, 

integrated fluorescence of an event (Integral), MaxPixel (maximal pixel 

intensity/event), perimeter, peripheral Integral and peripheral Max Pixel. The LSC data 

can be subsequently displayed in scatter plots, histograms, distribution plots, and 

statistic tables.  

 

1.3.4 Applications 
LSC has traditionally been used with fluorescently labeled cell culture (live or fixed 

cells) samples and tissue sections. Some examples of LSC applications include: fine-

needle aspirate biopsies analysis (Gerstner, Tarnok. 2002; Juan, et al. 2011); cellular 

DNA content analysis (Kamiya, et al. 1999; Gerstner, et al. 2005; Tsujioka, et al. 2008); 

spatial resolution of nuclear vs. cytoplasmic fluorescence (Darzynkiewicz, et al. 1999); 

cellular morphometry and cell cycle analysis using maximal pixel intensity (Gorczyca, 

et al. 1996; Luther, Kamentsky. 1996; Kuliffay, et al. 2010); detection of apoptosis 

(Darzynkiewicz, et al. 2004; Lin, et al. 2004); analysis of enzyme kinetics (Bedner, et 

al. 1998); drug uptake (Bedner, et al. 1998); ligand binding (Bedner, et al. 1998); 

evaluation of cytoplasmic/nuclear translocation (Deptala, et al. 1998); FISH analysis 

(Kamentsky, et al. 1997); cell-to-cell interactions (Darzynkiewicz, et al. 1999); 

immunophenotyping (Tarnok, Gerstner. 2003) and quantification of fluorescent 

immunohistochemistry labeling in tissue sections (Gorczyca, et al. 1998; Pruimboom-

Brees, et al. 2005). More recent studies have investigated histone phosphorylation of 

H2AX with correlation to cell cycle phase (Huang, et al. 2004; Tanaka, et al. 2007; 

Zhao, et al. 2009), as well as cell cycle dysregulation in neurons (Mosch, et al. 2006). 

LSC also offers the ability to investigate the chromatin texture of nuclei on top of DNA 

content and cell cycle (Kuliffay, et al. 2010). Applications of LSC to human scoring 

methods in cell cycle research and medical application were undertaken. In a 

phagocytosis and cell cycle progression study, the use of LSC was compared with 

microscopic counting performed by five human operators. No statistical difference 

between the counts of operators was observed and LSC measures of phagocytic rate 

were found to be comparable with those from different human operators (Coelho, et al. 

2012). These results indicate the adaptability of human scoring methods to an 

automated laser scanning cytometer. Moreover, in medical application when compared 
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with routine cytology, LSC was shown to predict malignancy in laryngeal lesions by 

investigating simultaneous parameters such as DNA content and CK (Gerstner, et al. 

2005). LSC was found to have a higher specificity and higher predictive value than 

routine cytology proving to be a useful tool in cancer research. LSC has also been 

previously utilised in identification and validation of biomarkers and possible 

combinations for improving diagnosis of rheumatoid arthritis patients by antibody 

detection (Fueldner, et al. 2012). The combination of biomarkers was shown to be 

possible with a novel reliable method such as LSC, and additionally resulted in better 

segregation between patients than did single-marker analysis. Additionally, a study 

suggested LSC as a tool for the quantification of cell cycle activity in neurons of an AD 

case (Mosch, et al. 2006). By designing an automated method to detect abnormalities in 

the DNA content of neurons, LSC scans on brain tissue of this Alzheimer’s patient have 

been performed with the use of dual immunolabelling (Cyanine 5 and Cyanine 2) 

conjugated secondary antibodies with propidium iodide (PI). This study demonstrates a 

great potential of LSC for analysing the two and three dimensional distributions of 

neuronal cells in a short time, suggesting the application of LSC for routine pathological 

use in ways manual scoring would not allow (Mosch, et al. 2006). LSC has been proven 

to be useful for a panel of applications and will likely be ideal for automated high-

content cell analysis, as in this study. 

 

 

1.4 AIM 
In order to treat AD early before the neurodegeneration has progressed to a widespread 

and irreversible stage of the disease process, there is need for a biomarker or 

combination of biomarkers that enable early presymptomatic and predementia 

diagnosis, at least at the symptomatic stage of MCI, and differentiation from other 

forms of dementia. Therefore the aim of this study was to investigate a minimally 

invasive tissue, the BM, as a source of biomarkers for AD in the South Australian 

Neurodegenerative Disease (SAND) and The Australian Imaging, Biomarker & 

Lifestyle Flagship Study of Ageing (AIBL) cohorts. Several proteins and cell 

parameters that have already been shown as altered in AD, such as Tau protein, Aβ, 

aneuploidy, lipid accumulation, were investigated in buccal cells. This investigation was 

carried out by developing new LSC methods for automated high-content analysis for 
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early use as a diagnostic test of AD risk. It was anticipated that the combination(s) of 

the parameters measured would increase the likelihood of a positive diagnosis for AD, 

and that buccal cells may be a promising tissue for this diagnostic. The focus on buccal 

cells was justified due to the minimally invasive and painless procedure required for 

collection which is ideal for population monitoring studies. 

 

 

1.5 HYPOTHESIS 
1. Aneuploidy is increased in buccal cells of MCI and AD cases. 

2. Neutral lipids are present in buccal cells and elevated in MCI and AD. 

3. Tau and Aβ are present in buccal cells and elevated in MCI and AD. 
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CHAPTER 2 
 

2. BUCCAL CYTOME AND MICRONUCLEUS STUDY IN AD 

2.1. INTRODUCTION 
The buccal mucosa (BM) is an easily accessible tissue for sampling cells in a minimally 

invasive manner and does not cause undue stress to study subjects. Buccal cells can be 

used to study regenerative capacity of the BM which is dependent on the number and 

division rate of the proliferating basal cells, their genomic stability and their propensity 

for cell death. This approach is increasingly being used in molecular epidemiological 

studies to investigate the impact of nutrition, lifestyle factors, genotoxin exposure and 

genotype on DNA damage and cell death (Thomas, et al. 2009). Since the BM is of 

ectodermal origin, defects in BM cells may reflect potential physiological changes that 

occur in other ectodermal derived tissues such as fibroblasts and nervous tissue. A 

method utilising light and fluorescence microscopy has previously been developed to 

study DNA damage events such as micronuclei (MN) frequency and cell death in buccal 

cells adopting a buccal micronucleus cytome approach (Thomas, et al. 2007; Thomas, et 

al. 2008a; Darzynkiewicz, et al. 2011). Furthermore, the presence of MN in epithelial 

cells is of particular interest because MN are one of the best established biomarkers of 

DNA damage, representing chromosome breakage and mal-segregation events (Fenech, 

Crott. 2002). The various cell types and nuclear anomalies in the BM, which are 

observed and scored in a buccal micronucleus cytome assay, are shown schematically in 

Figure 6.  

 

The buccal micronucleus cytome assay is well validated using visual scoring by light 

microscopy (Thomas, et al. 2009); however applicability on a large scale for appropriate 

biomonitoring is hampered by lack of automated high-throughput technology. Visual 

scoring of the buccal cytome and MN is time consuming particularly because large 

numbers of cells (1000-2000) and/or donors need to be analysed to obtain statistically 

relevant data. This is particularly important when scoring MN due to the low baseline 

frequencies observed (Ceppi, et al. 2010). The buccal micronucleus cytome assay has 

previously been used in our laboratory to measure distinct differences between the 

cytome profiles associated with normal ageing relative to that for premature ageing 
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clinical outcomes such as Down’s syndrome (DS) and AD (Thomas, et al. 2007; 

Thomas, et al. 2008a). Therefore, to determine whether laser scanning cytometry (LSC) 

could be applied to score buccal cells in a similar manner to the visual scoring of the 

buccal cytome assay, the same microscope slides as used in studies (Thomas, et al. 

2007; Thomas, et al. 2008a) were selected for this “first hands on LSC” study. The aim 

was to investigate if the buccal micronucleus cytome assay was adaptable on the laser 

scanning cytometer in an automated manner, and to discover the tools supplied by the 

iCyte software. Since this technology is very complex, it was necessary to first 

understand the subtleties of the software to also foresee the potential use of such a 

technology on investigating several protein biomarkers of AD simultaneously within 

buccal cells in a high-content and automated manner. 

 
 

 
 
Figure 6: The various cell types scored in the buccal micronucleus cytome assay. 
Adapted from Thomas et al. 2008a. 
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2.2. MATERIAL AND METHODS 

2.2.1 Human ethics 
Human research ethics approval was obtained from CSIRO Animal, Food and Health 

Sciences, Adelaide, South Australia, Adelaide University and Southern Cross 

University human experimentation ethics Committees. 

 

2.2.2 Chemical and reagents 
All chemicals were of the highest quality grade: 

Tris(hydroxymethyl)aminomethanehydrochloride (Tris), ethylenediaminetetraacetic 

acid (EDTA), Sodium chloride (NaCl), Schiff’s reagent, Light Green were from Sigma-

Aldrich (Castle Hill, NSW, Australia), ethanol and glacial acetic acid were from Ajax 

Finechem (South Australia), DePex was from Merck (Kilsyth, VIC, Australia). 

 

2.2.3 Buccal cell sampling and preparation 
Buccal cell isolation and preparation was as previously described (Thomas, et al. 2009). 

Before sampling, the inside of the mouth was rinsed gently with 30 mL distilled water 

to remove debris. Buccal cells were sampled using a soft bristle, flat headed toothbrush 

rotated 20 times against one cheek in a circular motion and then the toothbrush 

containing cells was transferred to 30 mL tubes containing “buccal cell buffer” (0.01 M 

tris(hydroxymethyl)aminomethane, 0.1 M ethylenediaminetetraacetic acid, 0.02 M 

NaCl, pH 7.0) and  cells were dislodged from the toothbrush by agitation of the 

toothbrush in the buffer. A new toothbrush was used to sample from the contralateral 

cheek, as above and placed in the same buccal cell buffer. The suspension was then 

centrifuged 10 min at 581 xg at room temperature. Supernatant was discarded and 10 

mL of fresh buccal cell buffer was added. Cells were centrifuged twice more and finally 

resuspended into 5 mL of fresh buccal cell buffer. Cells were separated using a syringe 

with an 18G needle, and then filtered with a 100 µm nylon filter to remove cell clumps. 

The cell concentration was determined using a Coulter counter and adjusted to 80,000 

cells/mL. Buccal cells were cytocentrifuged (using a Shandon cytocentrifuge) for 5 min 

at 600 rpm onto microscope slides and air-dried for 10 min. 
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2.2.4 Buccal cell fixation and staining 
Cells were fixed in a slide-staining rack containing 50 mL of ethanol:acetic acid mix 

(3:1) for 10 min at room temperature followed by further air-drying for 10 min at room 

temperature. Microscope slides containing the fixed cells were immersed for 1 min each 

in Coplin jars containing 50% (vol/vol) ethanol then 20% (vol/vol) ethanol. Cells were 

washed for 2 min in a Coplin jar containing purified (Milli-Q) water. Slides were placed 

in a Coplin jar containing 5 M HCl for 30 min and then rinsed in running tap water for 3 

min. Slides were drained and placed in a Coplin jar containing Schiff’s reagent for 60 

min in the dark at room temperature. Slides were rinsed for 5 min in tap water and then 

in Milli-Q water. The cells were counterstained by immersing in Coplin jars containing 

0.2% (wt/vol) Light Green for 30 sec and rinsed in Milli-Q water. Slides were then air-

dried for at least 45 min before coverslips were applied with DePex mounting medium. 

 

2.2.5 Laser scanning cytometry 
Microscope slides containing fixed/stained buccal cells were inserted into a standard 4-

slide carrier and analysed by iCyte® Automated Imaging Cytometer (CompuCyte 

Corporation, Westwood, MA, USA) with full autofocus function, inverted microscope, 

three laser excitation (Argon 488 nm, Helium-Neon 633 nm and Violet 405 nm), 4 

photomultiplier tubes (PMTs) for quantitation of blue, green, orange and red 

fluorescence and dual channel absorption/scatter detector. In this study, excitation was 

at 488 nm and 633 nm, a Long Red emission filter was used for fluorescence and 488 

LL and 633 LL photo detectors (PDs) for absorption were used (Table 2). Typically 

1000-3000 cells were analysed using iCyte cytometric analysis software version 3.4.10. 

The “CompuColor” feature in iCyte was used to provide a green pseudocolour in the 

cytoplasm (as green is the colour of cytoplasm when visualised under light microscopy), 

additionally nuclei were coloured orange. 
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Table 2: Laser and detector selection for buccal cells. 
 

 

 

2.2.5.1 Low resolution scan 
Routinely a rapid overview scan was initially performed at low resolution using a 20× 

objective to locate and capture the entire area of the sample (cytospot) that was 

subsequently analysed in greater detail. The resolution of an overview scan is low due 

to large (10 µm) step increments used to acquire the image of the entire sample; 

however the low resolution scan is only used to identify regions for high resolution 

scans. 

 

2.2.5.2 High resolution scan 
To obtain high resolution images for analysis, smaller individual (rectangular) scan 

areas are defined for the high resolution scan using a 20× objective as outlined in Figure 

7B. In high resolution scans, small (0.5 µm) laser increment steps are used thus yielding 

higher resolution detailed “images”. It was found that a 20× objective was sufficiently 

adequate for both the low resolution and high resolution scans to analyse the buccal cell 

cytome. The user typically defines the size and shape of these regions (shown in blue in 

Figure 7A and B) and where they will be placed. Rectangular regions were randomly 

placed over the cytospots within the defined low resolution region (as shown in green) 

but being careful not to overlap these scan regions. If there was an obvious artifact 

present e.g. an air bubble, then this area was excluded from analysis. The size of the 

high resolution scan regions was always set to 1500 × 1110 pixels (or multiples 

thereof). This size accommodates the most optimal scanned image size for buccal cells 

contained within the “field images”. Furthermore, by doing this, the laser scanning 

cytometer could automatically re-focus at the start of each scanned 1500 × 1110 pixel 

Target Dyes Excitation Lasers 

(nm) 

Detectors 

Nuclei Feulgen 488 488 LL (Absorbance) + Long Red (Fluorescence) 

Micronuclei Feulgen 488 488 LL (Absorbance) + Long Red (Fluorescence) 

Cytoplasm Light Green 633 633 LL (Absorbance) + Long Red (Fluorescence) 

Abbreviations; LL, light loss (absorption) 
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A

B

C

A

B

C

region. This conveniently allows for any re-focusing corrections that might be required 

if a larger single scan region was used. Additionally, if there was a particular reason that 

a scan region should be excluded from analysis in the main data set, it could easily be 

excluded later when analysing data or defining the scattergrams.  

 

 

 
 (A) Shows a diagram of 4 slides to be analysed by LSC from right to left. Typically, 2 cytospots 
containing buccal cells are prepared on a microscope slide. The green boxes are the regions in which a 
“low resolution” scan of the cytospots are initially performed. This allows the user to define the cytospot 
region containing the cells. The smaller blue rectangles within the green boxes are regions that are 
scanned at higher resolution for data analysis (see text for full explanation). (B) A typical low resolution 
scan “well image” of buccal cells on an entire cytospot with cyan coloured scan regions overlayed, (C) an 
example of region image “3.7” that consists of a mosaic image showing individual buccal cells stained 
with Light Green (cytoplasm, green colour) and Feulgen (nuclei, orange colour). 
 

 

 
Figure 7: Low and high resolution scans. 
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In the protocol described here, a multi-pass scan was performed to increase the range of 

signals that could be detected and therefore to optimise image quality. The blue 

(488 nm) and red (633 nm) excitation lasers are used separately, to allow separation of 

fluorescence collected from dyes that have similar emission spectra, but different 

excitation spectra. The two component dyes in this analysis that fall into that category 

are as follows: Feulgen targets the DNA of cells and fluoresces in the long red region 

when excited with a 488 nm light source, while Light Green targets the cytoplasm of 

cells which also fluoresces in the long red region when excited with the red laser 

(633 nm), hence the use of a multi-pass scan. Additionally, the absorbance (Light Loss) 

can also be detected using the 488 and 633 LL PDs. When quantification of the 

fluorescence signal was required, the PMT voltages should be set so that the brightest 

pixel value (equivalent to 16,000 units) is just below saturation (e.g. 15,000 units). In 

the example shown (Figure 8) the PMT voltage was set to 38 for the blue laser with 

excitation in the Long Red channel. The signal intensity can be viewed using the profile 

feature in the profile window. The “Offset” values (which are used to set the 

background fluorescence) were set to decrease the background to a pixel value of 

between 200 - 400 units; in this case for Long Red (with blue laser excitation) the offset 

setting was -0.03. By carrying out the above procedure this ensured the maximum 

dynamic range of fluorescence data that could be obtained, hence this was ideal for the 

quantification and comparison of data between samples. 
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Figure 8: Detector module with selection of lasers and channels. 
Setting the channels for excitation and emission: the settings show that in this example the 488 nm excitation laser 
was used in the 1st pass of the scan (as indicated in the upper panel by a blue filled circle) whilst the text in the 
upper panel shows the photomultiplier tube (PMT) settings and light loss (LL) detector settings used for detecting 
emission ie “Long Red” and “488” (which are filters for fluorescence at 633 nm and absorbance at 488 nm, 
respectively). These settings were used to quantify Feulgen fluorescence and absorbance (light loss) for nuclei and 
MN. The lower panel shows that the red laser (as indicated by a red filled circle) was used to excite the sample on 
the 2nd pass of the scan. In this instance, the fluorescence emission was at long red (“Long Red 2”), and light loss 
(absorbance) at 633 (red) was also being recorded (“633 LL-2”). These settings were used to quantify red 
fluorescence and absorbance (light loss) of Light Green stain (for cytoplasm). The “volt” and “offset” features are 
described further in the text. 
 

 

2.2.5.3 Virtual channels and compensation 
Virtual Channels are used to perform mathematical operations on originally acquired 

channels to create new “virtual” channels. They are used to increase a weak signal, to 

add signals together or to isolate the individual fluorescence signals when two or more 

may overlap in one or more channels (typically termed “compensation”). In our 

experiment several virtual channels were created to allow compensation of both 

absorbance and fluorescence as shown in Table 3.  
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Table 3: Virtual channels for compensation of fluorescence and absorbance. 
 
Virtual Channel Input Channel Operator Purpose 

Fluorescence compensation 

LR Fluor M Long Red Multiply 0.25 Adjustment factor for Light Green 

compensation 

LR2 Fluor M Long Red 2 Multiply 0.3 Adjustment factor for Feulgen 

compensation 

Feulgen Long Red Subtract LR2 Fluor M Compensated for Feulgen stain 

Light Green  Long Red 2 Subtract LR Fluor M Compensated for Light Green stain 

Absorbance compensation 

Blue I 488 LL Invert Convert from brightfield to darkfield 

Red I 633 LL2 Invert Convert from brightfield to darkfield 

Blue M  Blue I Multiply 0.005 Adjustment factor for Light Green 

compensation 

Red M Red I  Multiply 0.05 Adjustment factor for Feulgen 

compensation 

Blue C Blue I Subtract Red M Compensated for Feulgen stain 

Red C Red I Subtract Blue M Compensated for Light Green stain 

 
 

To properly define and evaluate the compensation settings, it was necessary to monitor 

the distribution of events in scattergrams using the random segmentation “phantom” 

feature (Figure 9). In the scattergram shown in Figure 9, a cyan region (R35) was drawn 

around events that fall on areas of the slide where there are no cells and a 

complementary region (R25) was defined around the events that fall on cells. Events 

from R35 are excluded and region 25 was used as a gate for further compensation. Both 

the fluorescence (Figure 9C) and the absorbance (Figure 9E) scattergrams of the 

uncompensated events show a slant in the Y direction towards the X direction (cyan 

line). In the compensated scattergrams (Figure 9D and F) that line moves towards a 

more vertical positioning, indicating proper compensation has been achieved. 
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Figure 9: Phantom and compensation. 
 (A) Phantom was generated using the “phantom” feature in iCyte which shows the location of cells 
(coloured) and where there are no cells (black). This allows the user to define the compensation 
parameters described in detail in the text and shown in (B). Uncompensated (C) and compensated (D) 
fluorescence, whilst uncompensated (E) and compensated (F) absorbance data are shown. The “Integral” 
data was defined as fluorescence per event for the selected channel. 
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2.2.5.4 Segmentation of events 
In this study one of the aims was to capture three main buccal cell events that could be 

analysed further for scoring and quantification, namely the cell boundary for identifying 

and scoring whole cells as well as the nucleus boundary and micronucleus boundary 

(Figure 10). Following a high resolution scan using a 20× objective and using the 

“protocol” settings as shown in Figure 11, the clear demarcation lines for cell periphery, 

nuclei and MN were generated in iCyte as shown in Figure 10. The contour lines are 

automatically drawn around an event such as the cytoplasmic boundary, nucleus or 

micronucleus using a user-defined threshold for the pixel values for a particular 

fluorescent colour. Buccal cells are large in diameter and occasionally the cells overlap 

over two scan fields. In our version of the iCyte software, cells falling on the scan 

boundaries were excluded from the analysis. 

 

 
 
Figure 10: LSC images with contouring representation. 
LSC generated images of buccal cells showing MN. (A) High resolution image of buccal cell showing a 
single micronucleus (orange) within the cytoplasm (green). (B) “CompuColor” generated gallery images 
of 2 buccal cells showing distinct MN, and (C) the same cells shown in (B) demonstrating the 
“segmentation” feature of the iCyte-generated contour lines around the cytoplasmic periphery (red), 
nucleus (yellow) and micronucleus (MN; green). 
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Figure 11: LSC software protocol. 
The iCyte “protocol” was separated into 4 parts (A, B, C and D) with all parts being associated together using the 
“association” module (part D). The first scale (A) provides the settings used for the “low resolution” scan using a 
20× objective. The resulting mosaic scan (shown in Figure 7B) was associated with the second scale settings 
including parts B and C which contain all the settings for the “high resolution” scan (as described in text). Part D 
was the individual component associations. All events are associated with each other, which provides a very 
powerful analysis tool that link parent events to sub-events. 
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2.2.5.5 Identification of buccal cell types 
To classify all buccal cells, we generated a scoring system similar to that used 

previously (Thomas, et al. 2009) which consisted of the following cell types: basal, 

transitional and differentiated normal viable cells; karyolytic cells (i.e. lacking a 

nucleus), dead/dying cells (<2N) and hyperdiploid cells (>4N) using the protocol 

pathways as shown in Figure 11. Ideally, the iCyte-identified events are defined by a 

single segmentation of the cytoplasmic periphery. Since buccal cells are occasionally 

grouped together it was necessary to use the iCyte algorithm “seeded watershed”. This 

feature divides the groups of cells into individual cells using nuclei as the basis for 

segmentation. The assumption was that each cell segmented from a group of cells will 

contain a single nucleus. As a result, karyolytic cells which do not contain nuclei are 

eliminated from the segmentation. Furthermore groups of karyolytic cells were not 

observed. To fully score all cells on the slides the scores obtained from the two 

segmentation scales i.e. “Contour Cytoplasm B” (which is used only to identify the 

number of cells without nuclei i.e. karyolytic) and “Contour Cytoplasm” (which 

identifies cell types with nuclei) are combined, one without and one with the seeded 

watershed feature, respectively (also see Figure 11B). The score of the karyolytic cells 

obtained from “Contour Cytoplasm B” are then added to the scores of all other cell 

types obtained from “Contour Cytoplasm”. Cell type segregation was defined by using a 

scattergram to separate cell aggregates (Figure 12A) (that could not be separated 

adequately by the seeded watershed algorithm) followed by another scattergram plotting 

the Light Green Integral value against the Circularity of the cytoplasm (a measure of the 

roundness of the object), where a lower Circularity value indicates a higher roundness 

for the event measured allowing identification of debris (Figure 12B). From the gate R1 

(Figure 12B) a scattergram was then designed to separate cells based on differences in 

nuclear staining by plotting their DNA content vs. the Area of the cytoplasm. Figure 

12C shows “<2N” (R45) and “>4N” (R13) cells, whilst regions 46 and 47 were defined 

as Euploid cells. Region 47 was defined as “differentiated cells” due to their large 

cytoplasmic area. Region 46 was a source for a new scattergram of the Area of 

Cytoplasm vs. Light Green Intensity (Figure 12D). The following regions are then 

defined; intensely-stained green “basal” cells (R6) and lighter stained “transitional” 

cells (R4). A battery of the cell types scored is shown in Figure 13. 
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Figure 12: Scattergrams for separation of cell types. 
The identification and scoring of basal, transitional and differentiated buccal cell types. The scoring of the 
buccal cell types was achieved by the following criteria: (A) excluding “events” that are either too small 
or too large to be a buccal cell, (B) have a high “circularity” feature (i.e. are not round in shape), (C) cells 
that have abnormally high or low nuclear content (i.e. >4N or <2N as shown in R13 and R45, 
respectively), and euploid cells shown in R46 and R47, with R47 containing the differentiated cells, and 
(D) was the final stage of cellular classification of basal (R6) and transitional (R4) cells (obtained from 
scattergram region R46 in (C)). Karyolytic cells are not scored in this set of gating procedures; however 
Figure 14A and B demonstrates the scoring procedure for karyolytic cells. 
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Identification of karyolytic cells (cells without a nucleus) are determined based on the 

original segmentation (Cytoplasm B) pathway (i.e. no “seeded watershed” algorithm 

applied) shown in Figure 11B and Figure 14A and Figure 14B. The percentage of 

karyolytic cells was obtained with gating region “R23” in Figure 14B. An example 

gallery of the cell types scored is shown in Figure 13.  
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Figure 13: Gallery of images generated by LSC of different cell types. 
Gallery images of buccal cells showing the various cell types scored using the automated human buccal 
cell micronucleus cytome assay by LSC. 
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2.2.5.6 Nucleus and micronucleus 
To identify and score nuclei and MN (Figure 11, part C), various input parameters are 

used in iCyte such as Feulgen absorption and area of the Feulgen stained event. It is 

important to notice that both fluorescent and absorption properties of Feulgen stain were 

examined and compared with LSC, hence fluorescent and absorption compensation 

were performed in Figure 9. Since the fluorescent signal was found to be more defined, 

it was decided that fluorescence would be used to measure DNA content and score MN. 

The identification of nuclei can be used in conjunction with the cellular segmentation. 

Both features become associated with the “Cell event” and data obtained from identified 

nuclei can be correlated to the data obtained from identified cells. The total amount of 

signal detected (usually the “Integral”) in nuclei will define the “DNA content” and 

hence the ploidy status of that cell. The two modules in Figure 11, part C labeled 

“Contour Nuclei B” and “Contour Nuclei” have identical settings. However, “Contour 

Nuclei B” was associated with “Contour Cytoplasm B” (in part B); and “Contour 

Nuclei” events was associated with the “Contour Cytoplasm” segmentation in part B. It 

was necessary to create these two linked events to allow association of nuclei detection 

with each cell segmentation pathway. The “micronuclei segmentation” was based on the 

nuclei segmentation however a smaller size (area) restriction was defined, since buccal 

cell MN are typically 1/16 to 1/3 of the main nucleus size (Thomas, et al. 2009). A 

“FISH B” filter was added to the micronucleus segmentation to enhance the spatial 

resolution of the images, highlight small spots, and therefore increases detection of MN. 

A peripheral contour around the MN was routinely applied to segregate the MN that are 

located within a cell from those that are not (by quantifying the Light Green intensity of 

the peripheral contour) as shown in Figure 14. Using these approaches it was possible to 

accurately score MN in human buccal cells using LSC. 
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Figure 14: Scattergrams for identification of karyolytic cells and true MN. 
 (A) and (B) identification of karyolytic cells (cells without a nucleus) are determined based on the 
segmentation (Cytoplasm B) pathway (i.e. no “seeded watershed” algorithm applied). The percentage of 
karyolytic cells was obtained with gating region “R23” in Figure 14B. The MN segmentation pathway 
yields many events that are not MN, and the process of filtering through the events to define true MN 
entails several steps. The MN identification starts with the same two scattergrams as for cell 
differentiation status (Figure 12A and B), and a further scattergram is gated on region R1 (of Figure 12B). 
Following this step, all cells that contain a nucleus associated with potential MN are identified from the 
Region 31 (C). Several criteria are applied to the MN; (i) an initial gate (R38 in D) was defined to 
eliminate candidate events that have Feulgen staining surrounding them; this precludes counting bright 
spots in nuclei. (ii) From Region 38, another gate (R39 in E) restricts candidates to those with a pre-
determined area. (iii) Then a scattergram showing the Light Green stain (fluorescence) Peripheral Integral 
value of the MN vs. the Feulgen Integral (DNA ploidy) of the MN (F) was used to differentiate candidate 
MN with no Light Green staining around them, and those with (green) cytoplasm surrounding them (R9). 
Candidates not having the proper intensity of the Feulgen staining are excluded by plotting the Feulgen 
MaxPixel value of MN and defining a gate (R3 in G). The final step in the MN process was to use a 
morphology based “circularity feature” to eliminate very irregular candidates from the scoring (H). The 
circularity feature was plotted against the Feulgen Integral (DNA content) of the cells. Lower circularity 
values translate to rounder objects. The region was defined around low circularity objects (R26). MN 
detected in Region 26 can further be associated to their cell type. 
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2.2.5.7 DNA content 
The total DNA content of the cells was based upon the Feulgen Fluorescence Integral 

(Figure 15). The Feulgen Fluorescence Max Pixel, a feature that is closely related to the 

condensation state of the chromatin is plotted as a scattergram in Figure 15A. The total 

DNA content (Feulgen Fluorescence Integral) is plotted as a histogram in Figure 15B. 

Several regions were gated defining different nuclei states; <2N, 2N, >2N.  

 

A B

2N<2N >2N
 

Figure 15: Identification of ploidy peaks. 
DNA content of human buccal cells from a healthy subject. Scoring criteria was based on Feulgen 
Fluorescence Integral (integrated fluorescence per event) and Feulgen Fluorescence MaxPixel (brightest 
pixel value per event). (A) Nuclear content can be viewed on a scattergram with 2N nuclei located within 
the blue circle. (B) A histogram plot of the same data in left panel showing the delineation of <2N, 2N 
and >2N peaks and the frequency of DNA content “events” scored, with the majority of buccal cells 
being scored as 2N. 
 

 

2.2.5.8 Statistics 
One-way analysis of variance (ANOVA) analyses were carried out to determine the 

significance of the cellular parameters measured between the controls, Down’s and AD 

groups. Pairwise comparison of significance between Down’s, AD and their respective 

controls, was determined using Tukey’s test. ANOVA values were calculated using 

GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA). Significance was 

accepted at P<0.05. 
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2.3 RESULTS 

2.3.1 Random phantom segmentation 
From initial observations, it was noted that the staining intensity of cell cytoplasm 

differed between participants, therefore this warranted further investigation. As 

described in section “2.2.5.3 Virtual channels and compensation” the “phantom” feature 

was used to compare the staining intensity of cell cytoplasm between groups. The 

phantom feature generates random grey circles of the same size all over the images 

generated during scans (Figure 16).  

 

 

 
 
Figure 16: Example of phantom contours generated on a field image. 
Cytoplasm and nuclei of buccal cells are represented in green and bright orange, respectively. Phantom 
contours are represented by grey circles. 
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Each of these circles can be represented by a dot on a scattergram (see Figure 9) and 

used for compensation. They can also be used to investigate the distribution of a signal 

on a tissue section. Hence, these circles were separated with a cut-off value depending 

on the total Light Green staining signal, i.e. low Light Green staining or high Light 

Green staining. Figure 17 represents the distribution of these circles falling into these 

two categories, expressed in percentage, for each of the groups. Interestingly it was 

observed that buccal cells from Down’s and AD groups were significantly more 

intensely stained when compared to their respective controls (P<0.001 and P<0.01, 

respectively). 
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Figure 17: Representation of cytoplasm staining intensity by random phantom 
segmentation. 
Random phantom segmentation measurements were done on young control (n=10), DS (n=10), old 
control (n=10) and AD (n=10) groups. (A) It can be seen that a lower percentage of phantom circles 
collected a low intensity of Light Green in the Down’s (P<0.001) and AD (P<0.01) groups compared to 
their respective controls. (B) The percentage of highly Light Green stained circles was found to be higher 
in Down’s (P<0.001) and AD (P<0.01) when compared to their respective controls. Abbreviations; AD, 
Alzheimer’s disease; Down’s, Down’s syndrome; HLG, High Light Green; LLG, Low Light Green; O 
Con, Old controls; Y Con, Young controls; **, P<0.01; ***,P<0.001. 
 

 

2.3.2 Cell cytome 
This first attempt to separate buccal cell types, as described in section “2.2.5.5 

Identification of buccal cell types”, showed some differences in their percentages 

between groups (Figure 18). Basal cells for instance, were found to be significantly 

higher in DS when compared to young controls (P<0.01) whilst no significant 

differences were observed between these two groups when looking at transitional, 

differentiated and karyolytic cells. When comparing the AD and old control groups, no 
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differences were exhibited in the percentage of basal and differentiated cells. However a 

significant decrease in the percentage of transitional and karyolytic cells was observed 

(P<0.05 and P<0.01, respectively; Figure 18). 
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Figure 18: Distribution of the different cell types in DS, AD and controls. 
 (A) The percentage of basal cells was found to be significantly increased in DS (n=10) in regards to 
young controls (n=10), (P<0.01). (B) The AD group (n=20) showed a lower percentage of transitional 
cells when compared to old controls (n=10), (P<0.05). (C) No differences in the percentage of 
differentiated cells were observed between groups. (D) Karyolytic cells were found to be lower in AD 
when compared to old controls (P<0.01). Abbreviations; AD, Alzheimer’s disease; Down’s, Down’s 
syndrome; O Con, Old controls; Y Con, Young controls; *, P<0.05; **, P<0.01. 
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2.3.3 Ploidy 
The DNA content was measured and <2N, 2N and >2N nuclei peaks were separated as 

described in section “2.2.5.7 DNA content”. Figure 19 shows the percentage of each of 

these peaks obtained between Down’s, AD and their respective controls. No statistically 

significant differences were observed between groups. However there was a trend for an 

increase in >2N nuclei in Down’s and AD relative to their respective controls and with 

ageing. 
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Figure 19: Ploidy distribution of buccal cells in Down’s, AD and controls. 
Ploidy measurements were done on young control (n=10), DS (n=10), old control (n=10) and AD (n=10) 
groups. No differences were observed in percentage of (A) <2N Nuclei, (B) 2N Nuclei and (C) >2N 
Nuclei between Down’s, AD and their respective controls. (D) A bar graph reporting together the 
distribution of <2N Nuclei (red), 2N Nuclei (black) and >2N Nuclei (blue) for each groups. No significant 
differences were observed but there was a small increase in the percentage of >2N Nuclei accompanied 
by a small decrease in the percentage of <2N Nuclei occurred in Down’s and AD, when compared to their 
respective controls. Abbreviations; AD, Alzheimer’s disease; Down’s, Down’s syndrome; O Con, Old 
controls; Y Con, Young controls. 
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2.3.4 Micronuclei count 
MN were detected and scored as described in section “2.2.5.6 Nucleus and 

micronucleus”. MN scores were reported as the number of MN detected per 1000 

buccal cells analysed. Figure 20 shows the difference in MN scores between groups. A 

strong increase was observed between Down’s and young controls (P<0.001) as well as 

AD and old controls (P<0.01). 
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Figure 20: MN scores for Down’s, AD and control groups. 
MN scores are expressed in number of MN measured in 1000 buccal cells counted. Down’s (n=10) and 
AD (n=10) exhibited an approximate 3-fold increase (P<0.001 and P<0.01, respectively) in their MN 
score when compared to their respective controls (n=20). Abbreviations; AD, Alzheimer’s disease; 
Down’s, Down’s syndrome; MN, Micronuclei; O Con, Old controls; Y Con, Young controls; **, P<0.01; 
***, P<0.001. 
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2.4 CONCLUSION 
This initial attempt at developing a LSC protocol permitted a more rapid analysis of 

microscope slides compared to the visual scoring method previously applied. The 

buccal micronucleus cytome assay was successfully adapted on the laser scanning 

cytometer, however not all the features of visual scoring could easily be incorporated 

into the LSC protocol. For example binucleated cells and nuclear bridges were not able 

to be scored even after several attempts at developing protocols to measure these 

features. However, new measures were developed in the LSC protocol that could not be 

done by visual scoring such as DNA content and Light Green cytoplasm staining 

intensity. Therefore it was possible to use LSC to provide more quantitative data that is 

obtained without subjectivity.  

 

Light green is an acid dye containing three sulphonic acid groups that bind to the free 

basic side chains of proteins (Lillie, Conn. 1969) and is a critical component of 

Papanicolaou stains which have been successfully employed in paraffin section and 

cytological smears, and can also be successfully combined with immunoreactions 

(Johnson, Klein. 1956; Elzay. 1983; Dalquen, et al. 1986; Albert, et al. 2012). Light 

green was also used in staining techniques for evaluation of MN, cytological and 

cytometric changes in buccal cells (Ayyad, et al. 2006; de Oliveira, et al. 2008). 

Additionally, Light Green stain was used in combination with the Feulgen stain for 

visual contrast of DNA and protein in cells (Oud, et al. 1984), and this latest 

combination of stains has been utilised to develop the buccal cytome assay (Thomas, et 

al. 2007; Thomas, et al. 2008a; Thomas, et al. 2009). Interestingly the differences in 

Light Green staining of buccal cells from one participant to another, quantified by the 

use of random phantom segmentation, showed an increase in the percentage of intensely 

stained cells in both Down’s and AD groups compared with age-matched controls. 

Although the difference in staining was observed in this study, it is not known why this 

staining difference exists and therefore it would need to be replicated in future studies to 

verify if it can be repeated. Although this study did not analyse the Light Green staining 

in the different cell types, it is possible that there is different Light Green staining 

intensity among the different cell types, which may partly explain the differences in 

staining. 
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In this study there were differences in the scoring of the buccal cell types resulting in a 

significant decrease in karyolytic cells in AD relative to control (P<0.01). This trend is 

similar to that observed with visual scoring in a previous study (Thomas, et al. 2007). 

The percentage of transitional cells also decreased in AD (P<0.05), however this result 

could not be compared with visual assessment as transitional cells were not a category 

of buccal cell types in visual scoring study. Since LSC separation of cell types is based 

on user-defined cut-off values and drawn regions, these fixed parameters therefore 

permitted separation of this new category of cells that did not belong either in 

differentiated or basal cell categories. Although this study clearly demonstrates LSC can 

be useful for categorisation of buccal cell types, it must be noted here that the cells on 

the slides were not at an optimal concentration and therefore “spread” for LSC analyses. 

The cells on slides were originally prepared for visual scoring purposes. The high cell 

concentration on slides (cytospots) led to overlapping cells as well as numerous sheets 

of cells present on slides. The watershed algorithm feature of LSC software normally 

used to separate and contour adjacent events, was unfortunately not possible to adapt for 

such large cell groups even after extensive consultation with the software developers at 

CompuCyte Corporation. However, we have been working in collaboration with 

CompuCyte Corporation and the newer version of the software will likely include a 

developed algorithm based on a seeded approach to better manage the separation of 

clumps of large cells. 

 

The measure of DNA content was another example of an important parameter that could 

easily be quantified by LSC but could not be assessed visually within buccal cells. 

However Feulgen is a stain that can be quantified with LSC by either using its 

absorbance or fluorescent properties. Although no significant differences were observed 

in DNA content, strong variations in signal intensity were noticeable between the 

absorbance and fluorescence of Feulgen when collected by LSC. In this study Feulgen 

exhibited a stronger signal when fluorescence was measured and therefore DNA content 

was quantified by the use of fluorescence. This stain may not be ideal for LSC analysis 

and a more common fluorescent dye such as PI or DAPI preferably, should also be 

considered for future studies (presented in later chapters) since it has been successfully 

used in LSC applications previously (Huang, et al. 2004; Darzynkiewicz, et al. 2010; 

Darzynkiewicz, et al. 2011).   
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Visual scoring of buccal cells showed trends for an increase in MN scores in Down’s 

and AD when compared to their respective controls (Thomas, et al. 2007; Thomas, et al. 

2008a). MN were efficiently detected by this LSC staining protocol and a similar 

increase was observed. MN are widely used markers of genomic instability, but the 

buccal micronucleus cytome assay is time consuming and subject to individual 

variations between scorers. Therefore it would be of valuable interest to compare visual 

and LSC MN scoring systems applied on different tissues to lead toward a more robust 

and validated automated MN detection system in future studies. The LSC protocol 

developed here corroborated the previous findings that MN were increased in DS and 

AD. To further improve cell type segregation with LSC, microscope slides prepared 

exclusively for LSC analysis with stains ideally selected would need to be prepared. 

Additionally further investigation of ploidy levels with commonly used nuclei stains in 

fluorescent analysis should be performed. The LSC protocol developed here could also 

be adapted to make use of molecular probes to investigate more specific aspects of 

DNA damage, including DNA adducts, aneuploidy and chromosome break measures 

(Ramirez, et al. 1999; Van Schooten, et al. 2002; Schwartz, et al. 2003), as well as DNA 

double strand breaks (e.g. γH2AX (Tanaka, et al. 2007; Tanaka, et al. 2009; Zhao, et al. 

2009)) and measures of oxidative damage to DNA (e.g. 8-OHdG) within the nuclei of 

buccal cells (unpublished observations). 

 

Although the LSC is a useful technology for automation of the buccal micronucleus 

cytome assay, it requires specific changes in the preparation of microscope slides and 

staining of buccal cells to be properly compared with visual scoring. This protocol 

should preferably be specifically adapted by combination with detection of other 

markers of AD risk for high-content analysis using LSC.  
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CHAPTER 3 
 

3. SOUTH AUSTRALIAN NEURODEGENERATIVE DISEASE (SAND) 
STUDY 

3.1. INTRODUCTION 
Since the buccal mucosa (BM) is of ectodermal origin, defects in the BM cells may 

reflect potential for pathology in other tissues of ectodermal origin such as the nervous 

system. Biomarkers that may identify individuals who are at an early stage of AD would 

be useful as this would allow timely preventative intervention. In a recent pilot study by 

our group the validation of the full spectrum of biomarkers scoreable in the buccal 

micronucleus cytome assay was determined using a cytological classification of BM 

cells (Thomas, et al. 2007; Thomas, et al. 2008a; Thomas, et al. 2009). These studies 

showed that individuals who had just been clinically diagnosed with AD and prior to 

any medication have a significantly different buccal cytome profile compared to 

unaffected age- and gender-matched controls. In particular, there was a significant 

reduction in both basal and karyorrhectic buccal cell frequency which are associated 

with regenerative potential and cell death, respectively. The odds ratio for diagnosing 

individuals with AD having a combined basal and karyorrhectic frequency of <41/1000 

cells is 140 with a specificity of 97% and a sensitivity of 82% (Thomas, et al. 2007), 

representing a potential biomarker for clinically diagnosed AD cases. These differences 

relative to controls were also evident in Down’s syndrome (DS), which is a syndrome of 

accelerated aging and high propensity for development of AD (Thomas, et al. 2008a). 

Both conditions were also associated with elevated DNA damage as measured by an 

increase in buccal cell micronucleus frequency which is a biomarker of whole 

chromosome loss and/or breakage. Furthermore, DNA content (aneuploidy) is a marker 

of DNA damage resulting from chromosome mis-segregation and has been 

demonstrated to occur in the brain of human AD patients (Mosch, et al. 2007) and in 

human buccal cells (Thomas, Fenech. 2008). However, to our knowledge DNA content 

has not been determined in a quantitative and automated manner in human buccal cells 

previously. 
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There have been several studies demonstrating that a variety of lipid classes are 

substantially altered at a very early stage during AD pathogenesis (Han, et al. 2001; 

Han. 2005). Furthermore, relative to controls, altered levels of plasma apoE in AD have 

been observed (Taddei, et al. 1997; Gupta, et al. 2011). It has previously been indicated 

that Aβ generation in the brain can be regulated by intracellular cholesterol distribution 

in both animal and cellular AD models (Puglielli, et al. 2003). A recent report shows 

that skin fibroblasts from patients with diagnosis of probable sporadic AD display an 

imbalance between free cholesterol and cholesterol ester pools (Pani, et al. 2009a). 

Furthermore, Oil Red O (ORO) staining (indicative of accumulation of neutral lipids) 

has been used to demonstrate higher levels of neutral lipids in isolated peripheral blood 

mononuclear cells of probable AD patients (Pani, et al. 2009b). Since there is a lack of 

data available on accumulation of neutral lipids within buccal cells, we aimed to 

measure total neutral lipids in buccal cells using ORO staining as part of our high-

content laser scanning cytometry (LSC) protocol (Leifert, et al. 2011).  

 

The aim of this study was to use an automated high-content buccal cytome approach to 

assess whether buccal cell parameters could be used as a relatively non-invasive 

automated high-content analysis method for identifying those at risk of developing AD. 

We have developed and utilised an automated LSC cytome protocol in which various 

cell types, DNA content and neutral lipid content and their ratios were quantified to 

identify which parameters, if any, were most strongly associated with those subjects 

who were diagnosed with mild cognitive impairment (MCI) or classified as AD as 

compared to healthy age-matched controls. 
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3.2. MATERIAL AND METHODS 

3.2.1 Recruitment and human ethics approval 
Approval for this study was obtained from CSIRO Animal, Food and Health Sciences, 

University of Adelaide and Ramsay Healthcare Ethics Committee’s. MCI and 

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 (McKhann, et al. 1984), which 

are the well recognised standards used in all clinical trials. Inclusion/exclusion criteria 

were as follows; (1) Control Group (n=37): male or female, aged 55 and above, not 

clinically diagnosed with MCI or AD, no family history of MCI, AD. (2) MCI group 

(n=22): male or female, aged 55 and above, clinically diagnosed with MCI, no family 

history of MCI or AD. (3) AD group (n=15): male or female, aged 55 and above, 

clinically diagnosed with AD, no family history of MCI or AD. Exclusion criteria for all 

groups were as follows: patients who are undergoing chemotherapy/radiotherapy 

treatment for cancer, patients supplementing with micronutrients associated with 

genome maintenance (e.g. folate, vitamin B12) above recommended dietary intakes. 

Age, sex and Mini mental state examination (MMSE) scores information for each group 

are shown in Table 4. 

 

Table 4: Clinical characteristics. 
Means and standard errors from the mean (SEM) are reported for each group (95% CI in parentheses). 
Means with no associated letters are not significantly different from other means. Means with different 
letters are significantly different from each others. Significance is accepted at P<0.05. Abbreviations; F, 
Female; M, Male; MMSE, Mini mental test examination. 
 

 Control MCI AD 

Sex (M:F) 11:26 7:15 3:12 

Age (year) 76.1 ± 1.5 (72.9-79.3) 75.3 ± 1.8 (71.5-79.2) 77.7 ± 2.8 (71.6-83.7) 

MMSE score 28.4 ± 0.3 (27.8-28.9) 
(a) 

26.2 ± 0.5 (25.1-27.3) 
(b) 

21.2 ± 1.1 (18.8-23.5) 
(c) 
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3.2.2 Chemicals and reagents 
All chemicals were of the highest quality grade: NaCl, 

Tris(hydroxymethyl)aminomethanehydrochloride (Tris), ethylenediaminetetraacetic 

acid (EDTA), sodium citrate, 4',6-diamidino-2-phenylindole  (DAPI), formaldehyde, 

glycerol, 1-[2,5-Dimethyl-4-(2,5-dimethylphenylazo)phenylazo]-2-naphthol (Oil Red 

O),  triethyl-phosphate and Fast Green were from Sigma-Aldrich (Castle Hill, NSW, 

Australia). Phosphate buffered saline (PBS) was from Invitrogen (Mulgrave, Victoria, 

Australia). 

 

3.2.3 Buccal cell isolation 
Consented participants had a one-off buccal cell sample collected after the brief 

information session outlining the purpose of the study. Buccal cells were collected by 

placing a small flat-headed toothbrush against the inner part of the cheek and rotated 20 

times in a circular motion. Both left and right cheeks were sampled separately and then 

the toothbrushes containing cells were placed into 10 mL of buccal buffer (10 mM Tris, 

0.1 M EDTA, 20 mM NaCl, pH 7.0) and agitated vigorously to dissipate the cells. 

Buccal cell samples were then placed in a refrigerator at 4oC and were processed later 

that day as follows. After a brief centrifugation at 1000 xg for 10 min, the supernatant 

was removed and the cells resuspended in 5 mL of buccal buffer and repeated two more 

times. The cell suspension was vortexed and then homogenised for 2-3 min in a tissue 

homogenizer (15 mL Wheaton USA VWR) to increase the number of single cells in 

suspension. Left and right cheek cell populations were pooled in a 30 mL container then 

cells were drawn up into a syringe using an 21G needle and resuspended by drawing the 

suspension up and down 5 times. Cells were then passed through a 100 µm filter in a 

swinex filter holder to remove large aggregates of cells. Cell concentration was 

measured using a haemocytometer and cells transferred to a microscope slide using a 

Shandon Cytospin 4 (600 rpm) at a concentration of 60,000 cells/mL to obtain a final 

cell density of approximately 3,000 cells per cytospot done in duplicate. Slides were 

then air-dried for 15  min and subsequently transferred to 0.4% formaldehyde in PBS 

for 10 min, rinsed for 1 min with ultra pure water and air dried for 1 h, then stored in 

sealed microscope boxes with desiccant at -20°C until the staining procedure was 

performed. Details were recorded in an Excel file and backed up (i.e. participant 

number, initials of sampler, day of sampling, cell concentration, number of slides, 
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number of eppendorf tubes, box number where tubes and slides were stored, any notes 

and comments). 

 

3.2.4 3T3-L1 Control cell line 
ORO is a commonly used stain to detect neutral lipids and has been mainly used on 

tissue sections. However there appear to be no publications that have demonstrated 

ORO staining of human buccal cells, therefore it was necessary to investigate a positive 

control to ensure that the ORO staining procedure developed for buccal cells would 

detect neutral lipids in cells known to contain relatively high concentration of neutral 

lipids. A control cell line 3T3-L1 (CL-173) was therefore used, 3T3-L1 is a cell line 

derived from 3T3 cells that have a fibroblast-like morphology, but, under appropriate 

stimulation, the cells differentiate into an adipocyte-like phenotype. After differentiation 

the cells increase the synthesis and accumulation of triglycerides. After 3T3-L1 cells 

reached 100% confluence they were incubated with a differentiation medium over 15 

days and accumulation of lipid droplets were observed over this period. 

 

3.2.5 Staining of slides for LSC 
Microscope slides containing buccal cells were defrosted at room temperature and 

stained in batches of 8 including a positive-stained control slide. Microscope slides were 

then washed 3 times for 30 sec each in 1% triethyl phosphate in ultra pure water and 

then incubated with ORO staining working solution (3 mg/mL ORO in 36% triethyl 

phosphate) previously filtered with a bottle top filter (0.45 µm porosities), for 45 min in 

the dark, to stain for neutral lipids. Slides were then washed 3 times with 1% triethyl 

phosphate and nuclei stained with DAPI (0.2 µg/mL) for 5 min. The excess of DAPI 

was removed by rinsing the slides in 300 mM NaCl, 34 mM sodium citrate and then 

slides were further stained in 0.2% (w/v) Fast Green for 30 min in the dark, to stain 

cytoplasm. The excess Fast Green was removed by rinsing the slides for 1 min with 

running tap water. Slides were then mounted with coverslips and PBS:Glycerol (1:1) 

medium. To avoid drying, the coverslips were sealed around the edge and slides were 

kept in the dark in a microscope box with desiccant at -20°C for up to two days prior to 

analysis by LSC. 
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3.2.6 Lipid analysis in plasma 
Cholesterol, triglyceride, low- and high-density lipoprotein cholesterol levels (LDL-C 

and HDL-C) were measured in plasma. Lipid analysis for cholesterol, triglyceride LDL-

C and HDL-C was performed on a Hitachi 902 Automated Analyser using Roche kits 

(Catalogue numbers: Cholesterol #11489232216, Triglycerides #11488872216 and 

HDL #04713109190). LDL cholesterol was calculated using the Friedewald equation 

(Friedewald, et al. 1972). 

 

3.2.7 Laser scanning cytometry 

3.2.7.1 Lasers and detectors 
Microscope slides containing freshly stained buccal cells were inserted into a 4 slide 

carrier and analysed by iCyte® Automated Imaging Cytometer (CompuCyte 

Corporation, Westwood, MA). Lasers selected for high-content assays were 405 nm, 

488 nm and 633 nm to detect DAPI, ORO and Fast Green, respectively. The blue 

photomultiplier tube (PMT) was used to collect fluorescence from DAPI and the Long 

Red PMT was utilised to capture fluorescence from Fast Green. As ORO is a chromatic 

stain, the 488 photo detector (PD) was set up to quantify its absorbance properties 

(Table 5). 

  
Table 5: Laser and detector selection for buccal cells. 
 

 

3.2.7.2 Low and high resolution scans 
Large rectangular low resolution scan areas were drawn around cytospots to locate cells 

with a low resolution scan using a 20x objective and a large (10 µm) laser increment 

step (Figure 21A). To obtain high resolution images for analysis, multiple small 

individual rectangular (1000 x 932 pixels) scan areas were defined for the high 

resolution scan (Figure 21B). It was found empirically that this size accommodates the 

Target Dyes Excitation Lasers (nm) Detectors 

Cytoplasm Fast Green 633 Long Red (Fluorescence) 

Nuclei DAPI 405 Blue (Fluorescence) 

Neutral Lipids Oil Red O 488 488 LL (Absorbance) 

Abbreviations; LL, light loss (absorption) 
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most optimal scanned image size for buccal cells. A 40x objective and small (0.5 µm) 

laser increment steps were used thus yielding high resolution detailed ‘‘images”. Each 

of the small individual rectangular scan areas generate a mosaic “Region Image” 

(Figure 21C) that is composed of six “Field Images” of higher resolution (Figure 21D).  

 

A

B C

D Field Image

Region ImageWell Image

Overview of 4 slide carrier

 
 
Figure 21: Low and high resolution scan representation. 
 (A) Slides were inserted into a 4 slide carrier and large rectangular low-resolution scan areas were drawn 
around cytospots shown in green. (B) This low resolution scan generated a “Well Image” to locate cells 
and allows the user to select many smaller rectangular high resolution scan areas to capture all cells on 
the cytospots (cyan). (C) Each one of those rectangles was scanned with a 40x objective and viewed with 
higher resolution as a “Region Image”. (D) Each “Region Image” is a mosaic image made of six high 
resolution “Field Images”. Field images are the last resolution stage and were used to quantify 
fluorescence and absorbance with iCyte Imaging software. 
 

 

3.2.7.3 Setting up the dynamic range 
In this study, detector settings were adjusted to capture clean and intense signal with the 

lowest background as possible. The dynamic range of a pixel for appropriate viewing of 

signal spreads from 0 (black) to 16,383 a.u. (white). This dynamic range can be seen in 

the y axis in Figure 23B. The voltage of PMTs must be adjusted to ensure that each 

fluorescent signal is collected and represented within that dynamic range. Therefore for 
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each laser used, the fluorescence or absorbance generated was captured and PMT 

voltages were adjusted for the most intense signal to be measured within that dynamic 

range, just below saturation (16,383 a.u.). For example, Figure 22 shows blue and long 

red PMT voltages were set at 31% and 35% respectively. In order to reduce 

background, off-set values were set at -0.01 and -0.07 for blue and long red channels 

respectively. Since the 488 PD collects absorbance, gain and off-set values were set 

differently in order for the background to be as close as saturation as possible. It was 

then necessary to create a virtual channel named “Blue I” to invert the absorbance signal 

for further quantification. This feature is commonly used in tissue analysis by LSC. To 

check and adjust the signal level of 488 absorption as well as to adjust the focus, a 

magenta line was manually drawn on a “Field Image” (Figure 23A) where values for 

both 488 Light Loss (LL) and “Blue I” were presented along that line in a “profile” 

window with 488 LL shown in gray and “Blue I” shown in red (Figure 23B). 

 

 
 
 
 
Detector module of the high resolution scan. As shown in this picture the scan was separated into two 
paths to avoid further compensation. The first one (upper panel) used the 405 nm laser while the second 
path (lower panel) used both 488 nm and 633 nm lasers simultaneously. Voltage and Offset values were 
set to collect an intense and clean signal for both blue and long red 2 (fluorescent) channels while gain 
and Offset were adjusted for 488-2 LL channel. Abbreviations; LL, Light Loss; PMT, Photomultiplier 
tube. 
 

LL 
PMT 
PMT Upper panel 

Lower panel 

 
Figure 22: Setting the minimum and maximum fluorescence in the dynamic 
range. 
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As previously described in Figure 21, (A) a “field image” is shown and represents light loss (absorption) 
from the 488-2 channel. A magenta line was manually drawn overlapping the entire cell and each pixel 
along that line is then plotted (from left to right) on a graph for both those channels (Profile - Field 
Image) as shown in (B). The y axis represents the dynamic range for detection of pixel values. It can be 
seen that the original absorbance signal (grey) was set just below saturation and was then inverted as 
shown by the red line (which is the newly created virtual channel “Blue I”). 
 

 

3.2.7.4 LSC protocol and segmentation of events 
A LSC protocol was created to combine Fast Green, DAPI and ORO detection and 

analyses (Figure 24). This protocol was separated in two main parts, (A) a low 

resolution scan scale, to generate an overview of cytospots, and (B) a high resolution 

scan scale whereby scale B is used for all parameters to be set up and to detect, contour 

and quantify the three main primary parameters namely, cytoplasm, ORO content and 

nuclei. From top to bottom in region B1 (the parameters which define the “cytoplasm”), 

the first module “Channel” is set to detect signal fluorescence collected in the Long Red 

2 (fluorescence) channel. A filter was then applied to this signal using the second 

module using the “HiGauss 7x7” filter. This process slightly amplified the signal 

permitting a better contouring of cell cytoplasm border. The third “Threshold” module 

is a scalable feature that was used for defining and contouring the signal collected as an 

“event” (cytoplasm), i.e. pixel values that were below this threshold value (1162 in this 

example) were not considered as Fast Green but background signal. Once the threshold 

was applied and a line was drawn by the software marking the cell periphery of the 

cytoplasm border (using the threshold feature), the line was given a colour using the 

“contour” module. In the “Contour” module, the colour of the line manually drawn 

around cytoplasm was selected (in this scale green) and contouring was set to occur 

only for a cell with an area value of 200 µm2 to avoid contouring around cellular debris. 

This value was determined empirically for the large buccal cells. The last module 

A B 

Figure 23: Field image and signal viewing. 
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named “Event” in B1 contained settings for defining contours. In this scale a 

background contour was set to subtract the Fast Green background signal to the signal 

measured within cytoplasm. (B2) The second part of the high resolution scan allowed 

detection and contouring of ORO staining, the channel used was “Blue I” (inverted 

absorbance of ORO) as described in section “3.2.7.3 Setting up the dynamic range” 

(Figure 23). The “HighGauss 7x7” was used as for B1 and the threshold in this example 

for ORO contouring was set to 2789 to allow for the detection of neutral lipid droplets. 

A “Watershed” module was also used since this algorithm allowed contouring of neutral 

lipid droplets that were touching or very close to each other. Much like the cytoplasmic 

“contour” setting, the ORO contour was drawn by the software around the periphery of 

ORO spots within the cytoplasm and this line was coloured magenta as shown by the 

“contour” module in B2. Additionally a size “inclusion” parameter was set to 1000 µm2 

to allow exclusion of any potential contaminating large non-specific staining or washed 

ORO overlaying cells (although these non-specific events were rarely observed, this 

feature was still used within the protocol). (B3) Represents the third channel “Blue” and 

was set up to define and quantify the signal collected from nuclei stained with DAPI. 

The “HiGauss 9x9” filter was used to enhance texture of nuclei and therefore chromatin 

condensation. The threshold was set at a relatively low value of 1278 a.u. in this 

example to further ensure the proper exclusion of karyolytic cells (with no nuclei). A 

“Close” feature was added to B3 to improve contouring of nuclei with low DNA 

content. The colour of the contour selected was blue. (C) Represents the “Association 

2” module that allowed association of the three channels quantified and the selection of 

primary and sub-events. The “Multi-Scale Association” module allowed association of 

the low and high resolution scans so that all data or every pixel could be linked together 

for analyses. Note that both scales B2 and B3 (ORO and Nuclei respectively) were both 

sub-events of the primary event, which was the cytoplasmic staining. By setting up the 

sub-events in such a way, it allowed the ORO and nuclei to be directly linked to the 

cytoplasm. It was necessary to set up the scales B2 and B3 in such a way to eliminate 

false negative signals.  
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Figure 24: LSC protocol. 
A schematic showing the LSC protocol that was developed for the high-content analysis of the buccal 
cytome, neutral lipids and DNA content simultaneously. (A) The first part of the protocol contains the 
parameters that were used to provide a low resolution scan to locate cells on slides that would 
subsequently be analysed in detail using the “High Resolution” scan. (B) The second part of the protocol 
shows all the modules that were used to define and quantify the parameters; cytoplasm (B1), ORO (B2) 
and nuclei (B3). (C) Represents the modules used to associate scales between each other. All modules and 
filtering processes are described in detail in section “3.2.7.4. LSC protocol and segmentation of events”. 
 
  
 

An example of a field image can be seen without (Figure 25A) or with the three events 

(cytoplasm, nuclei and neutral lipids) contoured (Figure 25B). 
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A same field image generated by LSC represented, (A) without and (B) with contour feature activated; a 
green, blue and magenta contour is automatically drawn (by the mean of the settings previously selected 
in the LSC protocol; see Figure 24) around cytoplasm, nuclei and neutral lipids, respectively. 
 

 

Prior to each batch scan the same region from a control slide of buccal cells stained with 

Feulgen was scanned with a 488 laser to ensure that all settings and measurements had 

not drifted over the course of the study (no variation was observed). With each batch 

scan the staining control slide containing buccal cells sampled from the same individual 

(healthy male aged 42) was also analysed with LSC. This procedure was done to ensure 

that all staining was not different from batch-to-batch (there was no variation in this 

study). The fluorescence (and absorbance where appropriate) of events were recorded as 

follows: area, count (number of events scored), circularity (a high circularity value 

indicates a less circular/oval perimeter of the event), maximum pixel (the highest pixel 

A 

B 

 
Figure 25: Field image with and without contouring. 
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value of an event is reported), fluorescence or inverted absorbance Integral (the total 

amount of fluorescence within an event obtained by the addition of all its pixel values). 

To eliminate false positive signals (i.e. not associated within the cells) from the 

analyses, the primary contour events in iCyte were based on cell cytoplasm staining i.e. 

the Long Red 2 Integral, whilst the secondary events (sub-events of the primary) were 

allocated to nuclear and neutral lipid staining. By setting up the iCyte software in such a 

manner, this ensured that any nuclear and neutral red signals that were analysed in this 

study were always located within cells and false positive signals were excluded. Indeed 

we noted that there was minimal (to none) false positive on the slides for all parameters 

examined.  

 

Buccal epithelial cells isolated from the BM were not always completely dissociated 

into single isolated cells, but rather, we noted they exist as populations of single cells 

and groups of cells. To identify the individual cell types within the population of buccal 

cells (the buccal cytome) using LSC it was necessary to apply mechanical dissociation 

procedures (homogenising, passing the cell suspension through a small orifice e.g. 21G 

needle and a porous Millipore membrane) to the isolated buccal cell samples. 

Nevertheless, following this stringent protocol, some cells remained in small clusters of 

2-6 cells on the microscope slides. Therefore our initial aim was to analyse all cells on 

the microscope slides, regardless of whether the cells were isolated single cells or those 

that were in small groups of 2-6 cells that were not completely dissociated during the 

mechanical separation procedures. Additionally, using the iCyte software we were able 

to analyse the isolated single cells in more detail by LSC and classify these cell types 

(as basal, transitional, differentiated and karyolytic) based on cytoplasm area and 

several nuclear staining parameters such as circularity, Integral and area. Figure 26 

shows the two different ways of analysing buccal cells with LSC. Cells belonging to a 

group of cells in a clump could not be contoured separately but could be analysed to 

provide data for all cell types combined (Figure 26A), whilst single cells could be 

contoured individually and therefore separated between different cell types (i.e. basal, 

transitional, differentiated and karyolytic, Figure 26B). DNA content, ploidy, circularity 

and neutral lipid content was assessed by these two ways. Firstly the entire microscope 

slide was considered as a tissue section, and all nuclei were examined to obtain nuclear 

content data; the relative DNA content of the cells was determined by the Integral of 

DAPI fluorescence values. Neutral lipid content was determined from the ratio of ORO 
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area/Fast Green (cytoplasm) area. Secondly, single cells on the microscope slide were 

classified in a similar manner to previously, using the buccal cytome approach 

(Thomas, et al. 2007; Thomas, et al. 2008a; Thomas, et al. 2009). This allowed us to 

score the cell population consisting of basal, transitional, and differentiated or 

karyolytic type cells by using an automated scoring system with the iCyte software that 

will be described in the next section “3.2.7.5 Automation of the buccal cell cytome”. 

Thus, it was then possible to investigate DNA content and neutral lipids in more detail 

within the defined cell populations.  
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Figure 26: LSC Schematic for buccal cell analysis. 
(A) Group of cells are contoured as a single event and utilised for analysis of all cell types. (B) Single 
cells are contoured individually and allow for analysis of different cell types. The magenta, blue and 
green contours represent ORO, nuclei and cell cytoplasm, respectively. 
 

 

3.2.7.5 Automation of the buccal cell cytome 
Identification of single cells for scoring in the automated buccal cytome assay consisted 

of identifying various features of the cells, then generating scattergram plots of those 

features and finally separating the scattergrams into sub-regions for analysis (Figure 
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27). Since the stains and the LSC protocol used in this study was very different 

compared with the previous study (Chapter 2), another method of defining cell types 

was necessary. Once this protocol was complete (Figure 24) the same “template” 

protocol was always used for all study participants ensuring there was no variation in 

the parameters being measured. Essentially, this resulted in a buccal cytome 

“fingerprint” for each individual sample being analysed and allowed for the 

quantification of the distribution of the different cell sub-types for each individual to be 

compared without subjectivity. Following a scan of multiple regions within a cytospot, 

all data generated were compiled into an initial scatterplot, this initial scatterplot was 

generated from the features shown in Figure 24. Cells were first plotted onto a 

scattergram segregating cells depending on their cytoplasmic Area and Long Red 2 

Integral within the cytoplasm (Figure 27A). A region R1 was set and this gated data 

allowed a second scattergram (Figure 27B) to be created. This process allowed the 

exclusion of large clumps of buccal cells and very small debris from the analyses. The 

second scattergram then used the number of nuclei detected per cells as well as 

“Circularity” value to further separate cells. Circularity is a measure of irregular shape 

of cells indicating an increasing degree of non-circular shape (e.g. a higher circularity 

value indicates a higher non-circular, more irregular shape). The second scattergram 

(Figure 27B) generated data showing cells with 0, 1 or more nuclei. In the category 

where cells containing >1 nuclei were observed (these were visually checked using the 

“image gallery” function in the software), it was found that these events were in fact 

sheets of cells that were not fully dissociated during the cell preparation process and 

thus contoured as one event (thus each cell in the group contained a single nucleus). A 

region (R2) was then selected on the scatterplot B to identify karyolytic cells and a 

region (R3) was selected which identified single cells with one nucleus. Region R3 did 

not include contoured events having a circularity value of more than 175 (this cut-off 

point was found to optimally exclude very rare events such as large false positive stains 

from true single cells). For classification and scoring of single cell types using the 

buccal cytome approach, sheets of cells were not included in further LSC analysis steps. 

Additionally in this protocol binucleated cells were not scored and indeed our previous 

results have demonstrated that binucleated buccal cells are relatively rare events 

occurring less than 1% of all scored cells (Thomas, et al. 2009).  
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Single mononucleated cells which were subsequently scored in the automated buccal 

cytome assay were further categorised into 3 new regions based on the cytoplasm area 

as well as the Areanuclei/Areacytoplasm ratios (Figure 27C). Following this procedure, 

buccal cells were categorized as basal (R9), transitional (R11) or differentiated cells 

(R12) based on their cytoplasmic area and Areanuclei/Areacytoplasm ratio. To verify that 

this categorisation of cells was similar to that used in our previous (non-automated) 

study using visual scoring techniques (Thomas, et al. 2007; Thomas, et al. 2008a; 

Thomas, et al. 2009), galleries of cells within each region (R9, R11 and R12) were 

viewed to allow the proper categorisation based on the cytoplasm area as well as the 

Areanuclei/Areacytoplasm ratios. An example of those cells types can be seen (Figure 28) 

with an increasing area and a higher Areanuclei/Areacytoplasm ratio from basal to 

transitional to differentiated cells. Karyolytic cells were characterised by the lack of 

nuclei (blue contour), indeed no DAPI signal was detected. 

 

1

2
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Figure 27: Protocol to classify buccal cell types. 
(A) A region (R1) was selected to exclude small debris and large sheets of cells based on Area and Long 
Red 2 Integral values of “Fast Green” (cell cytoplasm) contoured events. (B) R1 was gated onto a second 
scattergram to separate Karyolytic cells (R2) and single mononucleated cells (R3) from clumps of cells as 
well as from false positives events. (C) A scattergram gated from R3 in (B) was used to separate single 
cells based on their Area and AreaNuclei/AreaCytoplasm ratio. Cells were categorised as follows, basal (R9), 
transitional (R11), differentiated (R12). 
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Figure 28: Cell types gallery. 
LSC Images of (A) basal, (B) transitional, (C) differentiated and (D) karyolytic cells. 
The magenta, blue and green contours represent ORO, nuclei and cell cytoplasm, respectively. 

 

3.2.7.6 Measurement of DNA content 
To discriminate cells in particular phases of the cell cycle, DNA content of nuclei was 

measured (Figure 29). A frequency histogram showing the number of nuclei (“count”) 

versus the “Blue Integral” calculated from DAPI staining or nuclei was first created to 

separate nuclei depending on their DNA content (A). Three regions were selected from 

the different peaks obtained; (R15), (red) separated <2N from 2N nuclei (R16), (black) 

and a third region (R14), (magenta) segregated all >2N nuclei. Nuclei were also plotted 

on a scattergram (C) to demonstrate the variability in the Blue Integral and Blue 

MaxPixel (an indication of chromatin condensation) relationships (Figure 29B). 

 
 
 
 
 
 
 
 
 
 
 

Histogram and scattergram used to separate nuclei depending on their DNA content. (A) DNA content. 
Three regions were selected to separate peaks of <2N (R15, red), 2N (R16, black) and >2N (R14, 
magenta) nuclei. (B) A scattergram generated to show the relationship between Blue Integral and blue 
MaxPixel. 

 

Figure 29: DNA content measurements. 
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3.2.7.7 Data and statistics 

3.2.7.7.1 Generation of data 
Statistics were generated for each cytospot examined as shown in Figure 30. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
 
 

An example of the data files that were collected for each cytospot examined by LSC. Each file was 
exported directly to Excel for data manipulation and analysis. 
 

 

 
Figure 30: Data output. 
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3.2.7.7.2 Statistical analysis 
One-way analysis of variance (ANOVA) and linear correlation analyses were carried 

out to determine the significance of the cellular parameters measured between the 

control, MCI and AD groups. Pairwise comparison of significance between these 

groups was determined using Tukey’s test. ANOVA and correlation values were 

calculated using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA). 

Significance was accepted at P<0.05. Column statistics were generated and receiver-

operating characteristic (ROC) curves were carried out for selected parameters and their 

combinations between the control and MCI groups as well as AD groups to obtain area 

under the curve (AUC), confidence interval (CI), P-values, sensitivity and specificity 

scores. 
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3.3 RESULTS 

3.3.1 ORO Staining and protocol development 

3.3.1.1 Triethyl phosphate vs. isopropanol – Dissolution of ORO. 
In preliminary assays only weak ORO signal was observed after staining buccal cells by 

the method of Mutoh et al. 2009, in which ORO is usually dissolved in 60% isopropanol 

to make up a stock solution. However dissolution of the solid was incomplete even after 

constant shaking and heating of the solution to 60°C overnight. This resulted in a 

solution containing a large quantity of insoluble ORO aggregates which after being 

removed by filtration, left the solution a light red colour. However, Koopman and 

Schaart have worked on a protocol to improve the ORO staining procedure (Koopman, 

et al. 2001). They showed that when isopropanol was replaced by another solvent such 

as triethyl phosphate, dissolution of ORO was significantly enhanced. Therefore, ORO 

solid was mixed with 60% triethyl phosphate followed by gently mixing overnight at 

60°C, resulted in complete dissolution of the solid. Both stock solutions were tested for 

staining and noticeable differences were observed, with a more intense ORO staining of 

buccal cells when the stock solution was prepared in triethyl phosphate as a solvent 

compared with isopropanol as the solvent. 

 

3.3.1.2 Fixative conditions 
To determine which fixation method was most suitable for ORO staining, two fixation 

methods were tested using 3T3-L1 cells before and after differentiation to adipocytes. 

Cells were either fixed with 0.4% formaldehyde in PBS or with ethanol:acetic acid mix 

(3:1), both for 10 min at room temperature. Cells were then stained with ORO as 

described in methods section “3.2.5 Staining of slides for LSC” but with Fast Green 

initially and counter stained with DAPI. ORO and DAPI staining were detected by 

fluorescence microscopy and ORO was also visualised by brightfield microscopy. 

When the negative control cell line 3T3-L1 was fixed with either ethanol:acetic acid 

(Figure 31Ai, Aii) or formaldehyde (Figure 31Ci, Cii), cells did not exhibit ORO 

staining. However 3T3-L1 differentiated (adipocytes) showed a strong ORO staining 

after fixation in formaldehyde (Figure 31Di, Dii) while only a very weak red staining 

could be observed under brightfield when fixed with ethanol:acetic acid mix (Figure 

31Bi, Bii), (red arrows). It also appeared that ORO stain displayed a stronger signal 

when observed under brightfield microscopy (Figure 31Dii) when compared with 
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fluorescence (Figure 31Di) and that only intensely stained lipid droplets were detected 

under fluorescence. The absorbance and fluorescence properties of the dye were 

therefore compared with LSC. ORO staining in adipocytes was detected with LSC 

either by the use of 488 absorbance, with grey (Figure 32A) or with a background 

converted to black to improve contrast (Figure 32B), or 633 laser excitation with 

fluorescence collected in the long red (Figure 32C). ORO staining was again observed 

to be stronger when detected with absorbance compared with fluorescence. A contour 

was set to detect ORO droplets and their signal intensity was collected and displayed on 

scattergrams for absorbance (Figure 33A) and fluorescence (Figure 33B). The number 

of droplets contoured using absorbance as the parameter was greater than that for 

fluorescence indicating that fluorescence did not easily detect lightly stained ORO 

droplets. Moreover the maximum intensity of the signal quantified in droplets was 

found to be higher with absorbance detection when compared to fluorescence (see 

magenta square). Therefore all further analyses of buccal cells were therefore performed 

using the absorbance properties of the ORO stain. 
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Figure 31: ORO staining of 3T3-L1 cells and adipocytes. 
ORO staining was compared using two different cell fixative methods. Cells were observed using a 
fluorescence microscope (left panels Ai, Bi, Ci, Di), (using DAPI filter) or under brightfield illumination 
(right panels Aii, Bii, Cii, Dii). 
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Figure 32: Comparison of absorbance and fluorescence signals of ORO by LSC. 
 (A) ORO (red) was detected by absorbance at 488 nm combined with DAPI detection (blue). (B) The 
same representation than A with a background converted to black to improve contrast and for better 
comparison with C. (C) ORO (red) was detected by fluorescence at 633 nm in the long red channel 
combined with DAPI detection (blue). Abbreviations; DAPI, 4',6-diamidino-2-phenylindole; LSC, Laser 
scanning cytometry; ORO, Oil Red O. 
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Scattergrams showing ORO staining quantified using (A) absorbance at 488 nm or (B) fluorescence at 
633 nm in the Long Red channel. 
 

 

3.3.1.3 Washing conditions 
As suggested in the protocol developed by Koopman and Schaart (Koopman, et al. 

2001), deionised water was used to wash cells before and after incubation with ORO 

working solution. However when washes with Milli-Q water were applied in this 

protocol, numerous non-specific ORO binding was detected after scanning with LSC 

(Figure 34A). Therefore, several washing conditions were tested; i.e. with 1%, 5% and 

37% triethyl phosphate. Images obtained by LSC for each of the conditions can be seen 

in Figure 34 (B, C, and D). When washes were carried out in 37% triethyl phosphate 

(Figure 34D), most of the ORO staining was removed from the cells while 1% and 5% 

triethyl phosphate was less stringent and appeared to only remove non-specific binding 

from the slides (Figure 34B and C). Since small aggregates remaining could easily be 

excluded from analysis with the use of LSC software, 1% triethyl phosphate solution 

was preferred to 5% triethyl phosphate for the washing steps to avoid losing 

cytoplasmic ORO signal. 

 

 

Figure 33: Comparison of absorbance and fluorescence intensity of neutral lipid 
droplets in adipocytes by LSC. 
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The effect of four different washing conditions (A) water, (B) 1%TrP, (C) 5%TrP and (D) 37%TrP on 
ORO staining in buccal cells were tested. Abbreviations; Trp, Triethyl phosphate. 
 

 

3.3.1.4 Mounting medium 
Finally, the last issue in the development of the protocol was the choice of the mounting 

medium. Originally DePeX was used for buccal cells as in chapter 2, section “2.2.4 

Buccal cell fixation and staining”. However when DePeX was applied on stained 

cytospots it could be visually seen that DePeX was removing the stain instantly. 

Therefore, PBS:glycerol mix (1:1) was tested and found to not remove the ORO 

staining on cells. 

Figure 34: Washing conditions and their effect on ORO staining on buccal cells. 
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3.3.2 Laser scanning cytometry analysis 

3.3.2.1 Buccal cytome 
In previous studies from our group it was showed that the buccal cytome assay could be 

used for identifying changes in buccal cell morphology and nuclear parameters in age-

related disease such as AD and DS (Thomas, et al. 2007; Thomas, et al. 2008a; Thomas, 

et al. 2009). Although our previous studies used a visual scoring with different staining 

conditions, our aim here was to automate the buccal cytome scoring using LSC and to 

include high-content analysis with a protocol including Fast Green (cytoplasm), DAPI 

(nuclei) and ORO staining (neutral lipids). Using the protocol as described in section 

“3.2.7.5 Automation of the buccal cell cytome”, single cells were scored based on 

several cytoplasmic and nuclear staining parameters. We first identified and classified 

the buccal cytome with the following cell types; basal (Figure 35Ai), transitional 

(Figure 35Aii), differentiated (Figure 35Aiii) and karyolytic cells (Figure 35Aiv). The 

distribution of the various cell types was first investigated in the control group and was 

13%, 34%, 27%, 26% for basal, transitional, differentiated and karyolytic cells, 

respectively (Figure 35B). There was a significantly lower percentage of basal cells 

compared to the other cell types (P<0.001) as well as a higher percentage of transitional 

cells compared to differentiated, karyolytic and basal cells (P<0.01). Basal cells are the 

cells from the basal layer which are smaller in size when compared to differentiated 

buccal cells and have a nuclear to cytoplasm ratio that is larger than in differentiated 

buccal cells. According to the classification criteria used here basal cell frequency was 

13%, 15% and 17% for control, MCI and AD, respectively (Figure 36A; not 

significantly different). Transitional cells were classified as a group of cells that were 

neither large fully differentiated cells nor small basal cells. Transitional cells showed a 

larger cytoplasm than basal cells and occurred with a frequency of 34%, 29% and 30% 

for control, MCI and AD, respectively (Figure 36B; not significantly different). 

Differentiated cells were distinguished from basal cells and transitional cells by their 

larger size and by a smaller nuclear to cytoplasmic ratio (Figure 36C). These cells are 

considered to be terminally differentiated relative to basal cells. Figure 36C shows the 

differentiated cell frequency was 27% for control, 30% for MCI and 29% for AD group. 

Karyolytic cells were another group of cells scored characterised by absence of a 

nucleus (completely depleted of DNA) and therefore showed no DAPI staining (Figure 

35Aiv). These cells represent a very late stage in the cell death process. Figure 36D 
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shows the karyolytic cell frequency was not significantly different between groups with 

26% for control, 26% for MCI and 24% for AD.  
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Figure 35: Buccal cell types scored in controls by LSC. 
 (A) LSC images of different cell types. (Ai) basal, (Aii) transitional, (Aiii) differentiated and (Aiv) 
karyolytic cells are shown. (B) Scores for each of these cell types were determined in the control group 
(n=37). Abbreviations; Diff, Differentiated cells; Karyo, Karyolytic cells; Trans, Transitional cells; *, 
P<0.05; ***, P<0.001. 
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Figure 36: Buccal cell cytome in control, MCI and AD. 
Single isolated buccal cells were scored with the parameters defined in the section“3.2.7.5 Automation of 
the buccal cell cytome” and scored as different cell types using the iCyte software. Cell types were 
compared in buccal cells from controls (n=37), MCI (n=22) and AD (n=15). The frequency of each of the 
cell types analysed (A) basal, (B) transitional, (C) differentiated and (D) karyolytic was obtained and 
plotted as a percentage of single cells. No significant differences were observed between groups. 
Abbreviations; AD, Alzheimer’s disease; MCI, Mild cognitive impairment. 
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3.3.2.2 DNA content 
To determine nuclear DNA content of all buccal cells on the microscope slides within 

the cytospots, the DNA Integral of all nuclei was calculated. Figure 37A shows that 

there was a significantly higher DNA content in buccal cells from the MCI group 

(P<0.01) compared with the control group whilst there was no significant difference 

between the MCI and AD groups. Furthermore, when only single cells were analysed 

(i.e. those not in groups), similar DNA content values were observed and were 1.6 x 106 

a.u., 2.8 x 106 a.u. and 2.6 x 106 a.u. for control, MCI and AD, respectively, with a 

significant higher DNA content in MCI (P<0.01) and AD (P<0.05) when compared to 

controls, as shown in Figure 37B. Therefore, the values obtained from the single cell 

analyses were comparable to those obtained from all cells including those in small 

groups with a higher DNA content appearing in AD when compared to controls. As a 

next step in the analysis of individual buccal cells by LSC, the DNA content of the 

different cell types that contained nuclei i.e. basal, transitional and differentiated buccal 

cells was investigated. Both MCI and AD groups had a significantly higher DNA 

content in basal buccal cells (Figure 37C) compared with controls (P<0.001 and P<0.01, 

respectively). In transitional cells (Figure 37D) there was a significantly higher DNA 

content in MCI (P<0.01) group compared with controls. Additionally, in fully 

differentiated buccal cells there was a significantly higher DNA content in both MCI 

and AD (P<0.05) groups compared with controls (Figure 37E). Finally, it should be 

noted that there was no significant difference between the MCI and AD groups for the 

DNA content of basal, transitional and differentiated cell types. 
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Figure 37: DNA content in buccal cells and their different cell types. 
DNA content was measured with blue Integral (DAPI signal). DNA content of each nucleus was recorded 
and the mean value was obtained from two cytospots for control (n=37), MCI (n=22) and AD (n=15) 
groups in (A) all cells, (B) single mononucleated cells, (C) basal, (D) transitional and (E) differentiated 
cells. Karyolytic cells do not have nuclei and therefore DNA content was not scored for those cells. 
Abbreviations; a.u., Arbitrary units; AD, Alzheimer’s disease; MCI, Mild cognitive impairment; *, 
P<0.05; **, P<0.01; ***, P<0.001. 
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3.3.2.3 DNA content / Cell cycle. 
DNA content was analysed in greater detail to determine the ploidy of nuclei as in 

section “3.2.7.6 Measurement of DNA content”. Peaks of <2N, 2N and >2N nuclei were 

defined and regions were selected to obtain the percentage of nuclei in each of these 

categories (Figure 38). An example of a DNA histogram and scattergram for one 

participant from each of the groups; i.e. control, MCI and AD are shown in Figure 38A, 

Figure 38B and Figure 38C, respectively. DNA content from all individuals were then 

analysed in greater detail and is summarised in Figure 39.The results demonstrate that 

the frequency of nuclei that were <2N was similar for control, MCI and AD (Figure 

39A). There was a significant decrease in 2N nuclei scored for MCI and AD (P<0.01) 

compared with controls (Figure 39B), which resulted in there being a significant 

increase of >2N nuclei in MCI (P<0.01) and AD (P<0.05) compared with controls 

(Figure 39C). These differences are summarised in Figure 39D.  
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Figure 38: Representative examples of DNA content histogram and scattergram 
for controls, MCI and AD. 
Ploidy histogram and scattergram were created and one representative example is given for (A) controls, 
(B) MCI and (C) AD. <2N, 2N and >2N peaks were represented in red, black and magenta, respectively.  
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Figure 39: DNA content distribution. 
The percentage of (A) <2N nuclei, (B) 2N nuclei and (C) >2N nuclei was assessed in control (n=37), MCI 
(n=22) and AD (n=15) groups. (D) The distribution of the three peaks, <2N, 2N or >2N is shown for 
controls, MCI and AD. Abbreviations; AD, Alzheimer’s disease; MCI, Mild cognitive impairment; *, 
P<0.05; **, P<0.01. 

 

 

3.3.2.4 Circularity 
The “circularity” feature in iCyte is a measure of irregular shape so that a high 

circularity value indicates an increasing degree of non-circular shape. The circularity of 

nuclei was also measured in buccal cells (Figure 40). The results indicated a 

significantly increased circularity in all nuclei of AD cases relative to controls (P<0.01); 

(Figure 40A). Circularity has also been investigated in the different cell types. Figure 

40B shows an increased circularity value in nuclei from single cells of MCI and AD 

compared to controls (P<0.01). Figure 40C shows no significant differences in 

circularity in nuclei of basal cells between groups whilst a significant increase was 

observed in transitional cells of MCI and AD relative to controls (Figure 40D; 

P<0.001). Nuclei of differentiated cells also exhibited higher irregular shapes between 

AD and controls (Figure 40E; P<0.05). 
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Figure 40: Circularity of nuclei measured in buccal cells and the different cell 
types. 
Circularity of nuclei was measured in buccal cells of control (n=37), MCI (n=22) and AD (n=15) groups 
in (A) all cells, (B) single mononucleated cells, (C) basal, (D) transitional and (E) differentiated cells. 
Abbreviations; a.u., Arbitrary units; AD, Alzheimer’s disease; MCI, Mild cognitive impairment; *, P<0.5; 
**, P<0.01; ***, P<0.001. 
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3.3.2.5 Nuclei area and DNA MaxPixel 
Nuclei area was also measured in buccal cells by LSC, with MCI showing a 

significantly increased nuclear area compared with controls (P<0.001); (Figure 41A). 

Another useful feature of the laser scanning cytometer is the capability to measure the 

highest pixel value (MaxPixel) within a defined event. For example the MaxPixel 

within nuclei provides detail on the level of chromatin condensation (Bingham, et al. 

2006). Figure 41B shows DNA MaxPixel of all nuclei between groups. It seemed that 

an increase exists in MCI and AD when compared to controls but this did not reach 

statistical significance. 
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Figure 41: Nuclei area and DNA MaxPixel in buccal cells. 
 (A) Nuclei area and (B) DNA MaxPixel is shown for control (n=37), MCI (n=22) and AD (n=15). LSC 
carried out on all nuclei on the cytospots as described in the LSC schematic for buccal cell analysis 
(Figure 26). Abbreviations; a.u., Arbitrary units; AD, Alzheimer’s disease; MCI, Mild cognitive 
impairment; ***, P<0.001. 
 

 

3.3.2.6 Neutral lipids 
LSC was used to determine the cellular content of neutral lipids in buccal cells from 

controls, MCI and AD patients by staining cells with ORO. ORO is a lysochrome fat-

soluble dye which has been used for demonstrating the presence of neutral lipids such 

as cholesteryl esters and triglycerides in cells (Pani, et al. 2009a; Pani, et al. 2009b). 

Upon staining, the neutral lipids appear as bright red spots in the cytoplasm, as shown in 

Figure 42A (inset). When all cells were examined (including groups of cells), there was 

a significantly lower (P<0.01) ORO content in the MCI group compared with the 

controls and there was no significant difference between controls and AD (Figure 42A). 

Similarly, Figure 42B shows a significant decrease (P<0.05) in ORO between MCI and 

controls when all the single isolated buccal cells were analysed. ORO content in the 
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specific buccal cell types was further investigated. Figure 42C demonstrates that ORO 

staining was significantly lower in the MCI group compared with the control group in 

the basal cells (P<0.05), transitional cells (Figure 42D; P<0.05), differentiated cells and 

karyolytic cells (Figure 42F; P<0.05), whilst no significant difference was observed in 

differentiated cells (Figure 42E). Additionally, there was no significant difference 

between either the control and AD groups or the MCI and AD groups for any of the 

buccal cell types. 
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Figure 42: Neutral lipid content in buccal cells and their different cell types. 
The area of the ORO staining was divided by the cytoplasm area of cells for a whole cytospot to obtain an 
ORO content ratio for each individual from control (n=37), MCI (n=22) and AD (n=15) groups. ORO 
was assessed in (A) all cells, (B) single mononucleated cells, (C) basal, (D) transitional, (E) differentiated 
and (F) karyolytic cells. Abbreviations; AD, Alzheimer’s disease; MCI, Mild cognitive impairment; 
ORO, Oil Red O; *, P<0.05; **, P<0.01. 
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Triglyceride, cholesterol, low-density lipoprotein cholesterol (LDL-C) and high-density 

lipoprotein cholesterol (HDL-C) levels were measured in blood plasma as described in 

section “3.2.6 Lipid analysis in plasma”. No significant differences were found between 

groups. Results are reported in Table 6.  

 

Table 6: Lipid levels in plasma between controls, MCI and AD. 
Abbreviations; AD, Alzheimer’s disease; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-
density lipoprotein cholesterol; MCI, Mild cognitive impairment. 
 
 Control MCI AD 
 (n=37) (n=22) (n=15) P-Value 

Triglyceride 

(mM) 
1.55 ± 0.12 1.75 ± 0.15 1.56 ± 0.2 0.5991 

Cholesterol 

(mM) 
5.64 ± 0.17 5.64 ± 0.29 4.96 ± 0.24 0.1259 

HDL-C 

(mM) 
1.73 ± 0.06 1.7 ± 0.1 1.52 ± 0.15 0.35 

LDL-C 

(mM) 
 3.2 ± 0.14 3.14 ± 0.27 2.75 ± 0.23 0.3055 

 

 

Correlation analyses were further carried out between these different lipid levels 

measured in plasma and ORO content measured in buccal cells by LSC (Figure 43). No 

correlation was observed between triglyceride, cholesterol, LDL-C and HDL-C levels in 

plasma when compared to neutral lipids measured by LSC in buccal cells, with the 

exception of a significant negative correlation between plasma HDL-C and ORO 

content of cells in AD cases (r = -0.56, P=0.027). 
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Figure 43: Correlation between ORO content and lipid levels. 
Neutral lipid content measured in all buccal cells by LSC is compared to concentration of (A) cholesterol, 
(B) triglyceride, (C) HDL-C and (D) LDL-C. Abbreviations; HDL-C, High-density lipoprotein 
cholesterol; LDL-C, Low-density lipoprotein cholesterol; ORO, Oil Red O; =Control, ▼=MCI, ♦=AD. 
 
 

3.3.2.7 DNA/ORO ratio 
DNA content was increased in the MCI and AD groups compared with the control 

group, and ORO content was lower in the AD group and significantly lower in the MCI 

group compared with the control group. Therefore we investigated whether applying a 

DNA content/ORO content ratio would amplify the differences observed in the buccal 

cells. Figure 44A shows the DNA/ORO ratios in all buccal cell types examined (single 

cells and cells in small groups). Interestingly, the DNA/ORO ratio was significantly 

higher (3-fold) in the MCI group compared with control group (P<0.01) and the AD 
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group (P<0.05). To further identify the cell types contributing to these differences in 

DNA/ORO ratios, the DNA/ORO ratio was analysed in the individual cells containing 

nuclei, i.e. basal, transitional and differentiated buccal cells. For all single cells (Figure 

44B) there was a significantly higher DNA/ORO ratio in MCI (P<0.001) buccal cells 

compared with control buccal cells. On further analysis of the individual cell types, 

there was a significantly higher DNA/ORO ratio for MCI compared with control in 

basal cells (Figure 44C; P<0.001) and transitional cells (Figure 44D; P<0.01). 

Additionally, there was a significantly higher DNA/ORO ratio in differentiated cells for 

MCI (P<0.01) and AD (P<0.05) compared with control (Figure 44E). To further 

investigate the differences observed the potential for a correlation between DNA 

content and ORO content in all buccal cells was investigated. Interestingly, when all 

cell types (including groups of cells) were examined, there was a significant negative 

correlation of DNA content with ORO content in the AD group only (Figure 45A; r = -

0.8572; P<0.0001). This strong correlation was also apparent in individual single cells 

(collectively; basal, transitional, differentiated) from the AD group (Figure 45B; r = -

0.8403; P<0.0001). Similar strong negative correlations were observed in basal 

(P<0.001), as well as in transitional and differentiated cells (P<0.0001) of AD cases but 

not for MCI or controls (Figure 45C, Figure 45D and Figure 45E). 
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Figure 44: DNA/ORO ratio in buccal cells and their different cell types. 
DNA/ORO ratio was calculated for each of the cytospots scanned by LSC for control (n=37), MCI (n=22) 
and AD (n=15) in (A) all cells, (B) single mononucleated cells, (C) basal, (D) transitional and (E) 
differentiated cells. Abbreviations; a.u., Arbitrary units; AD, Alzheimer’s disease; MCI, Mild cognitive 
impairment; *, P<0.05; **, P<0.01; ***, P<0.001. 
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Figure 45: Correlation between DNA content and ORO content. 
DNA content and ORO content values were plotted on graphs to observe potential correlations in each 
groups, control (n=37), MCI (n=22) and AD (n=15). (A) When a whole tissue section was analysed a 
strong correlation was observed within the AD group. A strong correlation was also observed in AD in 
(B) single cells only, (C) basal, (D) transitional and (E) differentiated cells. Abbreviations; a.u., Arbitrary 
units; ORO, Oil Red O; =Control, ▼=MCI, ♦=AD. 
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3.3.2.8 Gender 
Data are shown in Table 7 which summarise the results when separated by gender for 

each of the parameters analysed in all cells (i.e. ORO content, DNA content, DNA/ORO 

ratio, circularity, % of >2N nuclei). The mean and SEM is reported for each group as 

well as the significance for the parameters that are significantly different. Since there 

were only 3 males in the AD cohort, analyses for the AD group should be considered 

preliminary.  

 

Table 7: Parameters in all cell types for control, MCI and AD groups by gender. 
Means and SEM are reported for each group. Means with no associated letters are not significantly 
different from other means. Means with different letters are significantly different from each others. 
Significance is accepted at P<0.05. Abbreviations; AD, Alzheimer’s disease; F, Female; M, Male; MCI, 
Mild cognitive impairment; ORO, Oil Red O. 
 
 Control MCI AD 
 M 

(n=11) 

F 

(n=26) 

M 

(n=15) 

F 

(n=7) 

M 

(n=12) 

F 

(n=3) 

ORO Content 16.6 ± 0.9 12 ± 1.4 (a) 12.4 ± 1.3 (b) 8.4 ± 1.1 14.7 ± 1.4 13.7 ± 2.4 

DNA Content 1.4e+06 ± 11e+04 1.5e+06 ± 15e+04 2.2e+06 ± 33e+04 2.4e+06 ± 26e+04 2e+06 ± 30e+04 2.5e+06 ± 77e+04 

DNA/ORO 

Ratio 
97.9 ± 10.8 (ac) 139.8 ± 18.7 (a) 235.6 ± 48.6 (b) 338 ± 67.1 (bc) 165.3 ± 42.7 201.4 ± 114 

Circularity 21.5 ± 0.8 22 ± 0.8 (a) 23.8 ± 0.8 24.3 ± 1.1 26.2 ± 1.4 23.3 ± 4.2 (b) 

%>2N Nuclei 11.1 ± 2.8 13 ± 4.2 (a) 26.2 ± 5.9 (b) 34.8 ± 5.8 26.4 ± 6.1 25.9 ± 12.2 

 

 

3.3.2.9 Fast Green – Cytoplasmic stain 
The Integral of Fast Green staining over the whole slide (cytospots) was determined 

(Figure 46) and was compared between groups. Interestingly, the AD group had a 

significantly lower Fast Green Integral compared with MCI (P<0.05) whilst there was 

no significant differences between MCI and AD when compared to controls. 
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Figure 46: Fast Green Integral measured in all cell types. 
Fast Green Integral was measured on the whole tissue sections and compared between control (n=37), 
MCI (n=22) and AD (n=15) groups. Abbreviations; a.u., Arbitrary units; AD, Alzheimer’s disease; MCI, 
Mild cognitive impairment. 
 
 

3.3.2.10 Circularity correlations 
The circularity results described in section “3.3.2.4 Circularity” were compared to ORO 

results from section “3.3.2.6 Neutral lipids” and DNA content results from section 

“3.3.2.2 DNA content” in order to investigate if any correlations existed in all cells as 

well as within the different cell types for control, MCI and AD groups. Circularity was 

not found to be correlated with ORO content or DNA content, in all cells or the 

individual cell types.  

 

3.3.2.11 Receiver-operating characteristic curves 

3.3.2.11.1 Single biomarkers 
 
When evaluating a diagnostic test, it is often difficult to determine the threshold value 

that separates a clinical diagnosis of “normal” from one of “abnormal.” A ROC curve 

helps to visualise and understand the trade-off between high sensitivity and high 

specificity when discriminating between clinically normal and clinically abnormal 

values.  Therefore to investigate the potential power of the biomarkers investigated in 

this study, ROC curves were generated for each of the parameters analysed. ROC values 

are reported in Table 8 for AUC, CI, P-value and selected best pairs of sensitivity and 
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specificity. Sensitivity and specificity scores vary depending on the cut-off value. 

Therefore for each cut-off value, sensitivity and specificity were added together and the 

combination giving the highest score was reported in Table 8. The AUC quantifies the 

overall ability of the test to discriminate between those individuals from the control 

group and those from the MCI or AD group. A low efficiency test would have an AUC 

of 0.5 while a perfect test would have an AUC equal to 1.0. For each graph generated, 

an identity line (black dashed-line) is shown that represents a ROC curve for a fully 

random classification (test with an AUC of 0.5); any improvement over random 

classification would result in a ROC curve at least partially above this straight line. The 

CI provides a data range that contains the true area with 95% certainty if the patient and 

control groups would represent a random sampling of a larger population. The P-value 

obtained tests the null hypothesis that the AUC really equals 0.5 and therefore provides 

us with information on the test discriminating capacity between controls and MCI or 

AD. Sensitivity represents the fraction of people within the MCI or AD group that the 

test correctly identifies as positive. Specificity on the other hand represents the fraction 

of people from the control group that the test correctly identifies as negative. Sensitivity 

and specificity were calculated for each value from the data table automatically set as a 

cut-off value; therefore many pairs of sensitivity and specificity were generated to 

create a ROC curve. For each category of parameters analysed (i.e. % Cell type, ORO 

content, DNA content, DNA Content/ORO Ratio, 2N nuclei, >2N nuclei and 

circularity) the ROC curves with the best AUC values (highlighted in yellow in Table 8) 

when comparing control versus MCI and control versus AD are shown in Figure 47. 
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Table 8: Scores obtained from ROC curves generated for the different parameters 
analysed in buccal cells. 
These scores include AUC, CI, P-value, sensitivity and specificity. For each category of parameters 
analysed (i.e. % Cell type, ORO content, DNA content, DNA Content/ORO Ratio, ploidy and circularity) 
the ROC curves with the best AUC values when comparing control versus MCI and control versus AD 
are highlighted in yellow. Abbreviations; AD, Alzheimer’s disease; AUC, Area under the curve; CI, 
Confidence interval; MCI, Mild cognitive impairment; ORO, Oil Red O; *, P<0.05; **, P<0.01; ***, 
P<0.001. 
 
Parameter Group AUC CI P-Value Sensitivity Specificity 
% Basals MCI 0.5055 35-66 0.9438 50 59 

AD 0.6126 44-79 0.2069 67 57 

% Transitionals MCI 0.6523 50-80 0.0519 55 81 

AD 0.6865 53-84 0.0366* 67 65 

% Differentiated MCI 0.5713 40-74 0.3633 41 81 

AD 0.5027 31-70 0.9758 47 57 

% Karyolytics MCI 0.5160 37-67 0.8385 55 54 

AD 0.5171 34-70 0.8478 47 70 

ORO Content (All 

cells) 

MCI 0.7199 58-86 0.005** 68 68 

AD 0.5387 37-71 0.6641 67 49 

ORO Content 

(Mononucleated) 

MCI 0.7076 57-84 0.008** 82 57 

AD 0.5613 39-74 0.4923 53 73 

ORO Content 

(Basals) 

MCI 0.7101 57-85 0.0073** 64 73 

AD 0.6 42-78 0.2623 47 78 

ORO Content 

(Transitionals) 

MCI 0.6794 54-82 0.0221* 73 68 

AD 0.5207 34-70 0.8163 45 73 

ORO Content 

(Differentiated) 

MCI 0.6849 54-83 0.0183* 73 62 

AD 0.6 42-78 0.2623 60 70 

ORO Content 

(Karyolytics) 

MCI 0.7260 59-86 0.0039** 68 70 

AD 0.5766 39-77 0.3907 40 84 

DNA Content (All 

cells) 

MCI 0.6855 52-85 0.0179* 59 92 

AD 0.6703 48-89 0.0563 60 84 

DNA Content 

(Mononucleated) 

MCI 0.6806 52-84 0.0212* 68 81 

AD 0.7423 58-91 0.0066** 73 78 

DNA Content 

(Basals) 

MCI 0.7101 54-88 0.0073** 59 100 

AD 0.7243 54-91 0.0119* 53 97 

DNA Content 

(Transitionals) 

MCI 0.6830 52-84 0.0195* 59 86 

AD 0.7045 53-88 0.0219* 80 70 

DNA Content 

(Differentiated) 

MCI 0.6560 50-81 0.0465* 64 84 

AD 0.6955 53-86 0.0284 67 76 

DNA/ORO Ratio MCI 0.7518 61-89 0.0013** 55 100 
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(All cells) AD 0.5748 38-76 0.4020 53 68 

DNA/ORO Ratio 

(Mononucleated) 

MCI 0.7432 60-89 0.0019** 64 78 

AD 0.6775 50-86 0.0467* 53 86 

DNA/ORO Ratio 

(Basals) 

MCI 0.7248 58-87 0.0041** 55 95 

AD 0.6901 50-88 0.0331* 53 97 

DNA/ORO Ratio 

(Transitionals) 

MCI 0.7224 58-86 0.0045** 50 92 

AD 0.6162 42-91 0.1927 47 86 

DNA/ORO Ratio 

(Differentiated) 

MCI 0.7322 59-87 0.003** 59 86 

AD 0.7027 52-89 0.0231* 53 95 

% 2N Nuclei MCI 0.7727 65-90 0.0005*** 64 84 

AD 0.7676 62-92 0.0027** 67 86 

% >2N Nuclei MCI 0.7273 58-87 0.0037** 68 81 

AD 0.7297 57-89 0.01* 60 86 

Circularity (All 

cells) 

MCI 0.7303 60-86 0.0033** 64 76 

AD 0.7658 62-91 0.0029** 73 76 

Circularity 

(Mononucleated) 

MCI 0.8161 69-94 0.0001*** 78 81 

AD 0.6955 52-87 0.0284* 73 59 

Circularity 

(Basals) 

MCI 0.6536 51-79 0.0501 64 70 

AD 0.5982 43-77 0.271 60 65 

Circularity 

(Transitionals) 

MCI 0.8034 69-92 0.0001*** 82 68 

AD 0.8081 66-96 0.0005*** 67 92 

Circularity 

(Differentiated) 

MCI 0.7445 61-88 0.0018** 73 70 

AD 0.6018 40-80 0.2538 53 76 
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Figure 47: Selection of best ROC curves for different parameters for MCI and AD. 
An example of selected ROC curves for (A) MCI vs. control and (B) AD vs. control. Abbreviations; AD, 
Alzheimer’s disease; MCI, Mild cognitive impairment; ORO, Oil Red O; ROC, Receiver-operating 
characteristic. 
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3.3.2.11.2 Combination of biomarkers 
From the ROC curves data (section “3.3.2.11.1 Single biomarkers”) it was shown that 

the biomarkers in our study have a substantial power of diagnostic separation 

(sensitivity and specificity) between controls and MCI compared with controls and AD. 

Therefore to further investigate the power of these biomarkers for the MCI group 

specifically, each parameter analysed in all cells (i.e. DNA Content, ploidy, ORO 

Content, circularity) was combined with another and new ROC curves generated are 

shown in Table 9.  

 

Table 9: ROC Curve parameters for a selected set of biomarker combinations 
comparing MCI and controls. 
Data obtained from the combination of biomarkers were used to generate ROC curves to separate MCI 
from controls. Abbreviations; AUC, Area under the curve; CI, Confidence interval; ORO, Oil Red O; 
%>2N, % of >2N nuclei; **, P<0.01; ***, P<0.001. 
 
Parameter AUC CI P-Value Sensitivity Specificity 
DNA Content + %>2N 0.7113 56-87 0.007** 59 92 

DNA Content + 

Circularity 

0.71 54-88 0.007** 59 92 

DNA Content + ORO 0.7518 61-89 0.0013** 55 100 

%>2N + Circularity 0.7408 60-88 0.0021** 59 92 

%>2N + ORO 0.7580 62-89 0.001** 59 95 

Circularity + ORO 0.7678 64-90 0.0006*** 59 84 

DNA Content + %>2N + 

Circularity 

0.7260 58-87 0.0039** 68 81 

DNA Content + %>2N + 

ORO 

0.7383 59-88 0.0023** 59 92 

DNA Content + 

Circularity + ORO 

0.7531 61-89 0.0012** 55 100 

%>2N + Circularity + 

ORO 

0.7592 62-90 0.0009*** 59 92 

DNA Content + %>2N + 

Circularity + ORO 

0.7420 60-89 0.002** 59 95 
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As previously shown in Table 8 section “3.3.2.11.1 Single biomarkers”, the AUC, CI, 

P-value, sensitivity and specificity scores were reported for each of the combinations. 

Biomarkers selected were % of >2N nuclei, circularity, DNA content and ORO content. 

Biomarker combinations were made by expressing each data point as a percentage of 

the control group mean. Since ORO content was shown to decrease in MCI compared to 

controls, the data for this parameter was converted to an absolute value by taking the 

inverse of the value ORO before being expressed as a percentage of the control group 

inverse of the mean. These results shown in Table 9 indicated that the combinations of 

these biomarkers have a substantial diagnostic value for predicting MCI from controls. 
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3.4 DISCUSSION 
The objective of the present study was to adapt the buccal cytome assay (Thomas, et al. 

2009) to an automated high-content analysis assay using LSC and to allow simultaneous 

investigation of aneuploidy and neutral lipid content in buccal cells of MCI and AD 

relative to controls. This study demonstrated significant changes in buccal cells isolated 

from MCI and AD subjects including the buccal cell type ratio, increased nuclear DNA 

content and nuclear circularity as well as the DNA content/neutral lipid ratio in both 

MCI and AD subjects. 

 

In the present study Feulgen (DNA) and Light Green (cytoplasm) stains from the buccal 

cytome assay have been replaced with DAPI (DNA) and Fast Green (cytoplasm). 

Preliminary results demonstrated these changes were necessary to improve the 

sensitivity of the signals measured by LSC. An advantage of LSC scoring of buccal 

cells is that all the microscope slides are scanned in the exact same manner i.e. the 

software is set up in such a manner that all slides are examined using identical 

parameters and the numerical values obtained by the quantitative imaging allows for the 

separation of cell types, thus removing the potential for subjectivity existing from one 

individual scorer to another. Our current results also support our previous observations 

of substantial differences in frequency of the cell types between the control and 

Alzheimer’s group when visual analysis is used. A previous study which used a 

Papanicolaou staining method also examined cytometric aspects of buccal cells in AD 

(de Oliveira, et al. 2008). The terms and criteria for cell types used in that method 

differs to ours based on the cell staining methods used. For example “parabasal” and 

“intermediate” cell types may possibly relate to our specified definitions of “basal” and 

“transitional”, respectively. In the study by de Oliveira et al. (de Oliveira, et al. 2008) 

imaging software (“ImageJ”) was used to measure cytometric nuclear and cytoplasmic 

areas and were found to be respectively increased and decreased (P<0.01) in 

intermediate cells of AD patients when compared to controls. Additionally, they found a 

significantly lower percentage of intermediate cells in AD when compared to controls 

(P<0.05) (de Oliveira, et al. 2008). The differences observed in intermediate cells, even 

if not directly comparable with those obtained with our method, also indicate that 

alterations occur in the composition of BM in AD. Since staining procedures and the 

definitions of cell types from one scoring method to another vary considerably, it will 

become necessary to standardise the buccal cell classification system in future studies. 
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For that reason it would be of interest to investigate markers of different stages of 

buccal cell proliferation. One prime candidate for such markers are the cytokeratin 

proteins (Anderton. 1981). A validation of these markers associated with the LSC 

automated cell separation may offer a very convenient and useful tool for future 

investigations of biomarkers of AD in BM. 

 

When scoring the various cell types present, no significant difference was found in MCI 

and AD groups compared to the control group. To define the cell types present we 

aimed to classify the cells depending on their developmental stage based upon some of 

the visual scoring criteria previously used by our group (Thomas, et al. 2007). 

Previously, these criteria when combined with a visual scoring method suggested that 

the cell composition of the BM was significantly altered in Alzheimer’s patients i.e. 

significant reduction in basal, karyorrhectic and condensed chromatin cells, the latter 

two being biomarkers of cell death. These changes were possibly explained by a 

decrease in the regenerative potential of the BM in AD. The frequency of different cell 

types obtained in our current study using LSC was somewhat different than the previous 

visual scoring method and this may be partly explained by the different staining 

procedures used in both studies. Our previous visual scoring study showed that basal 

and karyorrhectic cells were significantly decreased in AD relative to healthy controls.  

 

In this study aneuploidy was measured by quantitating the fluorescent Integral of the 

DAPI signal, providing data on nuclear DNA content as shown previously with DAPI 

staining (Pozarowski, et al. 2004). Results showed a significantly higher DNA content 

in buccal cells from the MCI group (P<0.01) and AD group (P<0.05) compared with the 

control group. However the ploidy distribution of nuclei showed that MCI and AD 

cases presented a decrease in the frequency of 2N nuclei which was accompanied by an 

increase in hyperdiploid nuclei as well as nuclear circularity. Therefore, the higher DNA 

content observed in MCI and AD cases might be partly explained by the accumulation 

of buccal cells in the S and G2 phase of the cell cycle. The observed hyperdiploidy may 

be due to cell cycle checkpoint arrest due to mitotic defect leading to mitotic slippage 

which can lead to generation of 4N cells (Kirsch-Volders, Fenech. 2001). Another 

possibility is malsegregation of chromosomes leading to trisomic and monosomic cells 

assuming that the former are more likely to survive. An increase in trisomy 21 and 

trisomy 17 has been reported in buccal cells in AD and DS compared to their respective 
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controls (Thomas, Fenech. 2008). Furthermore the MN frequency is a biomarker of 

chromosome malsegregation and tends to be elevated in lymphocytes, fibroblasts and 

buccal cells of AD cases (Migliore, et al. 1997; Trippi, et al. 2001; Thomas, et al. 2007). 

Therefore, the genomic instability events observed previously may partly explain the 

results of increased DNA content observed in this study when measured quantitatively 

by LSC. 

 

Other DNA damage markers such as γH2AX (DNA double strand breaks) also were 

found to be linked with AD, in astrocytes of AD hippocampal regions (Myung, et al. 

2008). γH2AX was successfully detected (post-mortem) in human buccal cells using an 

immunofluorescent antibody against γH2AX (Gonzalez, et al. 2010), which make it an 

ideal DNA damage marker to be further investigated in the oral mucosa of AD patients 

in future studies. Oxidative stress has also been studied in exfoliated BM using HPLC 

after DNA isolation (Borthakur, et al. 2008) and since the association between 

accumulated oxidative DNA damage and ageing is well documented, it is possible that 

the BM may show changes in 8-OHdG levels from AD buccal samples, but this is yet to 

be tested. A study investigating oxidative DNA damage in peripheral leukocytes of MCI 

and AD patients reported a significantly higher level of oxidised DNA pyrimidines 

(p<0.002) and purines (p<0.001) in MCI and AD compared to the control group 

(Migliore, et al. 2005). Additionally, oxidative damage has been found to increase in the 

olfactory epithelium of AD cases (Perry, et al. 2003). Thus, confirming the presence of 

oxidative damage at a peripheral level in AD and therefore oxidative stress could be 

included as a potential marker of AD to be investigated in the oral mucosa. 

 
Changes in lipid composition in the brain have been reported in AD, for example both 

membrane cholesterol and phospholipids were found to be significantly reduced in the 

cortex of AD mice (Yao, et al. 2009), and the lipid composition of different regions in 

the human brain has been shown to change with ageing as well as in AD (Soderberg, et 

al. 1990; Soderberg, et al. 1992). Since AD is a systemic disorder, peripheral tissues 

such as BM might also exhibit changes in their lipid composition. Therefore the 

lysochrome lipid soluble stain “ORO” was included in our LSC protocol to quantify 

neutral lipids in buccal cells. This study demonstrates for the first time that ORO 

content decreases in the oral mucosa of MCI in all cell types examined (P<0.05) when 

compared to controls. The ORO content also tends to decrease in AD but this did not 
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reach statistical significance. Thus it is possible that changes in neutral lipid 

accumulation in buccals precedes AD and is elevated at an early stage of AD 

pathogenesis. Furthermore, it was noted that the DNA content/ORO ratio was 

significantly elevated compared with controls in both the MCI and AD group in all cell 

types scored. Additionally we observed a strong negative correlation between DNA 

content and ORO in the AD group in all cell types but this type of correlation was not 

observed in controls or MCI suggesting a link between hyperdiploidy and lipid content 

in cells as progression from MCI to AD occurs. However we have no explanation for 

this finding unless cell cycle arrest is caused by lack of lipid derived energy required for 

mitotic activity due to malnutrition. Lipid metabolism has also been studied in 

fibroblasts from AD patients whereby the cholesterol esterification rate was reported to 

increase after 48 hours of culture (P<0.05) (Pani, et al. 2009a). This level of cholesteryl 

ester synthesis was linked to an expanded cytoplasmic pool of neutral lipid measured 

using the ORO staining procedure. The differences of cholesteryl ester synthesis rate in 

the fibroblasts reported (Pani, et al. 2009a) were accompanied by an increase in mRNA 

levels of ACAT-1 (Acetyl-Coenzyme A acetyltransferase 1) and a decrease in ABCA1 

(ATP-binding cassette transporter) indicating an increased esterification rate and 

decreased cholesterol efflux, respectively. The protein levels of ACAT-1 and ABCA1 

could therefore be explored in buccal cells to help in the understanding of reduced 

neutral lipid accumulation in MCI as measured in this study. In a microarray study 

involving mouse cortical neurons, the gene expression profiles were examined by qPCR 

in response to Aβ42 and a down-regulation of genes involved in the biosynthesis of 

cholesterol and lipids was observed (i.e. Fdft1, Fdps, Idi1, Ldr, Mvd, Mvk, Nsdhl, 

Sc4mol) (Malik, et al. 2012). The decrease in ORO content observed in buccal cells of 

MCI in this study could be due to such genes being down-regulated in buccal cells at 

the onset of the disease which would result in a decrease in neutral lipid synthesis. This 

hypothesis could potentially be investigated in buccal cells since mRNA material has 

previously been extracted from buccal cells for RT-PCR (Michalczyk, et al. 2004). In a 

second study, Pani et al. (Pani, et al. 2009b) also investigated the DNA synthesis of 

lymphocytes after growth-stimulation with phytohemagglutinin and found that neutral 

lipid content increased in parallel with the rate of cell growth in vitro, supporting the 

possibility that the optimal nutrition in culture medium restored the capacity of cells to 

maintain cholesteryl ester synthesis. We previously hypothesised that the regenerative 

potential of the BM was reduced with development of AD (Thomas, et al. 2007; 
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Thomas, et al. 2008a), and therefore it is possible that the rate of regeneration and 

proliferation of buccal cells influences the cytoplasmic accumulation of neutral lipids in 

vivo; this may partly explain why a decrease of neutral lipid content in buccal cells 

occurs in the early stage of the disease.  

 

To-date there has been no simple, inexpensive and minimally invasive procedure 

available to confirm the early diagnosis of AD. Therefore, if screening of populations of 

individuals is to be performed, more suitable, easily accessible tissues would need to be 

used, also using diagnostic tests at much lower costs as compared to brain imaging and 

cerebrospinal fluid diagnostics of Aβ and Tau (Blennow, Zetterberg. 2009; 

Thambisetty, Lovestone. 2010; Hampel, Prvulovic. 2012). This need for minimally 

invasive tests could be achieved by targeting surrogate tissues, since it is now well 

recognised that AD is not a disorder restricted to pathology and biomarkers within the 

brain only. Combining neutral lipid accumulation, DNA content with other potential 

more specific protein markers such as Aβ and Tau may substantially increase the 

likelihood of better predictive markers for AD. Such a combined protocol would 

provide a high-content, automated assay capable of measuring multiple parameters in 

human buccal cells which can be easily and painlessly collected. 
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CHAPTER 4 
 

4. AUSTRALIAN IMAGING, BIOMARKERS AND LIFESTYLE 
STUDY OF AGING (AIBL) 

4.1. INTRODUCTION 
The previous chapter “SAND Study” demonstrated the utility of using buccal cells as a 

peripheral tissue to investigate biomarkers of mild cognitive impairment (MCI) and AD 

risk. The protocol used in that instance was aimed at the analysis of the buccal cytome, 

DNA content, ploidy and neutral lipids; however this study aimed to incorporate 

additional protein biomarkers that are known to be altered in AD. For example, 

Amyloid-β (Aβ) and Tau proteins are the two main hallmark of AD, known to aggregate 

in the brain and lead to neurodegeneration (Grundke-Iqbal, et al. 1986; Selkoe. 2001). 

Elevated Tau and changes in amyloid-β in the cerebrospinal fluid (CSF) remain (to 

date) the main biological markers to identify AD patients from healthy individuals 

(Blennow, Zetterberg. 2009; Prvulovic, Hampel. 2011). However, since obtaining CSF 

is an invasive medical procedure, more easily accessible tissues that reflect the AD 

pathology have previously been considered in the research for biomarkers of AD. 

Platelets, lymphocytes, nasal cells and buccal mucosa (BM) for instance have all been 

previously utilised for investigation of Tau (Hattori, et al. 2002; Arnold, et al. 2010; 

Armentero, et al. 2011; Neumann, et al. 2011), whilst plasma, nasal cells and fibroblast 

have been used for amyloid detection with “limited” success (Schupf, et al. 2008; Pani, 

et al. 2009; Arnold, et al. 2010). 

 

The emphasis of this chapter was utilising buccal samples from control, MCI or AD 

individuals from the AIBL (Ellis, et al. 2009). This cohort is one of the most well 

characterised and largest studies of AD involving multi-research centres all over 

Australia. Therefore buccal cells were collected from this cohort and were analysed by 

laser scanning cytometry (LSC) with the aim to quantify Tau and amyloid within buccal 

cells. 

 

The LSC protocol previously developed in chapter 3 allowed high-content analysis of 

several parameters in buccal cells. However, during the course of this project an 
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extended knowledge of the software and artificial features was gained, and allowed the 

protocols to be further developed to incorporate the quantification of protein markers in 

buccal cells. Since the LSC technology has the capability to combine detection of 

fluorescent dyes with chromatic stains by the simultaneous use of photomultiplier tubes 

(PMTs) and photo detectors (PDs), respectively (Luther, et al. 2004; Pozarowski, et al. 

2006); the protocol previously developed in chapter 3 was adapted and combined with a 

protocol aiming to detect Tau and Aβ proteins by immunocytochemistry techniques. 

The creation of such a protocol was carried out with the intention to extend the high-

content analysis capacity of LSC to a higher level with detection of many different 

biomarkers within an individual cell. Thus, allowing potential correlations of 

biomarkers within subsets of cell types which could increase the diagnostic power of 

these biomarkers. 
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4.2 MATERIAL AND METHODS 

4.2.1 Human ethics 
Approval for the AIBL was obtained from CSIRO Animal, Food and Health Sciences 

(Adelaide), University of Melbourne, Hollywood Private Hospital (Perth), Mental and 

Health Research Institute (Melbourne), St Vincent Hospital (Melbourne) Ethics 

Committee’s. 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) 

(McKhann, et al. 1984). Three groups were investigated as follow; Control Group 

(n=20), MCI (n=20) and AD (n=20). Age, sex, Mini-mental State Examination 

(MMSE) scores and APOE ε4 genotype information for each group are shown in Table 

10. An individual is considered APOE ε4 positive if he has at least one APOE ε4 allele. 

 

Table 10: Clinical characteristics. 
Means and SEM are reported for each group (95% CI in parenthesis). Means with no associated letters 
are not significantly different from other means. Means with different letters are significantly different 
from each others. Significance is accepted at P<0.05. Abbreviations; AD, Alzheimer’s disease; APOE, 
Apolipoprotein E; F, Female; M, Male; MCI, Mild cognitive impairment; MMSE, Mini mental test 
examination. 
 
 Control MCI AD 

Sex (M:F) 8:12 11:9 11:9 

Age (year) 72.8 ± 1.5 (69.6-75.9) 

(a) 

77.8 ± 1.6 (74.4-81.1) 80.6 ± 1.5 (77.3-83.8) 

(b) 

MMSE score 28.8 ± 0.2 (28.4-29.2) 

(ab) 

26.3 ± 0.7 (24.8-27.7) 

(ab) 

13.9 ± 1.6 (10.5-17.2) 

(c) 

APOE ε4 positive 6 9 12 

 

 

4.2.2 Chemicals and Reagents 
ELISA INNOTEST® hTAU Ag was purchased from INNOGENETICS® (Hannover, 

Germany). BCA Kit was from Sigma. All chemicals were of the highest quality grade: 

NaCl, Tris(hydroxymethyl)aminomethanehydrochloride (Tris), 

ethylenediaminetetraacetic acid (EDTA), sodium citrate, 4',6-diamidino-2-phenylindole  

(DAPI), formaldehyde, glycerol, 1-[2,5-Dimethyl-4-(2,5-

dimethylphenylazo)phenylazo]-2-naphthol (Oil Red O),  triethyl-phosphate and Fast 
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Green were from Sigma-Aldrich (Castle Hill, NSW, Australia). Phosphate buffered 

saline (PBS) was from Invitrogen (Mulgrave, Victoria, Australia). 

 

4.2.3 The australian imaging, biomarkers and lifestyle study of 

aging (AIBL) cohort 
The AIBL study of aging is a multi-centre multidisciplinary study of AD and ageing 

funded by the CSIRO Flagship Initiative, involving research centres in both Western 

Australia and Victoria; Edith Cowan University, University of Western Australia, 

University of Melbourne, Neurosciences Australia Ltd, Centre for Positron Emission 

Tomography (PET), Austin Health, Mental Health Research Institute of Victoria, 

Monash University, Cosgate Ltd, CSIRO Preventative Health (P-Health) Flagship. Its’ 

aim was to assemble a cohort of individuals who could be assessed and followed at 

regular intervals and whose tissues, amyloid brain load, and lifestyle factors could be 

compared in relation to their cognitive function (especially with respect to the presence 

or absence of AD symptoms) and risk factors. The AIBL cohort is composed of 1112 

volunteers aged over 60 and aims to assist with prospective research into AD (Ellis, et 

al. 2009). The groups characterised in this cohort are presented in Figure 48. When 

individuals presented with a diagnosis of AD or MCI that had already been made by a 

treating clinician, this diagnosis was reviewed by a clinical review panel, in order to 

ensure that diagnoses were made in a consistent manner according to internationally 

agreed criteria. Volunteers underwent a screening interview and tests to assess their 

cognitive function were performed. Some tests were selected on the basis of their 

internationally acknowledged utility and their ubiquity in the research literature (e.g. the 

MMSE and Geriatric Depression Scale). The tests comprising the neuropsychological 

battery were selected on the basis that together they covered the main domains of 

cognition that are affected by AD and other dementias. These tests were chosen so that 

results from the participants were comparable with those from other similar large 

studies, and all cognitive tests are internationally recognised as having good evidence of 

their reliability and validity. MCI diagnoses were made according to a protocol based 

on the criteria of Winblad et al. 2004. Consistent with Winblad criteria, all participants 

classified with MCI had either personally, or through an informant, reported memory 

difficulties. A baseline testing which included full blood examination was also 

performed by a clinical pathology laboratory. The medication profile of each of the 
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participants was assessed and its impact on the analysis can be evaluated as all data and 

information are stored in a database. The AIBL initiative includes a brain imaging study 

involving only a subset (287) of the 1112 participants, as the cost of such a study is very 

high. Those selected participants underwent Magnetic Resonance Imaging (MRI) and 

PET imaging with PiB. This cohort also provides information on health and lifestyle for 

each participant as all were asked to complete two questionnaires, the International 

Physical Activity Questionnaire (IPAQ) (Craig, et al. 2003) and the Food Frequency 

Questionnaire (FFQ) developed by CSIRO (Hodge, et al. 2000). Data and results 

accumulated for the last four years are stored in a data base which was constantly 

updated. Ethical clearance was obtained to sample buccal cells from participants and 

results from this study will be included in the AIBL data base and can be further 

correlated to all other parameters listed as above and investigated in this cohort. Sixty 

individuals were chosen for this study from the three groups, control (n=20), MCI 

(n=20), AD (n=20). Each individual was chose based on several criteria listed below. 

(1) PET imaging or brain was or will be completed. 

(2) A high yield of buccal cells was sufficient to allow both LSC analyses as well as 

protein (Tau) ELISA measurements to be carried out. 

(3) Buccal cells were stored up to 10 days in Saccomano’s solution. 

 

Patient numbers were provided by the Mental Health Research Institute “in a coded 

manner” so that it was not possible to decipher each patient sample group ID as well as 

their group affiliation. Therefore the study was completed in a blinded fashion. Samples 

were “decoded” by matching patient and group numbers by the Mental Health Research 

Institute Melbourne group at the completion of all assays and after data analysis was 

performed in this study to prevent any possible bias. 
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Discovering Biomarkers
 

 
Figure 48: Composition of the AIBL cohort: screening, assessment and cohort 
subgroups. 
Adapted from Ellis et al. 2009. 
 

 

4.2.4 Buccal cell isolation 
Consented participants had a one-off buccal cell sample collected after the brief 

information session outlining the purpose of the study. Study participants were 

interviewed at either Mental Health Research Institute (Melbourne) or Hollywood 

Private Hospital (Perth). Buccal cells were collected by the same individual for the 

duration of the study. Buccal cells were collected by placing a small flat-headed 

toothbrush against the inner part of the cheek and rotated 20 times in a circular motion. 

Both left and right cheeks were sampled separately and then the toothbrushes containing 

cells were placed into a yellow-cap tube containing 20 mL of Saccomano’s fixative 

solution and agitated vigorously to transfer the cells into solution. Lids of tubes were 

wrapped in parafilm to avoid spillage during transport and buccal cell samples were 

then placed in a refrigerator at 4oC for up to a week before being sent to CSIRO 

Animal, Food and Health Sciences (Adelaide) via Toll Priority courier 

(www.tollpriority.com.au) at 4°C. Buccal cells were then stored at 4oC and processed 
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within one week. After centrifugation at 1000 xg for 10 min, the supernatant was 

removed and the cells were resuspended in 5 mL of buccal buffer as defined in chapter 

2, section “2.2.3 Buccal cell sampling and preparation”. The cell suspension was drawn 

up into a 10 mL syringe using a 21G needle and resuspended by drawing the suspension 

up and down 5 times to assist separating large clumps of cells into single cells in 

suspension. Cells were then passed through a 100 µm filter in a swinex filter holder 

(Millipore) to further remove large aggregates of cells. The concentration was measured 

using a haemocytometer and cells were transferred to a microscope slide using a 

Shandon Cytospin 4 (600 rpm) at a concentration of 30,000 cells/mL to obtain a final 

cell density of approximately 1500 cells per cytospot done in duplicate. Remaining cells 

were aliquoted into 1.5 mL eppendorf tubes containing 10% DMSO (final 

concentration) and frozen at -80°C for further ELISA and/or Western analyses. Slides 

were then air-dried for 1 h and subsequently transferred to 0.4% formaldehyde in PBS 

or ethanol:acetic acid (3:1) for 10 min. Slides fixed in 0.4% formaldehyde were rinsed 1 

min with ultra pure water. All slides were air-dried for 1 h and then stored in sealed 

microscope slide boxes with desiccant at -80°C until the staining procedure was 

performed. Details were recorded in an Excel file and backed up with the following 

information recorded (i.e. coded participant ID number, initials of sampler, day of 

sampling, day of processing, days of storage, cell concentration, number of slides, 

number of eppendorf tubes, box number, information on where tubes and slides were 

stored, including and other notes and comments).  

 

4.2.5 Protein analysis methods 

4.2.5.1 Sample lysates preparation 
Aliquots of buccal cells were centrifuged 5 min at 1500 xg and supernatant was 

removed. Cells were then resuspended in 75 µL to 250 µL (depending on the initial cell 

concentration) of RIPA lysis buffer (with protease and phosphatase inhibitors diluted at 

1/100) for 2 h on ice. Aliquots were then stored in cardboard boxes at -80°C until 

analysis by BCA, ELISA or Westerns. 
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4.2.5.2 BCA Kit 
Total protein concentration was determined by QuantiPro BCA Assay Kit from 

SIGMA®. The first step was to mix 2 mL of a solution consisting of sodium carbonate, 

sodium tartrate and sodium bicarbonate in 0.2 M NaOH, pH 11.25 with 2 mL of 4% 

(w/v) bicinchoninic acid solution, pH 8.5. To this new solution, 4 mL of a 4% (w/v) 

copper(II) sulfate (pentahydrate solution) was added to make up the working solution. A 

standard curve was made by using a protein standard solution consisting of 1 mg/mL 

bovine serum albumin in 0.15 M NaCl with 0.05% sodium azide as a preservative. This 

solution was diluted with sample buffer (RIPA buffer with 1/00 protease inhibitor and 

1/100 phosphatase inhibitor cocktails) to obtain protein standard concentrations of 0, 

0.5, 5, 10, 20 and 30 µg/mL. Two 96 well plates were used to determine the protein 

concentration of samples. To each well, 100 µL of each sample (previously diluted at ½ 

in sample buffer) or 100 µL of each protein standard concentrations was added to 100 

µL of working solution in duplicates. Wells were sealed with an adhesive plate sealer 

and samples were incubated at 60°C for 1 h. The 96 well plates were allowed to cool to 

room temperature and the absorbance of the reaction solution was measured at 562 nm 

with a spectra MAX 250 (Molecular Devices, USA). The protein concentration of 

samples was determined by reading absorbance from the standard curve and corrected 

for the dilution factor (x2). 

 

4.2.5.3 ELISA Kit 
Tau was measured following the manufacturer’s instructions (ELISA INNOTEST®, 

hTau, Germany). Each well of the plate was antibody-coated with Anti-TAU AT120 

clone. A conjugate working solution 1 was made up by diluting two monoclonal anti-

hTAU antibodies (HT7 and BT2 clones) at 1/100. Then, 75 µL of conjugate working 

solution 1 was added to each well plate. Standards and samples were prepared by 

diluting them into sample diluent (RIPA buffer + protease and phosphatase inhibitor 

cocktails). Different concentrations of standards were made up by reconstitution of the 

lyophilized recombinant hTAU provided with the kit by adding 500 µL of sample 

diluent and left to stand 15 min before being mixed on a vortex mixer for 15 sec. 

Concentrations used for the standard curves were expressed in pg/mL (75, 150, 300, 

600, 1200 pg/mL). 25 µL of each standard dilution (including the blank made of 25 µL 

of sample diluent) and the selected AIBL samples were added to duplicate wells of the 
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antibody-coated plate. The plate was mixed for 1 min at 1000 rpm in a plate shaker and 

wells were covered with an adhesive sealer to avoid evaporation. The plate was then 

incubated overnight at 25°C with gentle shaking. The wells were aspirated and then 

washed with 400 µL of phosphate buffer containing 0.15% Proclin 300 diluted 25x with 

distilled water. This washing procedure was repeated 4 times and 100 µL of conjugate 

working solution 2 diluted at 1/100 was then added to each well. Wells were covered 

with adhesive sealer and incubated for 30 min at 25°C under gentle shaking. Wells were 

washed with the washing procedure detailed previously and 100 µL substrate working 

solution (tetramethyl benzidine (TMB) dissolved in dimethyl sulfoxide (DMSO) diluted 

100x in phosphate-citrate buffer containing 0.02% hydrogen peroxide) was added to 

each well and incubated for 30 min at room temperature (RT) in the dark. The 

enzymatic reaction was stopped by adding 100 µL of 2 M sulphuric acid to each well in 

the same sequence and the same time intervals as the substrate solution. The plate was 

gently mixed and absorbance at 450 nm and 620 nm was read by using a spectra MAX 

250 within 15 min after the reaction was stopped. 

 

4.2.5.4 ELISA Plates set up and test 
Since the ELISA Kit was originally designed for measuring Tau in CSF samples, the 

standard curve had to be tested when the sample diluents solution provided by the Kit 

was replaced with the lysis buffer solution used to prepare our buccal cell protein 

samples. Therefore, the Tau protein standard provided with the kit to generate the 

standard curve was used with sample diluents or RIPA buffer plus anti-phosphatase and 

anti-protease cocktails. With each condition a human Tau recombinant protein at a 

known concentration of 500 pg/mL was also assayed in duplicate. Figure 49 shows the 

standard curve generated with the kit sample diluents solution (blue curve) or with 

RIPA buffer plus anti-phosphatase and –protease cocktails (red curve) when plotted on 

the same graph. It was observed that the standard curve obtained with Tau protein 

standards diluted in RIPA buffer instead of sample diluent solution was slightly 

different; however it did not affect the detection of Tau protein since the human Tau 

recombinant was detected at the same concentration with both standard curves.  
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Figure 49: Standard curves comparison of kit sample diluents with RIPA buffer. 
Tau protein standards provided with the ELISA kit were tested with the sample diluents solution provided 
by the kit or with RIPA buffer used to prepare buccal cell protein samples. 
 

 

To investigate at what protein concentration buccal cell samples should be added to the 

ELISA wells for proper Tau detection, a first test was run with two samples (one control 

and one AD) of known total protein concentration at different dilutions (1, 1/2, 1/10 and 

1/20). Tau was best detected within the standard curve range for both samples when no 

dilutions were performed. It was not possible to assay all cell samples on a single 

ELISA plate; therefore to ensure that the two ELISA plates used provided comparable 

results, the same human Tau recombinant protein at a known concentration of 500 

pg/mL was assayed on both plates. No difference was observed between the two ELISA 

plates. 

 

4.2.5.5 Western blots 
Cells were centrifuged 5 min at 1500 xg and incubated with 500 µL of RIPA lysis 

buffer containing phosphatase and protease inhibitors for 2h at 4°C. Cells were diluted 

1:2 with Laemmli Sample Buffer containing β-Mercapto Ethanol at a ratio of 1:20 and 
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then heated at 95°C for 3 min to denature proteins. Up to 30 µL of sample was loaded 

on each lane, 10 µL of ladder protein was also added to one lane to follow migration 

and provide details about molecular weight of bands observed. Samples for 

polyacrylamide gel electrophoresis were run on BioRad “TGX Any Kd” gels or 

Invitrogen “Novex 16% Tricine” gels. Typically, samples were electrophoresed for up 

to 1 h at 150-200V. Proteins were then transferred to nitro cellulose 0/45 µm 

membranes (BioRad system) or PVDF membranes 0.2 µm (Invitrogen system). 

Membranes were washed 5 min in TBST (Tris-buffered saline, 0.1% Tween) prior to 

the blocking step and placed in 20 mL of Blocking Solution (2 % BSA dissolved in 

TBST) for 1 h. The membranes were incubated overnight at RT with primary 

antibodies. The membranes were washed 3 times for 5 min with TBST and secondary 

antibody conjugated horseradish peroxidise (PerkinElmer) added to the membranes in 

blocking solution and incubated for 2 h at RT. The membranes were washed 3 times for 

5 min with TBST prior to imaging by enhanced chemiluminescence (Western 

Lightning®Plus-ECL, PerkinElmer) using an Image Quant LAS 4000 imager (GE 

Health Care). 

 

4.2.6 Staining procedures of slides  

4.2.6.1 Staining procedure for visual scoring 
Microscope slides containing buccal cells previously fixed with ethanol:acetic acid (3:1) 

were defrosted and stained for visual scoring of the buccal cytome as described in 

chapter 2, section “2.2.4 Buccal cell fixation and staining”. 

 

4.2.6.2 Staining procedures for LSC 
Microscope slides containing buccal cells previously fixed with 0.4% formaldehyde 

were defrosted and stained in small batches of 8 including a control slide to ensure 

proper staining. Microscope slides were washed 5 min in TBS and incubated for 10 min 

in 5% Triton X-100 in PBS at RT in Coplin Jars. 25 µL of 88% formic acid in RO water 

was added to each cytospot and covered with parafilm for 5 min. Slides were then 

washed with TBS 2 times for 5 min in Coplin Jars. Each cytospot was covered with 25 

µL of blocking solution (1.5% BSA in TBS) and was gently shaken in a humidified box 

for 30 min at 37°C. Blocking solution was gently removed by the use of absorbing 

paper. The primary antibodies mix solution, composed of Anti-Aβ1-42 Rabbit 
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monoclonal and Anti-Tau BT2 Mouse monoclonal antibodies at a dilution of 1/50 and 

1/100, respectively in blocking solution, was added to the cytospots and covered with 

parafilm in a humidified box at 4°C overnight under gentle mixing. Slides were washed 

5 min in TBS in Coplin Jars and then washed 3 times for 30 sec each in 1% triethyl-

phosphate in ultra pure water and then incubated with Oil Red O (ORO) staining 

working solution (3 mg/mL ORO in 36% triethyl-phosphate) for 45 min in the dark, to 

stain for neutral lipids. From this point onwards all steps were undertaken in the dark. 

Slides were then washed 3 times for 30 sec with 1% triethyl-phosphate and then slides 

were further stained in 0.2% (w/v) Fast Green for 30 min, to stain cytoplasm. The 

excess of Fast Green was removed by rinsing the slides for 1 min with running tap 

water. Remaining water on the slides was gently removed with absorbing paper. Then, 

25 µL of secondary antibody mix solution, composed of Alexa Fluor 488 Anti-Mouse 

and Alexa Fluor 568 Anti-Rabbit both diluted at 1/100 in blocking solution, was added 

on the cytospots and covered with parafilm in a humidified box for 1.5 h at 37°C. Slides 

were washed 5 min in TBS in Coplin Jars. Nuclei were stained with DAPI (0.2 µg/mL) 

for 5 min. The excess of DAPI was removed by rinsing the slides in 300 mM NaCl, 34 

mM sodium citrate. Slides were then mounted with coverslips and PBS:glycerol (1:1) 

mounting medium. To avoid drying, the coverslips were sealed around the edge with 

nail polish and slides were kept in the dark in a microscope box with desiccant at -20°C 

for up to 2 days until analysed by LSC. All incubation steps of slides in Coplin Jars 

were carried out with gentle mixing motion to ensure adequate solution movement over 

the samples.  

 

4.2.7 Laser scanning cytometry 

4.2.7.1 Lasers and detectors 
Microscope slides containing freshly stained buccal cells were inserted into a 4 slide 

carrier and analysed by iCyte® Automated Imaging Cytometer (CompuCyte 

Corporation, Westwood, MA). Lasers selected for the high-content assays were 405 nm, 

488 nm, 561 nm and 633 nm to detect DAPI, ORO and Tau as well as Aβ, and Fast 

Green respectively. The blue, green, red and long red PMTs were used to collect 

fluorescence from DAPI, Tau, Aβ and Fast Green respectively. As ORO is a chromatic 

stain, the 488 PD was set up to quantify its absorbance properties (Table 11). 
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Table 11: Laser and detector selection for buccal cells. 
 

 

 

4.2.7.2 Low and high resolution scans 
The low resolution scan and high resolution scan settings regarding objectives, laser 

increment steps and rectangular regions were as described in chapter 3, section “3.2.7.2 

Low and high resolution scans”. 

 

4.2.7.3 Setting up the dynamic range 
In this modified LSC protocol the lasers and detector settings were as shown in Figure 

50. Two paths were used to avoid unnecessary overlapping of fluorescence. In the first 

path (upper panel) violet and yellow lasers were used simultaneously while in the 

second path (lower panel) blue and red lasers were selected. It would have been possible 

to set the instrument to scan slides using three paths but this would have been very time 

consuming as each scan field would have been scanned three times. In the same manner 

as described in chapter 3, section “3.2.7.3 Setting up the dynamic range”, Voltage, Gain 

and Offset values were set for optimal collection of emission signals from dyes. 

 

 

 

 

 

 

 

 

Target Dyes Excitation Lasers (nm) Detectors 

Cytoplasm Fast Green 633 Long Red (Fluorescence) 

Nuclei DAPI 405 Blue (Fluorescence) 

Neutral Lipids Oil Red O 488 488 LL (Absorbance) 

Amyloid-β 1-42 488 Alexa Fluor 488 Green (Fluorescence) 

Tau BT2 568 Alexa Fluor 561 Red (Fluorescence) 

Abbreviations; LL, light loss (absorption) 
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 Upper panel 

Lower panel 

 

 

 

 

 

 

 
 

405 and 561 nm lasers were used in the upper panel for the first path and fluorescence was collected in 
the Blue and Red Channels. In the second path (lower panel) 488 and 633 nm lasers were selected and 
fluorescence was collected in the Green and Long Red channels while blue laser absorbance was 
collected with a 488 PD. 
 

 

Absorbance obtained with 488 PD was inverted by creating a virtual channel “Blue I” 

and focus was adjusted as in chapter 3, Figure 23 of section “3.2.7.3 Setting up the 

dynamic range” by manually generating a “profile line” (magenta) other cell images to 

ensure the resolution and intensity of the ORO signal were optimal. 

 

4.2.7.4 Virtual channels and compensation 

4.2.7.4.1 Spectra viewer 
Before setting up virtual channels for compensation it was essential to determine what 

compensation would be needed. For that the visual spectra viewer tool from the 

invitrogen website was used as a guide (Figure 51). Excitation wavelengths could be 

selected and overlapping of their emission wavelengths be seen on the bandpass 

emission filter region selected (grey shadow). Compensation would only be needed for 

the first path where signals collected from DAPI and secondary antibody conjugate 

Alexa Fluor 568 should only be detected. Emission (dashed line) and excitation (solid 

line) wavelengths were selected for DAPI (blue), Alexa Fluor 568 (Green) and Fast 

Green (Red). As Fast Green was not available in the list of dyes provided by invitrogen, 

its’ closest in terms of fluorescence properties was selected (Alexa Fluor 633). The 561 

nm laser selected to excite Alexa Fluor 568 can be viewed as the yellow vertical line 

and the emitted filter bandpass region where the subsequent emitted fluorescence was 

collected by the Red PMT can be viewed in grey shadow. The first fluorescence overlap 

Figure 50: Detector module used for this study. 
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that occurs in that grey region can be seen where the emission curve of DAPI crosses 

the grey region, meaning that the Red PMT collects a small amount of DAPI 

fluorescence at the same time Alexa Fluor 568 dye fluorescence is being collected. In 

this compensation set-up the DAPI signal collected within that channel was therefore 

subtracted from the Alexa Fluor 568 signal. The second overlap was minimal and 

involved fluorescence emitted from Fast Green (red curve). It can be viewed that the 

561 excitation laser line (yellow) crosses the excitation curve of the antibody conjugate 

dye (green dashed line) but also the excitation curve of Fast Green (red dashed line). No 

compensation would be needed if the Fast Green emission curve (solid line) was located 

out of the emission filter bandpass region. However, with the settings used, Alexa Fluor 

568 signal was collected at the same time as the Fast Green signal, and therefore Fast 

Green was subtracted from the total signal collected within the Red channel. 

 

 
 
 
Fluorophores were selected as follows; DAPI (blue), Alexa Fluor 568 (Green), Alex Fluor 633 (red) and 
their excitation and emission patterns can be seen in dashed and solid curves, respectively. The excitation 
laser selected is 561 nm (yellow vertical line) and the emission filter representing the Red channel is 
viewed (grey region). Overlapping and compensation needed can then be assessed. 

 

 

Figure 51: Fluorescence spectra viewer tool from invitrogen website. 
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4.2.7.4.2 Virtual channels 
With the aid of the spectra viewer, compensation of several virtual channels was created 

as shown in Table 12.  

 

Table 12: Creation of virtual channels to compensate for non-specific fluorescence. 
 
Virtual Channel Input Channel Operator Purpose 

488 Inv 488 LL Invert Convert from brightfield to 

darkfield 

Blue M Blue Multiply 0.28 Adjustment factor for DAPI 

compensation 

Red C Red Subtract Blue M Compensated for DAPI stain 

Long Red M Long Red Multiply 0.08 Adjustment factor for Fast Green 

compensation 

Red C Final Red C Subtract Long Red M Compensated for Fast Green stain 

 

 

4.2.7.4.3 Random segmentation and compensation 
In a similar way as it was done in chapter 2, section “2.2.5.3 Virtual channels and 

compensation”; the random segmentation “phantom” feature was used to properly 

define and evaluate the compensation settings by monitoring the distribution of events 

in scattergrams. Compensation scattergrams can be seen in Figure 52. The first level of 

compensation involved subtracting DAPI signal (Blue Integral) from Red Integral, 

when proper compensation is reached the uncompensated events (Figure 52A) moves 

towards a more vertical position as shown by the cyan line in the compensated events 

scattergram (Figure 52B). The first level compensated virtual channel named “Red C” 

was then used in the second level of compensation where Fast Green signal (Long Red 

2 Integral) was subtracted from Red C Integral. In the same manner compensation was 

properly achieved when the uncompensated events (Figure 52C) have moved towards a 

more vertical position (Figure 52D) as shown by the cyan line. The channel obtained 

after final compensation is named “Red C Final” and was used for contouring and 

analysis of the signal obtained from Alexa Fluor 568 antibody conjugate.  
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(A-B) First level of compensation subtracts DAPI signal received in the Red channel from the Alexa 
Fluor 568 signal. When compensated events moves towards a more vertical position. (C-D) Second level 
of compensation, which involves subtracting Fast Green from the Alexa Fluor 568 signal.  
 

 

The different levels of compensation can be visualised in the images generated by LSC 

with examples of a field image shown in Figure 53. Fast Green, DAPI, Alexa Fluor 488 

and Alexa Fluor 568 can be respectively seen in green, blue, yellow and magenta. 

Originally, signals for each dye were separately generated in black and white. Since the 

PMTs quantify the intensity of light (photons) but do not detect the color, the use of the 

“CompuColor” feature to allocate colors of preference to each signal was applied. In 

this manner the most contrasted colors could be selected for better appreciation of 

intensity and localisation of dyes on a single image (Figure 53A). To observe the effect 

of compensation of fluorescence for Alexa Fluor 568 signal, the original black and 

white images were used.  Prior to any compensation, nuclei (blue arrows) could be 

partly distinguished (Figure 53B) in the red channel, however the nuclei signal was 

Figure 52: “Phantom” events plotted on scattergrams for compensation. 
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decreased at the first level of compensation when subtracting the overlapping DAPI 

signal (Figure 53C). Further compensation completely removed the background (non-

specific) cytoplasm (long red) signal from the red signal (magenta arrows); (Figure 

53D). 

 

 
 
(A) Merged color field image where all final signals are shown prior to compensation. (B) Red signal 
before first compensation. (C) Red C signal after first level compensation. (D) Red C Final signal after 
second level compensation. 
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Figure 53: Visualisation of compensation effects on field images. 
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4.2.7.5 LSC protocol and segmentation of events 
To analyse these five dyes in a combined manner and reach a higher content analysis 

level it was necessary to upgrade the LSC protocol developed previously in chapter 3, 

section “3.2.7.4 LSC protocol and segmentation of events”. Therefore a new LSC 

protocol was designed (Figure 54). The first part (Figure 54A) of the protocol was 

similar to that in the previous protocol developed. One difference was to be noted, the 

color of contour for neutral lipids was changed from magenta to red to help visualising 

contours. An add-on to this protocol was developed for the detection of the antibody 

conjugates, Alexa Fluor 488 and 568 (Figure 54B).  

 

A B

i ii iii

 
 
Figure 54: LSC protocol designed for this study. 
 (A) Contains first resolution scan settings which was similar to the LSC protocol used previously with 
one difference, the color of neutral lipids contour being red. (B) The second half of the high resolution 
scan was added to detect, contour and analyse signals obtained from Alexa Fluor 488 and 568. 
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Since the “Association 2” module has only three inputs available and they were already 

utilised (Figure 54A), it was then necessary to create a duplicate scale of the primary 

event Fast Green (Figure 54Bi). This allowed the new data for Aβ and Tau to link to 

Fast Green 2. The second scale (Figure 54Bii) shows settings used for detection of 

signal obtained from Alexa Fluor 488 in the Channel “Green 2”. A filter “HiGauss 9x9” 

was applied to improve contrast followed by a threshold set at a value of 1510. This 

value was observed to optimally separate Tau signal from background. Contour was set 

as yellow with a minimum area of 10 µm2 to improve small false positives exclusion in 

the “Event” module. The third scale measured signal collected from Alexa Fluor 568 

(Figure 54Biii) and termed “Red C Final” which represented the final compensated 

signal. A filter “Hi-Gauss 7x7” was applied to the “Red C Final” to increase detection 

of Aβ spots within the cells. Since most of the “Red C Final” signal observed was 

intense it was necessary to set a high value threshold of 3137 for proper contouring. A 

magenta color was selected and it was noted that events could reach a small size; 

therefore the minimal area detection was set at 1 µm2. An example of a field image can 

be seen without (Figure 55A) or with the five events (cytoplasm, nuclei, neutral lipids, 

Tau and Aβ) contoured (Figure 55B). 
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Field image generated by LSC, (A) without and (B) with the contour feature activated; a green, blue, red, 
yellow and magenta contour is automatically drawn (by the mean of the settings previously selected in the 
LSC protocol; see Figure 54) around cytoplasm, nuclei, neutral lipids, Tau and Aβ respectively. 
 

 

Prior to each scan the same region from a control slide of buccal cells stained with 

Feulgen was scanned with a 488 laser to ensure that the signal collected with the 488 

PD was constant over the study (no variations were observed). Prior to each batch scan, 

a control slide containing buccal cells sampled from the same individual (healthy male 

aged 69) was used to ensure that all settings and measurements had not drifted and to 

confirm proper staining. There was no measurable drift over the course of the study. 

The fluorescence (and absorbance where appropriate) of events were recorded as 

follows: area, count, circularity, maximum pixel, fluorescence or inverted absorbance 

Integral.   

 

 

A 

B 

 
Figure 55: Field images generated by LSC. 
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4.2.7.6 Automation of the buccal cell cytome 
Identification of cell types for scoring in the automated buccal cytome assay was made 

by the use of scattergrams as described in chapter 3, section “3.2.7.5 Automation of the 

buccal cell cytome”. 

 

4.2.7.7 Ploidy measurements 
DNA content was measured as described in chapter 3, section “3.2.7.6 Measurement of 

DNA content”. 

 

4.2.7.8 Data and statistics 

4.2.7.8.1 Generation of Data 
Statistics were generated as described in chapter 3, section “3.2.7.7.1 Generation of 

data”. In addition new parameters were investigated and therefore additional statistics 

were generated. 

 

4.2.7.8.2 Statistical analysis 
One-way analysis of variance (ANOVA) and linear correlation analyses were carried 

out to determine the significance of the cellular parameters measured between the 

control, MCI and AD groups. Pairwise comparison of significance between these 

groups was determined using Tukey’s test. Post test for linear trend were carried out 

across the groups (control, MCI and AD) when appropriate. ANOVA and correlation 

values were calculated using GraphPad Prism 5 (GraphPad Software Inc., San Diego, 

CA, USA). Significance was accepted at P<0.05. When no significance was found, P-

values were not shown on the graphs. Column statistics were generated and receiver-

operating characteristic (ROC) curves were carried out for selected parameters and their 

combinations between the control and MCI groups as well as AD groups to obtain area 

under the curve (AUC), and P-values. 
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4.3 RESULTS 

4.3.1 Saccomano’s fixative effect on ORO staining 
Since it was not practical to process buccal cells on the day of collection, the cells 

needed to be stored in a mild fixative medium that would not impact on downstream 

analyses. Therefore Saccomano’s fixative was chosen and is composed of polyethylene 

glycol, ethanol and water, and is used to store cells collected from the AIBL cohort 

participants. There is no data available in the literature on the effect of Saccomano’s 

solution on neutral lipid content. Therefore the hypothesis that Saccomano’s solution 

might have an effect on ORO staining in buccal cells was tested. Buccal cells were 

sampled from a healthy individual aged 42, split into 4 tubes containing 20 mL of 

Saccomano’s each and stored at 4°C. Different incubation times were tested, each of the 

tubes was removed at different times (i.e. after 1, 8, 15 and 28 days). Because 1 day is a 

minimal time of storage of buccal cells in Saccomano’s due to sampling and shipping 

from Melbourne and Perth to Adelaide the first time point selected was 1 day. Cells 

were processed as described in chapter 3, section “3.2.3 Buccal cell isolation” and 

microscope slides for each time condition were stained in triplicates as described in 

chapter 3, section “3.2.5 Staining of slides for LSC”. Figure 56A shows ORO content 

for each of the six cytospots analysed. A decrease in ORO content was observed after 

15 days and 28 days of incubation of buccal cells in Saccomano’s (P<0.05 and P<0.001, 

respectively), however no significant decrease was measured after 8 days and between 8 

and 15 days of incubation times. Buccal cells also exhibited a significantly lower ORO 

content at 8 days compared to 28 days of incubation in Saccomano’s.  
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Figure 56: Effect of storage in Saccomano’s on neutral lipid content of buccal cells. 
 (A) After 15 and 28 days of storage the ORO content significantly decreased (P<0.05 and P<0.001, 
respectively). No significant variations can be observed between 1 and 8 days as well as 8 and 15 days of 
storage. A significant decrease is shown between 8 and 28 days of storage (P<0.01). (B) No differences 
were measured in the absorbance of the internal control slide over the experiment. Abbreviations; a.u., 
Arbitraty units; BC, Buccal cells; ORO, Oil Red O; *, P<0.05; **, P<0.01; ***, P<0.001. 
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To ensure that no drift in the absorbance detected by 488 PD detector (absorbance used 

to measure ORO staining) as well as no drop in the 488 nm laser power occurred during 

the experiment that would affect its’ final outcome, a standard slide was scanned before 

each scan. This internal control slide contained buccal cells stained with Feulgen, a 

chromatic stain of nuclei that can also be quantified by 488 nm absorbance. The exact 

same region on that slide was scanned with the same settings, and the Integral value of 

Feulgen measured was reported on a graph (Figure 56B). No shift of the PD detector or 

drop of the 488 laser power occurred over the experiment which therefore confirms that 

the small decrease of neutral lipid content in buccal cells was due to their storage in 

Saccomano’s overtime. To remove this potential bias from the analysis, one of the 

criteria for selection of the 60 AIBL samples analysed in this study was that the storage 

of buccal cells in Saccomano’s did not exceed a duration interval of 10 days. 

 

4.3.2 Western blots 
One of the aims of this study was to detect and quantify putative Aβ and Tau by LSC in 

buccal cells. Since Aβ (amyloid) and Tau have been reported to be expressed in the BM 

previously (Hattori, et al. 2002; Ko, et al. 2007), Western blotting on buccal cell 

samples was carried out to detect putative Aβ and Tau prior to measurement by high-

content LSC analyses. The Western blotting preliminary tested antibodies on buccal cell 

samples but were not undertaken for quantitative purposes between samples, since a 

large quantity of cellular material was required and does not provide any information of 

localisation or presence in particular buccal cell types. For Western blots a secondary 

antibody control was run in the absence of a primary antibody to ensure the high 

specificity of the secondary antibody used. An example of such a secondary control is 

shown in Figure 60B. 

 

4.3.2.1 Amyloid 
Amyloid is known to spontaneously form oligomers and makes the detection of Aβ 

peptides arduous. Two antibodies were initially chosen, one that reportedly is specific 

for Aβ1-42 (rabbit polyclonal; Abcam, ab10148) and the other that detects amyloid 

oligomers (Clone A11, rabbit polyclonal; Millipore). Pure Aβ1-42 peptides are known 

to form oligomers and can be detected with an anti-oligomeric antibody (Figure 57A). 

Figure 57B shows the same anti-oligomeric antibody when tested on buccal cell 
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samples from two healthy participants of different ages (41 and 66 years old) to 

investigate if amyloid was present. The total cell lysate as well as centrifuged cell lysate 

(cleared) were loaded to investigate if amyloid was detectable in the soluble protein 

fraction. In all samples, a band around 70 kDa was similarly detected, in both total and 

centrifuged cell lysates, as when pure Aβ was loaded (Figure 57A). The monomer of 

Aβ42 could not be detected on these gels since the resolving molecular weight was only 

10 kDa, additionally the gel system used in this example was not strongly denaturing, 

which would be required to resolve the Aβ42 monomer (see later). 
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Figure 57: Pure Aβ42 and human buccal cells amyloid detection by Western blot. 
 (A) An anti-oligomer Aβ42 antibody used to detect the pure Aβ1-42 form. (B) The anti-oligomer Aβ42 
antibody was also tested on human buccal cells. Abbreviations; Aβ, Amyloid-β; Mwt, Molecular weight; 
yo, Years old. 
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The antibody anti-Aβ1-42 (ab10148) that targets the aminoacids 33-42 of Aβ42 at the 

end of the peptide, was tested on the same total human buccal cell lysates from the two 

individuals aged 41 and 66 years (Figure 58). A band appeared around 45 kDa for both 

wells (41 and 66yo) with two extra bands appearing around 35 kDa for the 66 years old 

individual. Since the band around 45 kDa appeared to be stronger in the older subject, a 

reprobing of the strip to detect β-actin was performed to ensure that this difference was 

not due to less protein being loaded for the younger subject. In fact, the opposite was 

true because the β-actin signal was stronger for this younger individual, verifying that 

the more intense 45 kDa signal in the older subject was correct.  
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Figure 58: Anti-Aβ42 antibody tested on human buccal cell samples. 
Buccal cells from two healthy individuals (41 and 66 years old) were tested on Western.  
Abbreviations; Aβ, Amyloid-β; Mwt, Molecular weight; yo, Years old. 
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Another antibody that is commonly used for detection of amyloid is WO2 (mouse 

monoclonal; provided by Rebecca Nisbet, CSIRO Parkville) that recognises amino acid 

residues 4-10 of human Aβ and that was provided by colleagues at CSIRO (Melbourne), 

was also tested on human buccal cells of the same 66 years old subject. Figure 59 shows 

a Western blot result when WO2 was tested however using more “denaturing” 

conditions in this example (Tricine gels and running buffers) with the aim to detect 

Aβ42 monomer. With 30 sec exposure (Figure 59A) a strong band appeared at 4.5 kDa 

in the well of the pure Aβ. A weak band corresponding to 45 kDa that could also be 

observed in the sample from a brain lysate of an Alzheimer’s mouse model is shown. 

Therefore to better visualise potential bands in both samples containing the human 

buccal cells and AD mouse brain lysates (female APP/PSEN1 mouse’s hippocampus), 

the time of membrane exposure was increased to 20 min (Figure 59B). A strip of paper 

was used to cover the pure Aβ sample that would saturate at such extended exposure 

time. When 20 min exposure was set, a weak and strong band appeared at 4.5 kDa in 

wells containing human buccal cells and AD mouse brain lysates, respectively (Figure 

59B). 
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Figure 59: WO2 Antibody tested on human buccal cells, pure Aβ and AD mouse 
brain sample. 
The membrane was exposed first (A) at 30 sec exposure time and then (B) at 20 min exposure time. The 
blue arrow shows the “putative” Aβ band. Abbreviations; Aβ, Amyloid-β; yo; Years old. 
 

 

The WO2 antibody was further tested, this time by testing buccal cells from another 

subject (41 years old) and pure Aβ. Figure 60 shows the results obtained with this 

Western. At 3 min exposure time (Figure 60A), a band was observed at 20-25 kDa in 

the AD mouse brain lysate. A band was observed at 4.5 kDa in the buccal cell lysate of 

the 41yo individual, whilst stronger bands were detected for the AD mouse brain lysate 

as well as the three wells containing pure Aβ in different conditions. A secondary 

antibody control was tested (Figure 60B) to ensure the signal observed was not due to 

non-specific binding of the secondary antibody (no signal was observed). 

 



Chapter 4 ǁ AIBL Study 

Page 135  
 

Pure Aβ

blank fresh
o/n
4oC+buccalMwt Mwt

20
15

10

4.5

25
37
50

15

10
4.5

20

3 min exposure

Mwt

2o Ab only

20
15

10
4.5

25
37

kDa kDa

WO2 Antibody

B

A
blank

 
 
Figure 60: WO2 Antibody tested on human buccal cells, different pure Aβ 
conditions and AD mouse brain sample. 
The membrane was exposed at (A) 3 min exposure time. (B) A control for the secondary antibody. 
Abbreviations; Aβ, Amyloid-β; Mwt, Molecular weight. 
 

 

To further confirm whether buccal cells express Aβ42, samples were subjected to 

PAGE in a different lab (Professor Andy Hill from the department of Biochemistry and 

Molecular Biology, University of Melbourne, Australia). Samples from the same 

individual as well as the mouse brain lysate and pure Aβ were examined using WO2 

antibody under denaturing conditions. Figure 61 shows results obtained from Prof Hill’s 

lab. It was shown that a band at 4.5 kDa similarly appeared in the wells containing 

buccal cell lysate from a 66yo subject and from pure Aβ. A 110 kDa band was also seen 

in the buccal sample from the 66yo subject. Additionally, it appeared there was a large 

amount of amyloid detected in the AD mouse brain lysate.   
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Figure 61: WO2 Antibody tested on human buccal cell samples, pure Aβ and AD 
mouse brain lysate at Prof Hill’s laboratory. 
 “KL” is a buccal sample from 66 years old healthy male. Possible multimer combinations of Aβ1-42 are 
labeled on the left side. Abbreviations; Aβ, Amyloid-β; APP, Amyloid precursor protein; Mwt, Molecular 
weight.  
 

 

4.3.2.2 Tau 
Two different antibodies were tested on Western for detection of Tau in buccal cell 

lysate from a 66 years old subject and AD mouse brain lysate. When DAKO A0024 Tau 

was used, a significant background was visible (Figure 62A). Additionally, numerous 

light bands appeared in the buccal cell total lysate when compared to the soluble 

fraction. This antibody did not seem to detect any clean bands in the AD mouse brain 
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lysate. However, a second antibody BT-2 Tau (an antibody that is used in the Innotest 

ELISA Kit) was utilised on a total buccal cell lysate and AD mouse brain sample 

(Figure 62B). This antibody showed several bands in the buccal cell lysate appearing 

below 10 kDa, around 21 kDa and 50 kDa. A strong band can also be seen between 50 

and 75 kDa. It is therefore plausible that different forms of Tau (isoforms) are present in 

buccal cells. The AD mouse brain lysate showed bands localised at different molecular 

weights with a strong band around 24 kDa. 
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Figure 62: DAKO A0024 Tau and BT-2 Tau antibody tested on human buccal cell 
and mouse brain lysates.  
Buccal cell and AD mouse brain lysates were run on Western blot with (A) DAKO A0024 Tau antibody 
or (B) BT-2 Tau antibody. Abbreviation; Mwt, Molecular weight. 
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4.3.3 Immunocytochemistry 

4.3.3.1 Testing amyloid antibodies 
Thioflavin T (a common but relatively non-specific stain used to detect amyloid) was 

tested on buccal cells. After 1 h incubation, no signal was detected. Several other 

antibodies (i.e. anti-4G8 Aβ, anti-6E10 Aβ) were tested by immuncytochemistry using 

two fixation methods (formaldehyde 0.4% and Ethanol:Acetic acid 3:1 mix). Each 

antibody was tested separately on buccal cells sampled from the same healthy male 

individual aged 66 also sampled previously for Western blots. Buccal cells were 

additionally counterstained with DAPI to localise nuclei and adjust focus under 

fluorescence microscopy. The starting dilution for antibodies tested was 1:50. If signal 

was detected dilutions of 1:100 and 1:200 were then tested to see if any improvement in 

clarity of the signal could be made. Different antibody incubation conditions were also 

tested, 1 h, 2 h at 37°C or overnight at 4°C. The secondary antibodies used for detection 

of all tested primary antibodies binding were Alexa Fluor 488 or 568. Other secondary 

antibodies were also tested such as Alexa Fluor 633 and Phycoerytrhin (PE) but did not 

provide a cleaner and stronger signal compared to Alexa Fluor 488 when scanned by 

LSC. Moreover PE showed to be less stable under fluorescence excitation as it bleached 

more rapidly. To ensure that the signal obtained was not induced by non-specific 

binding of secondary antibodies, a negative control slide was run through the 

immunocytochemistry protocol without the primary antibody incubation step. No signal 

was detected. Figure 63 shows signal detected by fluorescence microscopy with a 40x 

objective in buccal cells, when anti-amyloid oligomeric (Clone A11) and Alexa Fluor 

568 were used as a primary and secondary antibody, respectively. A lot of background 

on the microscope slide and false negatives were detected and did not disappear when 

more numerous and stringent washes (TBS with 0.1% Tween) were used or when lower 

primary and secondary antibody dilutions were used.  

 



Chapter 4 ǁ AIBL Study 

Page 139  
 

 
 
Figure 63: Detection of amyloid oligomeric and nuclei in buccal cells by 
fluorescence microscopy (40x). 
Anti-amyloid oligomeric antibody was bound by a fluorescent Alexa Fluor 568 secondary antibody (red), 
while nuclei were counterstained with DAPI (blue). A lot of background staining as well as non-specific 
binding was detected. 
 

 

Detection of Anti-Aβ1-42 (ab10148) antibody by fluorescence with secondary antibody 

Alexa Fluor 488 is shown in Figure 64. A 40x image obtained by fluorescence 

microscopy shows a clean signal in green with no subsequent background that is 

localised around nuclei and within the cytoplasm (Figure 64A). No cytoplasm stains 

were used at first to avoid any possible interference with the Alexa Fluor 488 dye. The 

blue rectangular region was viewed using a 100x oil objective and showed that Aβ-1-42 

protein seemed to aggregate (Figure 64B).  
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Figure 64: Detection of Aβ1-42 and nuclei in buccal cells by fluorescence 
microscopy. 
 (A) A 40x objective picture shows DAPI staining (blue) and Aβ1-42 detected by Alexa Fluor 488 
secondary antibody (green). (B) The blue rectangle region was viewed with a 100x objective which 
shows DAPI and Alexa Fluor 488. 
 

 

The same slide was then scanned by LSC to ensure that fluorescence could be detected 

and contoured. Figure 65 shows DAPI and Alexa Fluor 488 signals separately in black 

and white (Figure 65A and Figure 65B, respectively). In Figure 65C, when both signals 

were merged with a “shaded relief” feature (offering a view in relief of the cells by 

using their natural absorbance when exposed to a 488 nm laser) it could be seen that 

DAPI (blue) and Aβ1-42 (green) were detectable and localised in the cytoplasm of cells. 

A contour was set up in the LSC protocol and the same picture can be seen with 

magenta contour around Aβ1-42 and a blue contour around nuclei (Figure 65D). It 

should be noted that even if the “shaded relief” feature allows visualisation of buccal 
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cells it does not permit cytoplasm contouring. Therefore a cytoplasm stain was required 

in the staining protocol. 

 

 
 
Figure 65: Aβ 1-42 detection in buccal cells by LSC. 
This first LSC test shows (A) DAPI and (B) Aβ1-42 signals separately in black and white. (C) Both DAPI 
(blue) and Aβ1-42 (green) signals were then merged and cells could be localised by the use of the 
“shaded relief” feature. (D) Contours were defined in the LSC workspace to set a magenta and blue 
contour around Aβ1-42 and nuclei, respectively. 
 

 

4.3.3.2 Testing tau antibodies 
Antibodies Anti-Tau 93, DAKO A0024 and Anti-Tau BT2 were tested by 

immunocytochemistry. As in section “4.3.3.1 Testing amyloid antibodies” different 

antibody dilution and incubation conditions were tested. No signal could be obtained 

with Anti-Tau 93 and DAKO A0024. However Figure 66 shows fluorescence detected 

with Anti-BT2 antibody (green) and DAPI (blue). The Anti-BT2 signal though present, 

did not seem very strong (Figure 66A) so antigen revealing techniques were utilised 

such as heating or acid treatment. Only acid treatment with 88% formic acid for 5 min 
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considerably improved the signal (Figure 66B). A longer acid treatment up to 10 min 

did not further improve the signal detected. Since a cytoplasmic stain was necessary for 

cytoplasmic contouring and therefore high-content analysis by LSC, a Fast Green 

staining step was added to this immucytochemistry protocol for detection of Tau BT2 

and is shown in Figure 67. Three fluorescent wavelengths for DAPI, Fast Green and 

Alexa Fluor 488 were detected under fluorescence microscopy and shown in Figure 

67A. Since adding an extra staining step (Fast Green) might have affected the Alexa 

Fluor 488 antibody signal, the fluorescent microscope’s filters were then set (to capture 

blue and green only) to demonstrate that there was no loss of Tau signal (Figure 67B). 

 

 
 
Figure 66: Tau BT2 antibody detected by Alexa Fluor 488 under fluorescence 
microscopy with or without formic acid treatment. 
DAPI (blue) and Anti-Tau BT2 (green) signals can be seen (A) without or (B) with antigen revealing by 
formic acid treatment. Abbreviation; F.A, Formic acid. 
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Figure 67: DAPI, Fast Green and Tau BT2 detection in buccal cells by 
immunofluorescence.  
Fluorescence shows (A) simultaneous detection of Fast Green (red), DAPI (blue) and Tau BT2 (green) 
and (B) buccal cells with Tau BT2 and DAPI signals without Fast Green staining. 
 

 

The same microscope slides were then scanned with LSC to ensure, that proper 

detection and contouring could be achieved, as done previously with Aβ1-42. Figure 68 

shows a region image of several buccal cells stained with Fast Green (red), DAPI (blue) 

and Alexa Fluor 488 (green) with a clear cytoplasmic signal and no background. A field 

image is also shown in Figure 69 with proper contouring of nuclei (blue), Tau BT2 

(magenta) and cytoplasm (green). Some small contoured false positives (red crosses), 

being cell debris, were then excluded from the analysis by using their small size as an 

exclusion criteria. 
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Figure 68: Region image of buccal cells scanned by LSC. 
Buccal cells were stained with Fast Green (cytoplasm), DAPI (blue) and 488 Alexa Fluor (green), then 
scanned by LSC. 
 

 

 
 
Figure 69: Field image of buccal cells scanned by LSC. 
Buccal cells were stained with Fast Green (cytoplasm), DAPI (blue) and 488 Alexa Fluor (green), then 
scanned by LSC. Contours were then defined for nuclei (blue), Tau BT2 (magenta) and cytoplasm 
(green). 
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4.3.3.3 Testing dual antibodies staining 
To detect two different proteins with antibodies it was necessary to ensure that no cross-

reactivity was occuring. Therefore both of the secondary antibodies used were raised in 

goat and both were directed against different species. Alexa Fluor 488 was directed 

against mouse antibodies while Alexa Fluor 568 was directed against rabbit antibodies. 

To avoid any interference and properly assess both signals, buccal cells were only 

counterstained with DAPI and no cytoplasm stain was used in the first instance. Figure 

70 shows buccal cells after a dual staining immunocytochemistry protocol. 

 

 
 
Figure 70: Detection of Tau BT2, Aβ1-42 and DAPI simultaneously in buccal cells. 
Alexa Fluor 568 Anti-Rabbit (red) bound to rabbit Anti-Aβ1-42 while Alexa Fluor 488 Anti-Mouse 
bound to mouse Anti-Tau BT2. Cells were counterstained with DAPI (blue). Both signals were specific to 
the buccal cell cytoplasm and exhibit very low background. 
 

 

4.3.3.4 Testing dual antibodies staining combined with ORO protocol 
Both antibodies (anti-Tau BT2 and anti-Aβ1-42) could be used simultaneously and the 

next aim was to combine this protocol with that used for neutral and cell type detection 

(previously used in chapter 3). To test this combination it was first attempted to stain 
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buccal cells with the ORO protocol from chapter 3, section “3.2.5. Staining of slides for 

LSC”, after the dual antibody protocol was applied. A microscope slide was used at the 

same time without the added ORO protocol as a control. While the signal from the 

antibodies was evident in the control slide, it was difficult to detect a signal from the 

new protocol which combined antibody and ORO staining methods. ORO, Fast Green 

and DAPI stains were however stained intensely. Therefore four new conditions were 

tested to optimise the staining method so that all parameters could be measured 

simultaneously by LSC. The order of cell treatment conditions are summarised below: 

 

1. Triton/Acid  Primary Ab  Secondary Ab  ORO  DAPI 

2. Triton/Acid Primary Ab  Secondary Ab  DAPI  Fast Green 

3. ORO  Fast Green  Triton/Acid  Primary Ab  Secondary Ab  DAPI 

4. Triton/Acid  ORO  Fast Green  Primary Ab  Secondary Ab  DAPI 

 

Conditions 1 and 2 were aimed at ensuring that the decrease in the intensity of the dual 

antibody signal was due to ORO step only. Conditions 3 and 4 tested the hypothesis that 

the high-content protocol could be achieved if the ORO protocol could be included as a 

first step. For this sequence to be properly tested, the timing of the detergent (triton) and 

acid (formic) treatments had to also be tested, being either after (condition 3) or before 

(condition 4) ORO and Fast Green. In condition 1, ORO signal was intense but resulted 

in a strongly decreased intensity of both Alexa Fluor 488 and 568. Condition 2 resulted 

in a weak intensity of the two (secondary) antibodies. In condition 3 the secondary 

antibody signals were very adequate, however no ORO stain was observed. Condition 4 

showed that when detergent and acid treatments were applied at the beginning of the 

protocol ORO and Fast Green signals were strong, and Alexa Fluor 568 binding to Anti-

AB1-42 antibody was detectable, however there was little to none of the Alexa Fluor 

488 binding to Anti-Tau BT2 observed. At this point the next combination tested was 

formic acid treatment just prior to incubation with the primary antibodies for Tau BT2 

detection. The following order was tested: 

 

Triton  ORO  Fast Green  Acid  Primary Ab  Secondary Ab  DAPI 
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In this new protocol tested, ORO stain was still not detectable and therefore removed by 

the formic acid treatment. However Alexa Fluor 488 green signal was observed. The 

next step was to test if a longer acid treatment of up to 10 min, allow for the Alexa 

Fluor 488 signal as well as allowing for the detection of neutral lipids with ORO. 

Therefore, the final step for development of the high-content protocol was to test 

whether that the primary antibody incubation step, if applied after the acid treatment, 

and prior to the ORO incubation step, would allow simultaneous detection of both 

Alexa Fluor antibodies and the other stains (ORO, Fast Green and DAPI): 

 

Titron  Acid  Primary Ab  ORO  Fast Green  Secondary Ab  DAPI 

 

For the purposes of demonstrating some of the staining results, both brightfield and 

fluorescence microscopy images were taken. Figure 71 and Figure 72 show staining of 

buccal cells obtained when the above sequence of steps was performed and then 

visualised with a 20x or 40x objective, respectively. In Figure 71A, ORO signal could 

be visualised under brightfield. The same field of cells can also be seen under 

fluorescence (Figure 71B) where a clear detection of cytoplasm (Fast Green), nuclei 

(DAPI), Tau (Alexa Fluor 488) and Aβ (Alexa Fluor 568) could be observed and co-

localised within cells with ORO signal detected under brightfield (Figure 71A). A 

picture taken under fluorescence microscopy with a 40x objective is shown in Figure 

72A. Since the fluorescence microscope used a single beam to excite dyes it was 

difficult to visually identify ORO from Aβ and Fast Green signals. However these 

signals were easily quantified and separated using the LSC protocols described earlier. 

Fast green appeared as a uniform cytoplasmic stain and by combining fluorescence with 

brightfield (Figure 72B) it was then possible to compare red signals obtained from 

Alexa Fluor 568 (Aβ) under fluorescence with ORO chromatic stain (Figure 72B). 
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Figure 71: Buccal cells viewed with 20x objective; fluorescence microscope images. 
(A) Shows a brightfield image of buccal cells with ORO staining in red. (B) Shows the same image under 
fluorescence with DAPI (blue), Fast Green (red), Tau (green) and Aβ (intense red). Fast green and Aβ 
(both red) could not be easily distinguished in this fluorescence picture, however the LSC protocols could 
separate and quantify each of the signals easily. 
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Figure 72: Buccal cells visualised under fluorescence and brightfield microscopy 
with a 40x objective. 
 (A) Buccal cells viewed with fluorescence and (B) under brightfield.  
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It is important to note that fluorescence microscopy was not aimed at quantifying 

signals within cells but simply used to assess the effectiveness of the high-content 

immunocytochemistry protocol. Therefore the same slide visually assessed by 

fluorescence microscopy was then analysed by LSC which allowed the use of excitation 

lasers for proper separation of signals. A region image is shown in Figure 73 for overall 

visualisation of the different dyes simultaneously in buccal cells with DAPI (blue), Fast 

Green (green), ORO (red), Aβ (magenta) and Tau (yellow).  

 

 
 
Figure 73: Region image of buccal cells scanned by LSC. 
Five simultaneous signals could be visualised, DAPI (blue), Fast Green (green), ORO (red), Aβ 
(magenta) and Tau (yellow). 
 
 
The high-content detection protocol that was developed for LSC was then applied to 

buccal cells of participants from the AIBL cohort for LSC analysis.  

 



Chapter 4 ǁ AIBL Study 

Page 151  
 

4.3.4 Laser scanning cytometry – High-content analysis 

4.3.4.1 Buccal cytome 
In this study the buccal cytome was also examined as in chapter 3, section “3.3.2.1 

Buccal cytome” to investigate if this newly developed high-content protocol allowed 

similar separation of cell types. Figure 74 shows the frequency of the different buccal 

cell types. There was no significant difference observed in the several cell types scored 

by LSC (i.e. basal, transitional, differentiated and karyolytic cells) between control, 

MCI and AD groups.  
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Figure 74: Buccal cytome in controls, MCI and AD. 
The frequency of each of the cell types was scored for control (n=20), MCI (n=20) and AD (n=20) 
groups. It was then reported as a percentage of isolated single buccal cells analysed for (A) basal, (B) 
transitional, (C), differentiated and (D) karyolytic cells. Abbreviations; AD, Alzheimer’s disease; C, 
Control; MCI, Mild cognitive impairment. 
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4.3.4.2 DNA content 
DNA content was measured in all cells as well as in the different cell types, as described 

in chapter 3, section “3.3.2.2 DNA content”. This high-content protocol did not show 

significant differences for DNA content when compared between controls, MCI and AD 

in all buccal cells as well as in the different cell types (Figure 75).  
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Figure 75: DNA content between control, MCI and AD groups. 
DNA content was measured for control (n=20), MCI (n=20) and AD (n=20) groups in (A) all cells, (B) all 
isolated single cells with a nucleus, (C) basal, (D) transitional and (E) differentiated cells. Abbreviations; 
a.u., Arbitrary units; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive impairment. 
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4.3.4.3 DNA content / Cell cycle 
DNA content was analysed as previously carried out in chapter 3, section “3.3.2.3 DNA 

Content / Cell cycle”. The percentage of nuclei in each of these peaks, i.e. <2N, 2N and 

>2N nuclei are shown in Figure 76. No significant difference in the percentage of nuclei 

within these three peaks was observed between groups. However it seems that a higher 

percentage of >2N nuclei compared to <2N and 2N nuclei appeared in the three groups. 

These percentages were summarised in Figure 76D.   
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Figure 76: DNA content distribution. 
The percentage of (A) <2N nuclei, (B), 2N nuclei and (C) >2N nuclei was assessed in control (n=20), 
MCI (n=20) and AD (n=20) groups. (D) The distribution of the three peaks, <2N, 2N or >2N is shown for 
controls, MCI and AD. Abbreviations; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive 
impairment. 
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4.3.4.4 Circularity 
Circularity of nuclei, a measure of irregular nuclear shape was also analysed with LSC 

as in chapter 3, section “3.3.2.4 Circularity”. Circularity of nuclei was reported for all 

buccal cells as well as the different cell types as shown in Figure 77. There was no 

significant difference between the three groups. A linear trend test was also applied on 

this data set but no significance was observed. 

 

All Cells

C MCI AD
0

10

20

30

C
irc

ula
rit

y 
(a

.u
.)

A Mononucleated Cells

C MCI AD
0

10

20

30
C

irc
ula

rit
y 

(a
.u

.)

B

Basal Cells

C MCI AD
0

10

20

30

C
irc

ula
rit

y 
(a

.u
.)

C Transitional Cells

C MCI AD
0

10

20

30

C
irc

ula
rit

y 
(a

.u
.)

D

Differentiated Cells

C MCI AD
0

10

20

30

C
irc

ula
rit

y 
(a

.u
.)

E

 
 
Figure 77: Circularity of nuclei measured in buccal cells between controls, MCI 
and AD. 
Circularity of nuclei was measured for control (n=20), MCI (n=20) and AD (n=20) groups in (A) all cells, 
(B) all isolated single cells with a nucleus, (C) basal, (D) transitional and (D) differentiated. 
Abbreviations; a.u., Arbitrary units; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive 
impairment. 
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4.3.4.5 Fast Green Integral and DNA MaxPixel 
Fast Green Integral and DNA MaxPixel were measured as in chapter 3, section “3.3.2.9 

Fast Green – Cytoplasmic stain” and section “3.3.2.5 Nuclei Area and DNA MaxPixel”, 

respectively. The total amount of Fast Green fluorescence (Fast Green Integral) was 

quantified by LSC and shown in Figure 78A. No significant difference was observed, 

however a slight decrease of the Fast Green signal measured in buccal cells was 

observed in AD when compared to controls and MCI. Figure 78B shows the mean 

highest pixel values of nuclei (MaxPixel) measured by LSC between control, MCI and 

AD groups. No significant differences were observed between the three groups. 
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Figure 78: Fast Green Integral and DAPI MaxPixel between control, MCI and AD 
groups. 
(A) Fast Green Integral and (B) DNA MaxPixel were measured by LSC for control (n=20), MCI (n=20) 
and AD (n=20) groups. Abbreviations; a.u., Arbitrary units; AD, Alzheimer’s disease; C, Control; MCI, 
Mild cognitive impairment. 
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4.3.4.6 Neutral lipids 
ORO staining was quantified as in chapter 3, section “3.3.2.6 Neutral lipids” by 

measuring the OROArea / CytoplasmArea expressed in percentage for all cells as well as 

the different isolated cell types. This ratio was compared between control, MCI and AD 

groups and is shown in Figure 79. There was no significant difference observed 

between the three groups in all buccal cells as well as the different cell types. However 

basal cells had the highest proportion of ORO staining compared with the other cell 

types and mean values were marginally higher for MCI and AD relative to controls 

(Figure 79C). 
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Figure 79: Neutral lipid content in buccal cells and their different cell types. 
Neutral lipid content was measured for control (n=20), MCI (n=20) and AD (n=20) groups in (A) all 
cells, (B) all isolated single cells with a nucleus, (C) basal, (D) transitional, (E) differentiated and (F) 
karyolytic cells. Abbreviations; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive impairment. 
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4.3.4.7 Amyloid-β 
Aβ1-42 was measured in buccal cells by immunocytochemistry with a labeling 

secondary antibody Alexa Fluor 568 as described in section “4.2.6.2 Staining 

procedures for LSC”. Several different Aβ parameters were measured by LSC 

(including % cells with Aβ, Aβ Area, Aβ signal Integral (intensity of the signal) and 

Count (frequency of signals)) in all cell types (All cells) and/or in all single isolated 

cells with a nucleus (mononucleated cells), basal, transitional, differentiated and 

karyolytic cells.  

 

4.3.4.7.1 Distribution of Aβ in buccal cells 
Buccal cells were separated between those with Aβ signal and those absent of Aβ 

signal. The percentage of cells with Aβ was then reported for all single cells as well as 

each cell type analysed (Figure 80). There was a significant increase of Aβ in buccal 

cells from AD compared with controls (P<0.05) in all nucleated single cells (Figure 

80A). Similarly, an increase of Aβ was observed in transitional (Figure 80C) and 

differentiated cells (Figure 80D). No significant difference between AD and controls 

was observed in basal (Figure 80B) and karyolytic cells (Figure 80E). Additionally, a 

significant increase in the linear trend across the groups (i.e. AD>MCI>control) was 

observed in mononucleated, transitional and karyolytic cells (P<0.05) as well as in 

differentiated cells (P<0.01). 
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Figure 80: Frequency of buccal cells with Aβ signal in control, MCI and AD 
groups. 
The percentage of cells exhibiting Aβ signals was reported for control (n=20), MCI (n=20) and AD 
(n=20) groups in (A) all isolated single cells with a nucleus, (B) basal, (C) transitional, (D) differentiated 
and (E) karyolytic cells. Data are mean ± SEM. Abbreviations; Aβ, Amyloid-β; AD, Alzheimer’s disease; 
C, Control; MCI, Mild cognitive impairment; *, P<0.05.  
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4.3.4.7.2 Count/number 
The percentage of cells with Aβ signal was observed to significantly increase in AD 

compared to controls. Therefore a further investigation was required to determine 

whether there was more Aβ signal present within cells by quantifying the average 

“count” (number) of Aβ events (foci) per cell. There was a significant higher quantity of 

Aβ events scored in all cells (Figure 81A), mononucleated cells (Figure 81B) and 

transitional cells (Figure 81D) when comparing AD versus controls (P<0.05) with a 

concomitant increase in the linear trend across the groups, i.e. AD>MCI>control 

(P<0.01). When examining basal cells (Figure 81C), a significant (2-fold) difference 

was found between MCI and AD groups (P<0.05) whilst no difference was found when 

comparing AD with controls. Differentiated cells (Figure 81E) from the AD group had a 

significantly higher (approximately 2-fold) Aβ count compared with controls (P<0.05) 

with a linear trend for an increase across the groups, i.e. AD>MCI>control (P<0.05). 

However karyolytic cells (Figure 81F) did not show significant differences or linear 

trend between the three groups for number of Aβ events per cell. 
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Figure 81: Average number of Aβ events scored in all buccal cells and different cell 
types. 
The frequency of Aβ events is reported for control (n=20), MCI (n=20) and AD (n=20) groups in (A) all 
cells, (B) all isolated single cells with a nucleus, (C) basal, (D) transitional, (E) differentiated and (F) 
karyolytic cells. Abbreviations; Aβ, Amyloid-β; AD, Alzheimer’s disease; C, Control; MCI, Mild 
cognitive impairment; *, P<0.05. 
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4.3.4.7.3 Integral of Aβ in buccal cells 
To investigate if Aβ signals were in fact more intense in buccal cells of MCI and AD 

compared to controls, the Integral (total amount of fluorescence) of Aβ events per cell 

was quantified by LSC and reported in Figure 82. The Aβ Integral when measured in all 

cells (Figure 82A) or mononucleated cells (Figure 82B) was found to be significantly 

higher (approximately 3- and 4.5-fold, respectively) in AD compared to controls 

(P<0.01) and associated with a linear trend for an increase across groups, i.e. 

AD>MCI>controls (P<0.01). Although basal cells (Figure 82C) and karyolytic cells 

(Figure 82F) had a higher Aβ Integral in AD compared with controls, there was no 

statistically significant difference in Aβ Integral in these cell types between groups , but 

an increase in the linear trend was observed in basal cells (P<0.05). Figure 82D and 

Figure 82E shows a significant (approximately 3.5- and 4.5-fold, respectively) higher 

Aβ Integral between AD and controls (P<0.05) in transitional and differentiated cells, 

respectively. A linear trend across groups was also observed in these two cell types 

(transitional and differentiated) between the three groups (P<0.05). 
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Figure 82: Total fluorescence Integral of Aβ events quantified in buccal cells 
between control, MCI and AD groups. 
The total amount of fluorescence of Aβ events was obtained by measuring the fluorescence Integral for 
control (n=20), MCI (n=20) and AD (n=20) groups in (A) all cells, (B) all isolated single cells with a 
nucleus, (C) basal, (D) transitional, (E) differentiated and (F) karyolytic cells. Abbreviations; a.u., 
Arbitrary unit; Aβ, Amyloid-β; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive impairment; *, 
P<0.05; **, P<0.01. 
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4.3.4.7.4 Area of Aβ in buccal cells 
To test whether the higher number of Aβ events (foci) observed in buccal cells of AD 

compared to controls (as shown in section “4.3.4.7.2 Count/number”) was not due to 

larger but less frequent Aβ signals in controls than AD; the average area of each Aβ 

signal was quantified within cells (Figure 83). There was a significantly higher area of 

events in AD compared to controls (P<0.05) when observed in all cells (2.5-fold), 

isolated single cells with one nucleus (3.5-fold), basal cells (4-fold), transitional cells 

(3-fold) and differentiated cells (3.5-fold) as shown in Figure 83. However, karyolytic 

cells (Figure 83F) did not exhibit a significant difference in Aβ area between groups. 

When tested, an increase in the linear trend was observed across the groups (i.e. 

AD>MCI>control) in all cells and mononucleated cells (P<0.001) as well as in basal, 

transitional and differentiated cells (P<0.05), whilst no linear trend was found in 

karyolytic cells. 
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Figure 83: Area of Aβ events in all cells and different cell types. 
Area of Aβ events was measured for control (n=20), MCI (n=20) and AD (n=20) groups in (A) all cells, 
(B) all isolated single cells with a nucleus, (C) basal, (D) transitional, (E) differentiated and (F) karyolytic 
cells. Abbreviations; Aβ, Amyloid-β; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive 
impairment; *, P<0.05. 
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4.3.4.7.5 Receiver-operating characteristic curves 
Since the Aβ signal was significantly higher in AD compared with controls groups, 

ROC curves were generated, as described in chapter 3, section “3.3.2.11 Receiver-

operating characteristic curves”, to determine the diagnostic value of this parameter to 

distinguish AD from controls. ROC curves were generated for the following parameters 

analysed; Aβ area, Aβ Integral and Aβ count. Figure 84 shows the different ROC 

curves. P-values and AUC were for Aβ Area (P=0.023; AUC = 0.71), Aβ Integral 

(P=0.008; AUC = 0.74) and Aβ Count (P=0.017; AUC = 0.72).  
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Figure 84: ROC curves for selected Aβ parameters for controls and AD. 
The ROC curves were generated for Aβ area, Aβ Integral and Aβ count parameters analysed in buccal 
cells between control and AD groups. Abbreviations; Aβ, Amyloid-β; ROC, Receiver-operating 
characteristic. 
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4.3.4.7.6 Amyloid-β and AIBL parameters 
To ensure that differences observed in Aβ were not due to the age difference between 

control and AD groups (see section “4.2.1 Human ethics”, Table 10), a correlation test 

was performed between age of participants and Aβ Integral measured in all cells and no 

correlation was observed (r = 0.127, P=0.331). To investigate if Aβ measurements in 

buccal cells were related to the advancement in cognitive decline of subjects, 

correlations were tested between Aβ Integral and MMSE scores (Figure 85). Since from 

the Aβ parameters measured by LSC, Aβ Integral reached the strongest significant 

difference between AD and controls (P<0.01) and that Aβ Integral directly relates to the 

total quantity of Aβ in buccal cells, therefore Aβ Integral in all cells was selected for 

investigating correlations with MMSE scores.  
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Figure 85: Correlation between Aβ Integral in all buccal cells and MMSE scores 
for all 60 subjects. 
When both Aβ Integral in all cells and MMSE scores are plotted on a graph a weak correlation is 
observed (r = -0.43, P=0.0005). Abbreviations; a.u., Arbitrary units; Aβ, Amyloid-β; MMSE, Mini mental 
state examination. 
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Additionally, many parameters have been analysed on the AIBL cohort in previous 

studies and stored in the AIBL database. Data available for these 60 participants have 

been extracted from the database and correlation tests were carried out between each of 

these parameters and Aβ Integral measurements in buccal cells obtained in this study. 

Table 13 summarises the r and P-values obtained for each of the parameters examined 

and the following were found to be correlated with Aβ in buccal cells i.e. MMSE, 

Homocysteine, Pl Calcium, Pl HDL, Pl Urea, Creatinine, Pl Albumin, White cell count, 

Monocyte count, and Eosinophil count. 

 

Table 13: Summary of correlations tested between Aβ Integral in buccal cells and 
measurements available from the AIBL database. 
P-Value was accepted at P<0.05. 
 

Parameter Pearson r CI P-value 
Age 0.127 -0.13 to 0.369 ns 

MMSE -0.434 -0.619 to -0.202 0.0005 *** 

BMI 0.058 -0.223 to 0.331 ns 

    

Pl Albumin -0.374 -0.591 to -0.107 0.0075 ** 

Pl Total protein 0.059 -0.223 to 0.332 ns 

Homocysteine 0.284 0.006 to 0.521 0.045 * 

Serum Folate -0.052 -0.326 to 0.229 ns 

Red Blood Cell Folate 0.005 -0.283 to 0.273 ns 

Serum B12 0.059 -0.222 to 0.332 ns 

Insulin 0.116 -0.382 to 0.167 ns 

Pl Glucose -0.098 -0.185 to 0.366 ns 

Pl Cholesterol -0.154 -0.414 to 0.130 ns 

Pl Triglyceride -0.121 -0.386 to 0.163 ns 

Pl HDL -0.301 -0.535 to -0.025 0.033 * 

Pl LDL -0.013 -0.298 to 0.266 ns 

Pl Bilirubin 0.016 -0.263 to 0.293 ns 

Pl Urea 0.333 0.060 to 0.559 0.018 * 

Pl Creatinine 0.430 0.173 to 0.633 0.0018 ** 
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eGFR -0.221 -0.470 to 0.061 ns 

Pl Calcium 0.368 0.188 to 0.587 0.0085 ** 

Pl Mg -0.083 -0.353 to 0.200 ns 

Pl Fe -0.148 -0.409 to 0.135 ns 

Tansferrin -0.241 -0.487 to 0.039 ns 

Trf sat -0.051 -0.325 to 0.230 ns 

Serum Ferritin 0.199 -0.083 to 0.453 ns 

Cer -0.273 -0.513 to 0.005 ns 

ALT -0.079 -0.352 to 0.287 ns 

AP 0.038 -0.251 to 0.306 ns 

GGT -0.094 -0.363 to 0.189 ns 

Testosterone 0.215 -0.069 to 0.468 ns 

LH -0.062 -0.334 to 0.220 ns 

FT3 -0.039 -0.314 to 0.241 ns 

FT4 -0.053 -0.327 to 0.228 ns 

AST 0.065 -0.217 to 0.337 ns 

TSH -0.044 -0.3186 to 0.237 ns 

PCV 0.133 -0.148 to 0.394 ns 

Haemoglobin 0.108 -0.172 to 0.373 ns 

RCC 0.132 -0.149 to 0.393 ns 

MCV -0.055 -0.326 to 0.223 ns 

MCH -0.105 -0.369 to 0.176 ns 

MCHC -0.104 -0.369 to 0.176 ns 

RDW 0.021 -0.256 to 0.294 ns 

ESR 0.224 -0.057 to 0.473 ns 

Plt 0.071 -0.208 to 0.340 ns 

MPV 0.097 -0.183 to 0.362 ns 

WCC 0.309 0.036 to 0.539 0.027 * 

Neutrophils 0.245 -0.032 to 0.488 ns 

Lymphocytes 0.067 -0.212 to 0.336 ns 
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Monocytes 0.375 0.111 to 0.590 0.006 ** 

Eosinophils 0.385 0.122 to 0.597 0.005 ** 

Basophils 0.021 -0.256 to 0.295 ns 

  

Abbreviations: 
ALT, Alanine aminotransferase; AP, Alkaline phosphatase; AST, Aspartate aminotransferase; BMI, 
Body mass index; Cer, Ceruloplasmin; CI, Confidence interval; eGFR, Estimated glomerular filtration 
rate; ESR, Erythrocyte sediment rate; Fe, Iron; FT3, Free thyroxine; FT4, Free triodothyronine; GGT, 
Gamma-glutamyl transferase; HDL, High-density lipoprotein; LDL, Low-density lipoprotein; LH, 
Leutenizing hormone; MCH, Mean cell hematocrit; MCHC, Mean corpuscular haemoglobin 
concentration; MCV, Mean corpuscular volume; Mg, Magnesium; MMSE, Mini mental state 
examination; MPV, Mean platelet volume; ns, Not significantly different; PCV, Pack cell volume; Pl, 
plasma; Plt, Platelet count; RCC, Red blood cell count; RDW, Red cell volume distribution; Trf sat, 
Tranferrin saturation; TSH, Thyroid stimulation hormone; WCC, White cell count. 
 

 

4.3.4.8 Tau in buccal cells 
As described in chapter 3, section “4.2.6.2 Staining procedures for LSC”, Tau protein 

within buccal cells was measured with LSC by quantifying the fluorescence emitted 

from Alexa Fluor 488 secondary antibody. The following parameters were reported; i) 

the percentage of cells with Tau signal, ii) the area (µm2) iii) the Integral of Tau events 

within all buccal cells. Since Tau events were large and often covering the entire 

cytoplasm area as opposed to Aβ spots which were typically smaller spots, the number 

of Tau events was not considered relevant and therefore not reported here. 

 

4.3.4.8.1 Distribution of Tau in buccal cells 
Figure 86 shows the percentage of buccal cells with Tau signal detected within them in 

the different cell types. No significant difference was found between control, MCI and 

AD groups. 
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Figure 86: Percentage of cells with Tau signal between controls, MCI and AD. 
Percentages were reported for control (n=20), MCI (n=20) and AD (n=20) groups in (A) all isolated 
single cells with a nucleus, (B) basal, (C) transitional, (D) differentiated and (E) karyolytic cells. 
Abbreviations; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive impairment. 
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4.3.4.8.2 Integral 
The average total amount of fluorescence for Tau signal was measured with the Tau 

Integral and reported in Figure 87. A significant increase in Tau Integral was observed 

in transitional cells (Figure 87D) between MCI and AD (P<0.05). However no 

significant difference was observed between groups in all cells as well as in the different 

cell types (i.e. mononucleated, basal, differentiated and karyolytic cells). It should be 

noted though, that karyolytic and basal cells had significantly lower Tau compared with 

differentiated cells (P<0.001). 
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Figure 87: Total fluorescence of Tau events quantified in buccal cells between 
control, MCI and AD groups. 
Total fluorescence was reported as Tau Integral and measured for control (n=20), MCI (n=20) and AD 
(n=20) groups in (A) all cells, (B) all isolated single cells with a nucleus, (C) basal, (D) transitional, (E) 
differentiated and (F) karyolytic cells. Abbreviations; a.u., Arbitrary unit; AD, Alzheimer’s disease; C, 
Control; MCI, Mild cognitive impairment. 
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4.3.4.8.3 Area 
The average area of Tau events detected in buccal cells was also measured and shown in 

Figure 88. Measurements were carried out in all cells as well as in the different cell 

types. There was a significant difference observed in karyolytic cells (Figure 88F) 

between controls and MCI (P<0.05), otherwise no significant difference was found in 

the other cell types (i.e. mononucleated, basal, transitional and differentiated cells) as 

well as all cells between groups. Also, karyolytic cells in all three groups had 

significantly lower (P<0.05) Tau area compared with transitional and differentiated 

cells. 
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Figure 88: Area of Tau events in all cells and different cell types. 
Area of Tau was reported for control (n=20), MCI (n=20) and AD (n=20) groups in (A) all cells, (B) 
isolated single cells with a nucleus, (C) basal, (D) transitional, (E) differentiated and (F) karyolytic cells. 
Abbreviations; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive impairment; *, P<0.05. 
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4.3.5 Enzyme-linked immunosorbent assay 

4.3.5.1 Tau measurements 
Tau concentration in buccal cells was also determined by ELISA as described in section 

“4.2.5.3 ELISA Kit”. For three samples, the protein concentration was too low due to a 

low cell concentration after sampling and processing. Therefore, these samples could 

not be included in the ELISA test and the analysis was carried out on the remaining 

samples available for the control (n=19), MCI (n=18) and AD (n=20) groups. The 

quantity of Tau for each sample was reported in pg of Tau per µg of total protein and is 

shown in Figure 89. There was no significant difference between groups, although a 

slight increase in the AD group relative to MCI and controls was observed. 
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Figure 89: Tau protein measured in buccal cell samples between controls, MCI 
and AD. 
Data are mean ± SEM. Abbreviations; AD, Alzheimer’s disease; C, Control; MCI, Mild cognitive 
impairment. 
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4.3.5.2 ELISA vs. LSC 
To investigate if Tau measurements obtained with an ELISA platform were comparable 

with Tau measurements determined by LSC, the three measures of Tau analysed with 

LSC (i.e. distribution of cells with Tau, Tau Integral and Tau Area) were plotted against 

the quantity of Tau measured by ELISA and P-values and r were reported (Figure 90). It 

appeared that quantity of Tau protein measured by ELISA did not correlate with Tau 

protein quantified by LSC. 
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Figure 90: Tau measured by LSC vs. Tau measured by ELISA. 
Tau measured by ELISA was compared with Tau measurements by LSC (n=57), (A) Tau Integral, (B) 
Tau Area and (C) Tau distribution in cells. Abbreviation; a.u., Arbitrary units. 
 
 
 
 
 
 



Chapter 4 ǁ AIBL Study 

Page 175  
 

4.3.6 Correlation of Tau and Aβ 
To investigate if correlations existed between Tau and Aβ in buccal cells, the quantity 

of Aβ measured by LSC was compared to the quantity of Tau measured by ELISA 

(Figure 91A and B) as well as by LSC (Figure 91C and D). These measurements were 

compared when no distinction was made between control, MCI and AD groups (Figure 

91A and C) as well as when these three groups were separated (Figure 91B and D). 

There was no strong correlation observed between Tau and Aβ. 
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Figure 91: Aβ vs. Tau in buccal cells. 
Aβ Integral measured by LSC was compared in buccal cells with (A) Tau measured by ELISA and (C) 
Tau measured by LSC when all data from the groups of control, MCI, AD were plotted together. Aβ 
Integral was also compared in buccal cells with (B) Tau measured by ELISA and (D) Tau measured by 
LSC between control (n=19), MCI (n=18) and AD (n=20) groups. Abbreviations; a.u., Arbitrary units; 
Aβ, Amyloid β; =Control, ▼=MCI, ♦=AD. 
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4.3.7 Visual scoring of buccal cytome parameters 

4.3.7.1 Visual scoring 
Microscope slides containing buccal cells that were stained as described in section 

“4.2.6.1 Staining procedure for visual scoring” were visually assessed using the buccal 

cytome assay (Thomas, et al. 2009). The frequency of the different cell types (i.e. basal, 

differentiated, binucleated, karyolytic, karyorrhectic, pyknotic cells and cells with 

condensed chromatin) were reported for each participant from the control, MCI and AD 

groups (Figure 92). No significant differences were observed between the three groups 

for each of the different cell types scored, however when scores for basal and 

karyorrhectic cells were combined (Figure 92H), a significant decrease was observed in 

MCI when compared to controls (P<0.01). 
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Figure 92: Buccal cell cytome scored visually in controls, MCI and AD. 
The frequency of cell types was reported for control (n=20), MCI (n=20) and AD (n=20) groups for (A) 
basal, (B), differentiated, (C) binucleated, (D) condensed chromatin, (E) karyorrhectic, (F) pyknotic, (G) 
karyolytic cells and for (H) basal and karyorrhectic cells combined. Abbreviations; AD, Alzheimer’s 
disease; C, Control; MCI, Mild cognitive impairment **, P<0.01. 
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4.3.7.2 Visual vs. LSC scoring 
The percentage of cell types scored visually was compared to the percentage obtained 

by LSC scoring when possible (i.e. basal, differentiated and karyolytic cells). Figure 93 

shows the comparison of scoring between the visual and LSC method. No correlation 

was observed between percentages obtained for basal and differentiated cells (Figure 

93A and B, respectively). However, a positive correlation was shown between the 

percentage of karyolytic cells (r = 0.51, P<0.0001) obtained by LSC and visual scoring 

(Figure 93C). To compare these two methods no distinction was made between control, 

MCI and AD groups. However, the same comparisons were also made when the three 

groups were analysed individually (data not shown) and there was no significant 

difference. However, there was a positive correlation of the two methods (in basal cells) 

observed between LSC and visual scoring methods in the AD group only (r = 0.523, 

P=0.0180). 
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Figure 93: Visual scoring vs. LSC scoring. 
Percentages of (A) basal, (B) differentiated and (C) karyolytic cells were compared when scored by LSC 
or visually for all participants (n=60). 
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4.4 DISCUSSION 
The first objective of this chapter was to demonstrate the utility of LSC for high-content 

(multiple parameters) analysis. A protocol was successfully developed to quantify 

amyloid, Tau, DNA content, aneuploidy and neutral lipids simultaneously in individual 

buccal cells. 

 

There were no differences found between control, MCI and AD groups in the DNA 

content measurements. Similarly no differences were observed when circularity and 

ploidy were assessed by LSC. However, this newly developed protocol involved an 

intensive staining procedure including an acid treatment for necessary antigen revealing 

and it has been suggested that acid treatment initiates DNA denaturation 

(Darzynkiewicz, et al. 1977; Shapiro, et al. 1978), as well as to affect DNA structure 

and therefore accessibility of DNA by fluorochromes (Darzynkiewicz, et al. 1984; 

Evenson, et al. 1986). For instance it has been shown in situ that DNA accessibility to 

dyes (e.g. DAPI, Hoechst 33342, Acridine Orange, Propidium Iodide) restricted by 

nuclear proteins, was increased after 0.1M HCl acid treatment leading to removal of 

histones (Darzynkiewicz, et al. 1984). Furthermore, formaldehyde fixation was used in 

this chapter which generates cross-links with chromatin constituents and may further 

affect DNA staining with intercalating fluorochromes (Darzynkiewicz, et al. 2010). It is 

therefore plausible that the strong formic acid treatment applied to buccal cells for 

antigen revealing as well as the formaldehyde fixation step had an effect on the DNA 

staining with DAPI, which may partially explain the lack of significant differences of 

DNA content between the AD and control groups as measured in this AIBL study 

protocol. 

 

There were also no significant differences observed in neutral lipids content between 

control, MCI and AD groups when measured by LSC. However, it was shown in this 

study as described in this chapter that incubation of buccal cells in Saccomano’s was a 

critical step of the protocol affecting neutral lipid staining. Since there have been no 

prior studies investigating short-term storage and transport conditions of buccal cells, 

Saccomano’s medium was chosen as the medium to collect buccal cell samples into, 

immediately after isolation. It was not practical in the AIBL study to assay buccal cells 

on fresh samples since buccal cells needed to be collected at two locations (Melbourne 

and Perth) then transported to Adelaide. 
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Quantification of Tau protein in buccal cells was tested by the commercially available 

ELISA kit (INNOTEST®, Germany) and no significant differences were observed 

between control, MCI and AD groups. Although there was significant “putative” Tau 

protein in all samples, these results should be considered with caution since the ELISA 

kit used was specifically designed for measurements of Tau in CSF samples, and not 

necessarily tissue or cellular lysates. Moreover, phosphorylated Tau is the main 

component of neurofibrillary tangles (NFTs) in AD (Spires-Jones, et al. 2009), and is 

the toxic form detected in CSF samples for diagnostics (Blennow, Zetterberg. 2009; 

Prvulovic, Hampel. 2011). The form of Tau measured by ELISA and LSC was “total” 

Tau (regardless of phosphorylation levels) which did not provide direct information on 

the quantity of phosphorylated Tau in buccal cells. The kit that was chosen for this 

study was the same as that used by Hattori et al. 2002, and the aim here was to 

determine whether total Tau was elevated in AD of buccal cells, as in the Hattori paper. 

Even though there were no significant differences between controls, MCI and AD for 

total Tau, no correlations were observed when comparing Tau measurements between 

the ELISA and LSC methods. This lack of correlation may be partly explained by the 

combination of three antibodies included in the ELISA kit to measure Tau protein in 

samples (i.e. AT120, HT7 and BT2 clones), in contrast with the LSC method which 

used the anti-BT2 antibody only. 

 

Amyloid signal was determined by quantitation with LSC and was found to be higher in 

buccal cells of AD with a concomitant increase linear trend observed from controls to 

MCI to AD. The LSC results showed an increase in the frequency of cells with Aβ1-42, 

but also the number, size, and intensity of Aβ1-42 signals were increased in buccal cells 

of AD. Additionally, several significant correlations were observed between buccal cell 

Aβ Integral and other biological parameters that were available from the AIBL database 

on the same subjects (i.e. Plasma homocysteine, calcium, HDL, urea, creatinine, 

albumin as well as white cell, monocyte, and eosinophil counts). These correlations 

suggest a possible link between Aβ in buccal cells and the other biological markers 

measured in AIBL. Although amyloid is a main hallmark of AD that accumulates 

within the brain (Selkoe. 1991; De-Paula, et al. 2012), it has also previously been 

detected in non-neural tissues such as liver, skeletal muscle, platelets, vascular walls, 

fibroblasts, olfactory epithelium and plasma (Schupf, et al. 2008; Pani, et al. 2009; 

Roher, et al. 2009; Arnold, et al. 2010), further suggesting that AD pathology may be 
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exhibited in peripheral tissues other than the brain. Therefore Aβ levels can be 

measured in peripheral tissues and as such, these Aβ reservoirs might affect exchanges 

of Aβ between the brain and periphery. Moreover, since the BM and the brain are both 

derived from differentiated ectodermal tissue, it could be postulated that there exists a 

link of brain and BM, and increased levels of Aβ in buccal cells in MCI and AD. 

 

The buccal cell cytome assay which identifies the different cell types present was 

performed by visual scoring. A significant decrease in the frequency of karyorrhectic 

and basal cells when combined was observed between MCI and controls. This 

combination of cell types confirms its’ potential as a AD risk biomarker as observed 

previously (Thomas, et al. 2007). LSC was also used for identifying some of the cell 

types (i.e. basal, transitional, differentiated and karyolytic cells) but no significant 

differences were observed between groups. Correlations between visual scoring and 

LSC scoring were investigated for cell types where possible, and a positive correlation 

was found for karyolytic cells when control, MCI and AD groups were combined. The 

separation of karyolytic cells by LSC does not take into account either the cytoplasmic 

area or the nucleus/cytoplasm area ratio since these cells are depleted of nuclei. 

According to this positive correlation observed, LSC can separate karyolytic cells from 

other cell types. The visual buccal cytome assay does not include a category for 

transitional cells (Thomas, et al. 2009) in contrast with LSC scoring, which explains the 

higher percentage of differentiated cells when scored visually. Basal buccal cells scored 

by LSC did positively correlate with visual scoring but only in the AD group, which 

indicates that although scores for basal cells differ from both methods, they remain 

close since both these methods are based on the same main criteria for basal cell 

identification. This may be explained by the quantitative nature of measurements for the 

AreaNuclei/AreaCytoplasm ratio and the cytoplasm area of cells obtained by LSC that cannot 

be precisely obtained by visual assessment. Nevertheless correlation factors between 

LSC and visual scoring of cell types were generally weak and further improvements in 

the LSC protocol could be required if it is to be used as a substitute to visual scoring. 
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CHAPTER 5 
 

5. CONCLUSION AND FUTURE DIRECTIONS 
Aim 

The broad aim of this study was to investigate buccal cells as a peripheral tissue source 

for biomarkers of MCI and AD using laser scanning cytometry (LSC). Several potential 

biomarkers were chosen, based on previous findings in studies on AD. High-content 

analyses were developed for Aβ, Tau, neutral lipids and DNA content. A total of 60 

samples were assayed from the highly characterised AIBL cohort. 

 

Advantage of LSC 

LSC imaging and analysis are non-confocal by design. This resulting in a very high 

depth of focus (20 µm) that allows collection of the total signal through the depth of 

cells. This in turn, provides precise quantification of the measured signals (DNA 

content, for example), which is superior to many alternative technologies such as 

camera-based microscopy imaging systems and (to a much greater extent) confocal 

imaging systems which collect data from a very narrow plane through the sample and 

therefore do not provide the level of complete quantification available using LSC. LSC 

has the advantage to be versatile in the choice of sample it can analyse. It has previously 

been utilised in investigations on several types of tissue and cells such as brain tissue 

sections (Mosch, et al. 2006; Mosch, et al. 2007), macrophages (Coelho, et al. 2012), 

buccal cells (Darzynkiewicz, et al. 2011), pancreas (Peterson, et al. 2008), breast tissue 

(Tulchin, et al. 2010), neurons (Bingham, et al. 2006), fine-needle aspirate biopsies 

(Gerstner, Tarnok. 2002; Juan, et al. 2011), adipocytes (Lin, et al. 2004), laryngeal 

mucosa (Gerstner, et al. 2005) and bone marrow (Tsujioka, et al. 2008). The LSC has 

been used previously in many different approaches, and has been a convenient tool for 

high-content analysis. For instance in DNA damage investigations, LSC has been used 

for detection of γH2AX, a phosphorylated histone protein marker of DNA double strand 

breaks (Huang, et al. 2004a; Huang, et al. 2004b; Huang, et al. 2005; Kurose, et al. 

2005; Tanaka, et al. 2009; Zhao, et al. 2009a) that forms foci in nuclei. LSC multi 

parameter analysis was used in a previous study and showed that drug induced γH2AX 

could be separated from apoptosis-associated γH2AX by dual detection of 
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immunofluorescent γH2AX and caspase-3 activation (Huang, et al. 2004b). 

Furthermore, detection of these two parameters associated with a nuclear stain (PI) 

allowed their association to specific cell cycle stages and chromatin condensation levels 

of nuclei. Therefore LSC offers a higher sensitivity in DSB detection than the 

traditional single cell DNA electrophoresis (comet) assay, and more importantly offers 

the possibility to immunocytochemically co-detect DNA damage with expression of any 

other protein with association to the cell cycle, within the same individual cells. It was 

therefore considered in this thesis to further investigate DNA damage and cell cycle in 

buccal cells from SAND and AIBL studies by the use of LSC. A study on drug 

discovery also demonstrated the high-content automated potential of LSC in tissue 

section analysis (Krull, Peterson. 2011). Pancreas from a rat model of type 2 diabetes 

mellitus (Zucker diabetic rat) were analysed with five different dyes for simultaneous 

detection of nuclear DNA, Ki67 (cell proliferation marker), insulin, glucagon and 

voltage-dependent anion channel, while preserving the tissue architecture of samples 

analysed (Krull, Peterson. 2011). The LSC methods presented in this study showed 

promise in the automation and high-content analyses of single buccal cells for neutral 

lipids, DNA content and protein detection as well as quantitation. In contrast with flow 

cytometry, LSC opened up the possibility to work on fixed samples with archiving of 

scanned data for future reanalysis (Pozarowski, et al. 2006; Mach, et al. 2010). 

Moreover, the adaptation of the buccal cytome assay using LSC as described in this 

thesis, allowed to a certain extent an automated cell sorting (identification and 

quantification of cell types) simultaneously with quantitation of markers of interest. 

However, the large size of buccal cells and the high number of dyes and fluorescent 

labelled antibodies utilised to reach a high-content analysis protocol weakened the high-

throughput potential of this technology for this assay. Nevertheless, for high-content 

investigation studies such as this one, the access to information in such detail at a 

cellular level makes the LSC a tremendously efficient tool for quantitative imaging and 

understanding the biology of cells in greater depth.  

 

DNA content / Cell cycle 

Measurement of DNA content can be easily determined in most LSC protocols by the 

incorporation of common dyes (e.g. DAPI, PI) into the immunocytochemistry technique 

(Darzynkiewicz, et al. 2010), and offers valuable information on aneuploidy in cells. In 

chapter 3, an increase in DNA content was observed in fixed buccal cells of MCI and 
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AD subjects of the SAND study, in all isolated single cells when compared to controls 

(P<0.05 and P<0.01, respectively). This increase was accompanied with a similar 

increase in percentage of >2N nuclei between MCI, AD and control groups. Since the 

percentage of 2N nuclei decreased in parallel, it indicates that buccal cells tend to 

exhibit hyperdiploidy genotype in MCI and AD compared with controls. Although the 

cell cycle was significantly different it would be valuable if information on specific 

proteins involved in cell cycle regulation could be collected simultaneously for each of 

the cell types. The cell cycle is typically divided into four phases: S-phase, during 

which DNA replication occurs, M-phase, where mitosis takes place and the two gap 

phases (G1 and G2) that separate S- and M-phase. The transition between those different 

phases is mainly regulated by cyclin/cyclin-dependent kinase complexes (Pines. 1994; 

Grana, Reddy. 1995; Pines. 1995). The first checkpoint is located at the end of the cell 

cycle's G1 phase, just before entry into S-phase, making the key decision of whether the 

cell should divide, delay division, or enter a resting stage called G0. However the 

presence of several factors such as mitotic growth factors can induce the re-entry of 

resting cells into the cell cycle (Sherr. 1994) and increasing evidence indicates that via 

this mechanism, neurons in AD are forced through a cell cycle that they are no longer 

equipped to complete (Zhu, et al. 1999; McShea, et al. 2007; Zhu, et al. 2007; Lee, et al. 

2009) and therefore leads to cell death and neurodegeneration (Wang, et al. 2009). AD 

pathology has also been linked to proteins that are involved in maintaining the cell 

cycle. For example hyperphosphorylated Tau is linked to the activity of cyclin-

dependent protein kinases (Brion, et al. 1994; Brion. 2006); amyloid precursor protein 

(APP) metabolism is monitored by cell cycle dependent changes and is also up-

regulated by mitogenic stimulation (Iqbal, et al. 1984; Grundke-Iqbal, et al. 1986; 

Copani, et al. 1999); and finally Aβ (a product of APP processing) has been identified 

as mitogenic in in vitro studies (Schubert, et al. 1989; Milward, et al. 1992). These 

studies suggest that altered cell cycle mechanisms may be indirectly involved in the 

process of AD onset and development. Moreover, a recent study using lymphocytes 

from AD patients demonstrated the potential of G1/S checkpoint proteins as biomarkers 

of AD. In that study, Cyclin E, Rb, CDK2 and E2F-1, gave specificity/sensitivity scores 

of 84/81%, 74/89%, 80/78% and 85/85%, respectively (Song, et al. 2012). Studies with 

LSC have previously identified the cell cycle stage by measuring the “DNA index”, 

which was calculated by MaxPixel vs. Integral of the signal collected from the nuclear 

dye, which allowed further separation of nuclei with high or low condensed chromatin 
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(Pozarowski, et al. 2006; Kuliffay, et al. 2010). Therefore it would be of particular 

interest to investigate cell cycle characteristics and protein checkpoints of targeted cells 

in AD by LSC if appropriate methods could be applied to isolated peripheral cells such 

as buccal cells and/or lymphocytes from blood. 
 

 

Proteomic studies 

Although well characterised antibodies were used in this study to detect putative “Tau” 

and “Aβ42” in buccal cells, more effort is required to confirm these proteins 

conclusively. Putative “Tau” protein was detected by the BT2 antibody using LSC and 

this same antibody is used within the Tau ELISA kit (INNOTEST®, Germany). A study 

by Hattori et al. 2002 demonstrated that buccal cells from AD contain on average 0.93 ± 

0.11 pg of Tau/µg of total protein in buccal cell lysates using the same ELISA kit 

compared to 0.53 ± 0.06 pg/µg for age-matched controls (P=0.0034). Using the same 

ELISA kit in this study (AIBL), a small increase in Tau was observed in AD compared 

to controls but was not significantly different. However this may be partly explained by 

the differences in the cohorts investigated and batches of ELISA kit used as well as the 

differences in buccal cell processing (Hattori, et al. 2002). This particular ELISA kit 

which uses the antibodies (AT120, HT7 and BT2) measures “total” Tau. However, Tau 

protein is a phosphoprotein with 79 potential Ser and Thr phosphorylation sites; with at 

least 6 isoforms of Tau known to exist. Therefore it is possible that Tau would show 

multiple molecular weights when Western blots are carried out (e.g. Figure 2C and 

Figure 4 from Crouch et al. 2009). A study from Sjögren et al. 2001 detected Tau in 

Rotofor fractions of cerebrospinal fluid (CSF) by Western blotting at 25 kDa and 52 

kDa with several antibodies, i.e. HT7, AT120, BT2, AT270 and AT8. However all 

antibodies (HT7, AT120, AT270 and AT8) excluding BT2 antibody also detected 

immunoreactive bands in the range of 65 to 80 kDa (Sjogren, et al. 2001). The bands 

observed in Sjögren et al. 2001 study using BT2 antibody correlated with bands (around 

21 kDa and 50 kDa) observed in buccal cells when the same BT2 antibody was used 

(see chapter 4, section “4.3.2.2 Tau”). However, the method applied by Sjögren et al. 

2001 did not provide information on Tau detection at lower molecular weights and 

therefore, no comparison could be made in regard to the band observed below 10 kDa in 

buccal cells. Furthermore, different isoforms of Tau in human platelets detected by 

Western have also been shown to differ from AD disease state to controls (Neumann, et 
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al. 2011). Stronger bands at higher molecular weights (150-250 kDa) were observed in 

parallel with weaker bands of low molecular weights (50-75 kDa) in AD compared with 

controls (P<0.001). This variation in the molecular weight ratio of Tau may indicate that 

Tau aggregates to form multimers at a higher occurrence in AD. The detection of Tau 

has also been shown in human blood lymphocytes by immunocytochemistry, although 

no distinction between both Tau and phosphorylated Tau were made (Kvetnoy, et al. 

2000). This suggests that Tau is present in peripheral tissues in different isoforms and 

therefore a precise identification of Tau and phosphorylated Tau isoforms, as well as 

their quantification in buccal cells would be valuable if correlated with measurements of 

Tau in CSF and other peripheral tissues.  

 

Similarly, Aβ42 appeared in different forms; the well characterised antibody for Aβ42 

(WO2) demonstrated a clear band at 4.5 kDa and molecular weights corresponding to 

multimers of this size, as well as another band at approximately 110 kDa which may 

represent APP. Similar bands were observed with WO2 antibody in a study 

investigating amyloid in brain (cerebellum) and retina lysates from a transgenic mice 

Tg2576 (Dutescu, et al. 2009). A strong band at 4.5 kDa was detected in the brain 

lysates whilst APP full length was detected both in the retina and brain lysates at around 

110 kDa. A band could also be observed around 20-25 kDa in retina samples which 

seems to match the band observed in the mouse brain lysates as shown in chapter 4, 

section “4.3.2.1 Amyloid”, Figure 60. In this study, a band at approximately 65 kDa was 

also seen in buccal cells when detected with the antibody anti-oligomer (A11) and this 

band matched the molecular weight of a band that corresponded to pure Aβ42 as 

detected with the anti-oligomer antibody. A study on identification of amyloid in brain 

cell lysates of transgenic Tg2576 mice by Western, showed presence of bands, possibly 

12-mer of Aβ, around 56 kDa in soluble mouse brain lysates, when detected with the 

same antibody anti-oligomer (A11) (Lesne, et al. 2006). Additionally, the A11 antibody 

specificity towards oligomers detection has previously been demonstrated (Zhao, et al. 

2009b). Full length hI-APP1-37 peptides of known concentration were incubated at 

different times immediately after dissolving to generate oligomers of increasing 

concentration. The antibody A11 was then confirmed by a dot blot assay and the 

increased binding of A11 was found to be proportional to the quantity of oligomers 

present. Furthermore, APP expression has been demonstrated previously in oral mucosa 

of hamsters (Ko, et al. 2007), which was reduced by green tea extracts in their diet. 
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These previous findings and the similarity of bands observed in Western blots with this 

study support the notion of putative “amyloid” and “APP” being detected in buccal 

cells. However, an ELISA for Aβ42 was not carried out as it was for Tau due to lack of 

time available as well as sample availability. Samples were therefore prioritised for 

ELISA assay detection of Tau, since it was previously shown that changes in total Tau 

concentration appeared in buccal cells (Hattori, et al. 2002). 

 

The identification and quantification of multimeric Aβ species is essential in 

Alzheimer’s research, although difficult to undertake. Antibodies aiming at detecting 

amyloid have different binding sites along the length of the peptide and therefore might 

differ from one another depending on the type of tissue analysed and the method of 

detection used (e.g. ELISA, Western, immunocytochemistry). The main antibodies used 

in the cited literature and the ones used in this study are shown in Figure 94.  It would 

be necessary for further studies to confirm the presence of Aβ42 in buccal cells. 

Different methods have been proposed aiming at improving detection of amyloid. For 

instance, using heat-induced antigen-epitope retrieval technique combined with 

separation of protein by SDS-PAGE and immunoblotting with 6E10 antibody was 

shown to efficiently detect Aβ monomers and multimers of low and high molecular 

weights in human brain tissue (Rosen, et al. 2010). Superior sensitivity to detect isoform 

specific peptides can be obtained with combination of immunoprecipitation, 2D-gel 

electrophoresis, Western blotting and liquid chromatography-mass spectrometry (LC-

MS) techniques (Newton, et al. 2006). Applying such intensive proteomic procedures 

for instance, would allow clear characterisation of the “putative” amyloid detected in 

buccal cells.  
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Figure 94: Antibody sites for amyloid detection. 
 
 
Comparison of protocols 

Chapter 3, Table 9 showed that the significant differences in DNA content and neutral 

lipids observed in the SAND study had a potential diagnostic value when combined for 

separating MCI from controls (AUC = 0.7518). It was possible from the results from 

AIBL study samples (chapter 4) to further include measurements of these two 

parameters into a new protocol for higher content analysis including the simultaneous 

detection of Tau and Aβ. In chapter 4, the main target was to detect and investigate if 

differences existed in Aβ and Tau protein levels in buccal cells between control, MCI 

and AD groups. A second objective was to combine successfully 5 fluorochromes in 

one protocol for detection by LSC since a protocol for detection of lipids and DNA 

content was already established (chapter 3). However since the two cell preparation and 

staining methods were very different it was difficult to directly compare their results. 

Figure 95 summarises the main differences and the critical steps (violet) that potentially 

affected the outcomes of the assays. Incubation of buccal cells in Saccomano’s fixative 

was shown to be a critical step with small but significant effect on ORO staining 

detection. Additionally, the acid treatment and fixation method may have had an effect 

on the DNA structure modifying the nuclear dye binding and accessibility to the DNA 

and therefore affecting the staining and nuclear measurements. These differences in 

sample fixation, treatment and processing may partly explain why no change in DNA 

content was observed between controls, MCI and AD in the AIBL study compared with 

the SAND study which used freshly isolated buccal cells and a simplified staining 

method. Although the AIBL study samples were processed in a very different manner to 

the SAND study buccals, every attempt was made to ensure that there was no loss of 
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fluorescence (or absorbance) of the parameters measured. Furthermore, since the AIBL 

study samples were not collected locally it was not practical within the budgetary 

limitations to process and fix buccal cells freshly onto microscope slides as in the 

SAND study. Nevertheless, a future protocol defined in a way that each step would 

have no negative effects on the efficiency of the dyes would be robust, and if combined 

with LSC would facilitate the detection for simultaneous biomarkers of disease. A 

newly developed LSC protocol should therefore be considered as a tool in future 

biomarker research. 
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Figure 95: Differences in protocol between SAND and AIBL study. 
Abbreviations: BC Buffer, Buccal Cell Buffer; Et:Ac, Ethanol:Acetic Acid; FA, Formaldehyde; Ir 
antibody, Primary Antibody; IIr antibody, Secondary Antibody; ORO, Oil Red O. 
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Visual scoring 

A previous study by Thomas et al. 2007 demonstrated the value of scoring the different 

cell types in the buccal mucosa (BM) of AD by the use of the “buccal cytome assay”, 

which showed a strong diagnostic value of the combined frequencies of karyorrhectic 

and basal cells to separate AD from controls, with specificity and sensitivity scores 

obtained of 97% and 82%, respectively (Thomas, et al. 2007). Therefore, in chapter 4 

(AIBL study) visual scoring was carried out in parallel to LSC scoring on the buccal 

cell slides from participants, to investigate if differences could be observed in the 

frequency of cell types and if both scoring methods were correlated. No difference in 

the frequency of cell types was observed between groups when LSC scoring was 

performed. However, visual scoring of cell types which allows for a more in depth 

description of cell types based on several morphological features, showed a significant 

decrease (P<0.01) of both karyorrhectic and basal cell frequencies in MCI when 

compared to control. Both methods were compared but did not show correlations in the 

scoring of basal and differentiated cells between participants, although a weak 

correlation for karyolytic cells could be observed. In this study, the issue of visual 

scoring not perfectly aligning with LSC scoring was mainly due firstly, to the difference 

of staining methods utilised and secondly, the objectivity residing within both methods. 

Visual scoring for instance defines some categories of cell types that could not be 

scored with LSC (e.g. condensed chromatin and karyorrhectic cells). Moreover, there 

likely exists an underlying variability between visual scorers as well as a physical 

limitation caused by the inability of a scorer to accurately measure the size of nuclei or 

the AreaNuclei/AreaCytoplasm ratio by visual scoring. LSC is limited by the difficulty of 

identifying cell boundaries in cell clumps or overlapping cells. The LSC however sets 

exact values and defined gating regions to separate cell types that will be consistent over 

the study. Nevertheless, the choice of such values and regions also implies a level of 

subjectivity from the LSC user since these have to be set manually by pre-determining 

the set values empirically. Ideally, a comparison study of both methods should be 

undertaken. To align both scoring methods, identical slides should be scored and 

percentage of cells obtained must be compared. Scoring must also include collection of 

pictures for each cell scored by LSC with determination of false and true positives by an 

expert scorer. If possible, the buccal cytome assay by LSC should be upgraded in a way 

that it will also include segregation of the other cell types scored visually (i.e. pyknotic, 

karyorrhectic, binucleated and condensed chromatin cells). However with that said, it is 
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highly unlikely and impractical for that approach to be successful, since the current 

buccal micronucleus cytome assay uses Light Green/Feulgen stains which are 

permanent stains and ideal for light microscopy, whilst the LSC assay described in this 

thesis necessitates the use of fluorescent probes such as Fast Green/DAPI, which cannot 

be visualised with light microscopy. An LSC method for scoring biomarkers of the 

buccal cytome assay in Light Green/Feulgen stained slides was described previously 

(Darzynkiewicz, et al. 2011; Leifert, et al. 2011) but was not validated against visual 

scoring. If both methods could be more precisely aligned, it would then be valuable to 

reduce subjectivity resulting from these scoring methods possibly by also comparing 

LSC scoring with a biochemical marker of buccal cell distribution by the use of 

antibodies that bind to cytokeratin proteins. As discussed in chapter 1 section “1.2.3 

Cytokeratins – Biochemical cell type segregation”, different types of cytokeratin are 

expressed in BM depending on the cell differentiation stage. Preliminary results showed 

that it was possible to separate cell populations by immunocytochemistry in a robust 

manner with LSC. Defining regions for cell type characterisation will therefore not only 

be guided by criteria of cytoplasm size and nuclei structure, but also by the direct 

protein expression subsequent to the differentiation stage of cells. Such a further study 

would be greatly beneficial to the current and limited knowledge of buccal cells 

available in the literature. 

 

Novel biomarkers 

This study has demonstrated the practical use of buccal cells in the search for 

biomarkers of AD. The Integral of Aβ was found to be significantly increased in buccal 

cells of AD when compared to controls (P<0.01), and a negative significant correlation 

was observed between buccal cell Aβ Integral and MMSE scores (r = -0.43, P=0.0005). 

Additionally, as described in chapter 4 correlations between Aβ Integral and several 

other biomarkers (e.g. Plasma homocysteine, albumin and calcium) available in the 

AIBL database for the same 60 participants were observed. Interestingly, in the whole 

AIBL cohort homocysteine (P=0.002), albumin and calcium (P<0.0001) levels in blood 

were also found to be significantly altered in AD compared to controls (Doecke, et al. 

2012). The Aβ results obtained in this study are not sufficient to be proposed as a 

diagnostic tool for identification of AD sufferers or determining those at risk of 

developing AD such as MCI; however this correlation indicates that Aβ loading in 

buccal cells increases with cognitive decline. The quantitation of Aβ loading in buccal 
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cells if used properly with combination of the MMSE mental test could help improve 

the accuracy of the diagnosis of AD or identify those at increased risk for AD. 

Moreover, if further investigation in AIBL project shows that Aβ accumulation in the 

brain detected with positron emission tomography (PET)-scan correlates with Aβ 

loading in buccal cells, a buccal cell assay aimed at quantifying Aβ in the BM in a 

robust and high throughput manner should be considered because such an assay could 

be used to provide information on likelihood of Aβ accumulation in the brain and 

cognitive decline, in a minimally invasive and less expensive manner.  

 

The APOE ε4 allele is a strong genetic risk factor for AD (Strittmatter, et al. 1993) with 

APOE ε4 heterozygous and homozygous individuals being more susceptible to develop 

AD at an earlier age. APOE genotyping cannot predict AD with certainty; however 

novel biomarkers have been recently associated with AD and could be investigated in 

buccal cells in combination with genotype information. For instance, following 

completion of a genome-wide association study (Alzheimer’s Disease Neuroimaging 

Initiative) (Potkin, et al. 2009), TOMM40 (translocase of outer mitochondrial 

membrane 40) was found to be a potential gene associated with AD (TOMM40 risk 

alleles were two times more frequent than in controls) and therefore an additional risk 

for developing AD (Potkin, et al. 2009). The expression of this gene has been found to 

be significantly down-regulated in blood from AD compared to controls (Lee, et al. 

2012). Chitotriosidase (chitinase), a chitinolytic enzyme secreted by activated 

mononucleated cells, showed increased level and activity in macrophages and plasma 

from AD, respectively (Di Rosa, et al. 2006; Sotgiu, et al. 2007). A significant increase 

in chitotriosidase activity has also been observed in CSF sampled from AD patients 

when compared to controls (Mattsson, et al. 2011; Watabe-Rudolph, et al. 2012). YKL-

40, a homolog to chitotriosidase was recently described in early stage of AD with 

significantly higher protein levels found in CSF (P<0.0001) as well as in plasma 

(P=0.014) compared to controls (Craig-Schapiro, et al. 2010; Choi, et al. 2011), and 

more importantly, presented a strong ability to predict onset and progression of 

dementia (Craig-Schapiro, et al. 2010). For instance, it was found that a high YKL-

40/Aβ42 ratio in CSF demonstrated strong predictive values of a faster cognitive 

decline, and that levels of YKL-40 correlated (r = 0.5948, P<0.0001) with levels of 

phosphorylated Tau in CSF (Craig-Schapiro, et al. 2010). Stathmin, a ubiquitous 

phosphoprotein highly expressed in neurons was also investigated in adult human brains 
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(post-mortem) of AD and found to exhibit a significant decrease (P<0.05) in protein 

levels from the temporal and frontal cortex regions when analysed by 2D-gel images 

(Cheon, et al. 2001). It would be interesting to know how those novel biomarkers vary 

within buccal cells and whether they are associated with MCI and AD. 
 

Other tissues 

Although much biomarker work has been achieved using plasma as a source of 

peripheral tissue, plasma analyses have brought several contradictory results to light. 

For instance, plasma levels of Aβ in AD were found to vary in different studies (Schupf, 

et al. 2008; Schneider, et al. 2009; Song, et al. 2011). Therefore more focus should be 

intended on peripheral tissues (i.e. lymphocytes, olfactory epithelium, buccal cells, and 

fibroblasts) by the use of a similar high-content LSC protocol. Additionally, it would be 

worth considering the measurement of Aβ42 protein levels in buccal cells by ELISA on 

available SAND and AIBL study samples and to further investigate potential 

correlations with other results obtained in these studies (chapter 3 and 4). Moreover, 

studies investigating brain tissue should also be considered in application with LSC 

since this technology is very suitable for tissue section analysis (Peterson, et al. 2008; 

Henriksen, et al. 2011; Fueldner, et al. 2012) and has previously been used with human 

brain slices (Mosch, et al. 2006). Therefore, a detailed assessment of brain tissue 

sections from post-mortem examination of humans or AD model mice in parallel with 

peripheral tissues by LSC could be considered in future studies. 

 

General conclusion 

In order to treat AD early before the neurodegeneration has progressed to a widespread 

and irreversible stage of the disease process, there is need for a biomarker or 

combination of biomarkers that enable early presymptomatic and predementia 

diagnosis, at least at the symptomatic stage of MCI. Additionally, a strong biomarker 

for early diagnostics of AD is needed to help differentiating with certainty AD from 

other forms of dementia at its’ early stage. As populations throughout the world 

continue to age, the prevalence of AD will increase dramatically with a predicted 

increase of 300% in the next thirty years, becoming a global concern threatening to 

impact heavily on both social and economic levels (Sloane, et al. 2002; Ferri, et al. 

2005; Smith. 2008). The BM is an easily accessible non neuronal tissue, which offers a 

simple, painless and non-expensive sampling procedure involving rotations of a 



Chapter 5 ǁ Conclusion and Future Directions 

Page 195  
 

toothbrush against the inner cheeks of patients. Previous findings suggest that the 

regenerative potential of the BM varies and cytological changes occur within buccal 

cells following AD appearance, but the knowledge gap in this area is important. Only 

some studies have investigated changes in the oral mucosa in AD involving cytological 

parameters, cell types composition, increase of Tau and micronuclei, telomere 

shortening and chromosome 17 and 21 aneuploidy (see chapter 1, Table 1). Results 

obtained from this thesis confirm the hypothesis that BM is a legitimate tissue of 

interest in the search for AD diagnostic biomarkers. This is the first time that these 

parameters, examined in this study either individually or in combination, were 

investigated in buccal cells, therefore the interindividual variability of the different 

biomarkers in the studied group has to be further investigated. Furthermore, research 

must be undertaken for a better understanding of the biology of buccal cells, to replicate 

such studies and investigate other potential markers of AD. Those potential biomarkers, 

hence proven to be detectable in buccal cells, as well as those already investigated in 

buccal cells should be examined in cross sectional studies to seek differences in MCI 

and AD. Longitudinal studies can then be applied to capture their variation with the 

progression of the disease and cognitive decline. In terms of prevention, such markers 

should be targeted to help differentiation between MCI from controls in a follow-up 

study, and the rate of conversion from MCI to AD should be compared with changes in 

those markers in order to select which ones would predict conversion and onset of the 

disease with the highest accuracy. Investigation work on those knowledge gaps would 

greatly improve the potential for buccal cells to be a peripheral tissue in future AD 

diagnosis research. If combined with results from other peripheral tissue investigations, 

new biomarker sets could emerge that may identify individuals who are at increased risk 

or are at an early stage of AD with much higher certainty to be clinically useful. Such a 

diagnostic allied with a minimally invasive approach would also be valuable to the 

community, since it would be possible to monitor the progress of the disease but also 

determine the effectiveness of potential therapeutic or lifestyle intervention strategies. 
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Abstract

Laser scanning cytometry (LSC) can be used to quantify the fluorescence inten-
sity or laser light loss (absorbance) of localized molecular targets within nuclear and
cytoplasmic structures of cells while maintaining the morphological features of the
examined tissue. It was aimed to develop an automated LSC protocol to study
cellular and nuclear anomalies and DNA damage events in human buccal mucosal
cells. Since the buccal micronucleus cytome assay has been used to measure bio-
markers of DNA damage (micronuclei and/or nuclear buds), cytokinesis defects
(binucleated cells), proliferative potential (basal cell frequency), and/or cell death
(condensed chromatin, karyorrhexis, and pyknotic and karyolytic cells), the follow-
ing automated LSC protocol describes scoring criteria for these same parameters
using an automated imaging LSC. In this automated LSC assay, cells derived from
the buccal mucosa were harvested from the inside of patient’s mouths using a small-
headed toothbrush. The cells were washed to remove any debris and/or bacteria, and
a single-cell suspension prepared and applied to a microscope slide using a cytocen-
trifuge. Cells were fixed and stained with Feulgen and Light Green stain allowing
both chromatic and fluorescent analysis to be undertaken simultaneously with the
use of an LSC.

I. Introduction

The buccal mucosa is an easily accessible tissue for sampling cells in a min-
imally invasive manner and does not cause undue stress to study subjects. Buccal
cells can be used to study the regenerative capacity of the buccal mucosa that is
dependent on the number and division rate of the proliferating basal cells, their
genomic stability, and their propensity for cell death. This approach is increas-
ingly being used in molecular epidemiological studies to investigate the impact of
nutrition, lifestyle factors, genotoxin exposure, and genotype on DNA damage
and cell death (Thomas et al., 2009). Since the buccal mucosa is of ectodermal
origin, defects in buccal mucosa cells may allow it to act as a surrogate tissue to
reflect potential physiological changes that occur in other ectoderm-derived tis-
sues such as fibroblasts and nervous tissue. A method utilizing light and fluores-
cence microscopy has previously been developed to study DNA damage events
such as micronucleus frequency in buccal cells adopting a buccal micronucleus
cytome approach (Darzynkiewicz et al., 2011; Thomas et al., 2007, 2008).
Furthermore, the presence of micronuclei in epithelial cells is of particular inter-
est because micronuclei are one of the best established biomarkers of DNA
damage, representing chromosome breakage and mal-segregation events
(Fenech and Crott, 2002).
The buccal micronucleus cytome assay has also been used to measure distinct

differences between the cytome profiles associated with normal ageing relative to
that for premature ageing clinical outcomes such as Down syndrome and
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Alzheimer’s disease. These studies highlight the potential diagnostic value of the
cytome approach for determining genome instability events (Thomas et al., 2007,
2008). Biomarkers that may identify individuals who are at increased risk or are
at an early stage of age-related diseases such as Alzheimer’s disease would be
valuable to the community since it would be possible not only to monitor
the progress of the disease but also to determine the effectiveness of potential
therapeutic strategies.

II. Rationale

Laser scanning cytometry (LSC) is a new technology that combines the principles
of flow cytometry, quantitative imaging, and immunohistochemistry with high-
content, multicolor fluorescence analysis, and can be used to identify specific cells
in a heterogeneous population as well as scoring unique molecular events within
them (Luther et al., 2004; Pozarowski et al., 2006). Additionally, LSC provides
intracellular and within-tissue localization of specific protein targets, generating
data that offers the advantage of high-throughput analysis without sample loss. The
buccal micronucleus cytome assay is well validated by our group using visual
scoring by light microscopy; however, applicability on a large scale for appropriate
biomonitoring is hampered by lack of automated high-throughput technology.
Visual scoring of the buccal cytome and micronuclei can be time consuming and
large numbers of cells and/or donors need to be analyzed to obtain statistically
relevant data. This is particularly important when scoring micronuclei due to the
low baseline frequencies observed (Ceppi et al., 2010).
The LSC protocol developed here could also be adapted to make use of molecular

probes for DNA adducts, aneuploidy, chromosome break measures (Ramirez et al.,
1999; Schwartz et al., 2003; Van Schooten et al., 2002), DNA double-strand break
(e.g., gH2AX (Tanaka et al., 2007, 2009; Zhao et al., 2009), and measures of
oxidative damage to DNA (e.g., 8-oxo-dG) within the nuclei of buccal cells (unpub-
lished observations).

III. Methods

The buccal mucosa is a stratified squamous epithelium. The bottom layer of this
epithelium contains actively dividing basal cells and basal stem cells, which produce
progeny that differentiate and maintain the structural profile and integrity of
the buccal mucosa. The time frame for cellular migration from the basal layer to
the keratinized surface layer is thought to range from 7 to 21 days; however, there are
only limited data investigating migration rates in buccal mucosa (Bjarnason et al.,
1999; Squier and Kremer, 2001). The various cell types and nuclear anomalies
among the various cell types in the buccal mucosa, which are observed and scored
in a buccal micronucleus cytome assay, are shown schematically in Fig. 1.
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A. Buccal Cell Sampling and Preparation

Buccal cell isolation and preparation are as previously described by Thomas et al.
(2009). Human research ethics approval was obtained from CSIRO Food and
Nutritional Sciences, Adelaide, South Australia, Adelaide University and
Southern Cross University human experimentation ethics Committees. Before sam-
pling, the inside of the mouth was rinsed gently with 30 mL distilled water to remove
debris. Buccal cells were sampled using a soft bristle, flat headed toothbrush rotated
20 times against one cheek in a circular motion, and then the toothbrush containing
cells was transferred to 30 mL tubes containing ‘‘buccal cell buffer’’ (0.01 M tris
(hydroxymethyl)aminomethane, 0.1 M ethylenediaminetetraacetic acid, 0.02 M
NaCl, pH 7.0) and cells were dislodged from the toothbrush by agitation of the
toothbrush in the buffer. A new toothbrush was used to take the sample from the
contralateral cheek, as above and placed in the same buccal cell buffer. The suspen-
sion was then centrifuged 10 min at 581g at room temperature. Supernatant was
discarded and 10 mL of fresh buccal cell buffer was added. Cells were centrifuged
twice more and finally resuspended into 5 mL of fresh buccal cell buffer, separated
using a syringewith an 18-gauge needle, and then filtered with a 100 mmnylon filter.
The cell concentration was determined using a Coulter counter and adjusted to

[(Fig._1)TD$FIG]

Fig. 1 The various cell types scored in the buccal micronucleus cytome assay (adapted from

Thomas et al. (2009)).
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80,000 cells/mL. Buccal cells were cytocentrifuged (using a Shandon cytocentri-
fuge) for 5 min at 600 rpm onto microscope slides and air-dried for 10 min.

B. Buccal Cell Fixation and Staining

Cells were fixed in a slide-staining rack containing 50 mL of ethanol:acetic acid
mix (3:1) for 10 min at room temperature followed by further air-drying for 10 min
at room temperature.Microscope slides containing the fixed cells were immersed for
1 min each in Coplin jars containing 50% (v/v) and then 20% (v/v) ethanol. Cells
were washed for 2 min in a Coplin jar containing purified (Milli-Q) water. Slides
were placed in a Coplin jar containing 5 MHCl for 30 min and then rinsed in running
tap water for 3 min. Slides were drained and placed in a Coplin Jar containing
Schiff’s reagent for 60 min in the dark at room temperature, and then rinsed for
5 min in tap water and then in Milli-Q water. The cells were counterstained by
immersing in Coplin jars containing 0.2% (w/v) Light Green for 30 s and rinsed
inMilli-Q water. Slides were then air-dried for at least 45 min before coverslips were
applied with DePex mounting medium.

C. Laser Scanning Cytometry

Microscope slides containing fixed/stained buccal cells were inserted into a
standard four-slide carrier and analyzed by iCyte1 Automated Imaging
Cytometer (CompuCyte Corporation, Westwood, MA) with full autofocus function,
inverted microsope, three laser excitation (Argon 488 nm, Helium-Neon 633 nm,
and Violet 405 nm), four photomultiplier tubes (PMTs) for the quantitation of blue,
green, orange, and red fluorescence and dual channel absorption/scatter detector. It
is important to select the appropriate excitation lasers and PMT detectors for the
analysis of different chromatic or fluorescent probes. In this study, excitation was at
488 and 633 nm, a Long Red emission filter was used for fluorescence, and 488 light
loss and 633 light loss photodetectors for absorption were used (Table I). Typically
1000–3000 cells were analyzed using iCyte cytometric analysis software version
3.4.10. The ‘‘CompuColor’’ feature in iCytewas used to provide a green pseudocolor
in the cytoplasm (as it is observed when visualized under light microscopy); addi-
tionally, nuclei were colored orange.

Table I

Laser and detector selection for buccal cells

Target Dyes Excitation lasers Detectors

Nuclei Feulgen 488 488 LL (Absorbance) + Long Red (Fluorescence)

Micronuclei Feulgen 488 488 LL (Absorbance) + Long Red (Fluorescence)

Cytoplasm Light Green 633 633 LL (Absorbance) + Long Red (Fluorescence)

Abbreviations; LL, light loss (absorption)
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D. Low-Resolution Scan

Routinely, a rapid overview scan is initially performed at low resolution using a
20! objective to locate and capture the entire area of the sample (cytospot) that
was subsequently analyzed in greater detail. The resolution of an overview scan is
low due to large (10 mm) step increments used to acquire the image of the entire
sample.

E. High-Resolution Scan

To obtain high-resolution images for analysis, smaller individual (rectangular)
scan areas are defined for the high-resolution scan using a 20! objective, outlined in
Fig. 2B. In high-resolution scans, small (0.5 mm) laser increment steps are used thus
yielding higher resolution detailed ‘‘images.’’ It was found that a 20! objective was
sufficiently adequate for both the low- and high-resolution scans to analyze the
buccal cell cytome.
The user typically defines the size and shape of these regions (shown as user-

defined rectangular regions in Fig. 2A,B) and where they will be placed. We
routinely place these rectangular regions randomly over the cytospot within the
defined low-resolution region being careful not to overlap these scan regions. If
there was an obvious artifact present, for example, an air bubble, then this area was
excluded from analysis. The size of the high-resolution scan regions was always set
to 1500 ! 1110 pixels (or multiples thereof). We have found empirically that this
size accommodates the most optimal scanned image size for buccal cells contained
within the ‘‘field images.’’ Furthermore, by doing this, the LSC will automatically
refocus at the start of each scanned 1500 ! 1110 pixel region. This conveniently
allows for any refocusing corrections that might be required if a larger single scan
region was used. Additionally, if there is a particular reason that a scan region should
be excluded from analysis in the main data set, it can easily be excluded later when
analyzing data or defining the scattergrams. The other advantage of having multiple
analysis scan regions is that each 1500 ! 1110 pixel region represents replicates
within the sample being scanned.
In the protocol currently described here, a multipass scan was performed to

increase the range of signals that can be detected and optimize image quality. The
blue (488 nm) and red (633 nm) excitation lasers are used separately to allow
separation of fluorescence from dyes that have similar emission spectra, but different
excitation spectra. The two component dyes in this analysis that fall into that
category are as follows: Feulgen targets the DNA of cells and fluoresces in the long
red region when excited with a 488 nm laser light source, whereas Light Green
targets the cytoplasm of cells that also fluoresces in the long red region when excited
with the red laser (633 nm). Additionally, the absorbance (light loss) can also be
detected using the 488 and 633 light loss photodetectors.
When quantification of the fluorescence signal was required, the photomultiplier

voltages should be set so that the brightest pixel value (equivalent to 16,000 units) is
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just below saturation (e.g., 15,000 units). In the example shown (Fig. 3), this was set
to 38 for the blue laser with excitation in the long red channel. The signal intensity
can be viewed using the profile feature in the profile window. The ‘‘Offset’’ values
(which are used to set the background fluorescence) were set to decrease the
background to a pixel value between 200 and 400 units; in this case, for long red
(with blue laser excitation), the offset setting was –0.03. By carrying out the above
procedure, this will ensure the maximum dynamic range of fluorescence data that
can be obtained, hence this will be ideal for the quantification and comparison of
data between samples.

[(Fig._2)TD$FIG]

Fig. 2 (A) Shows a diagram of four slides to be analyzed by LSC from right to left. Typically, two

cytospots containing buccal cells are prepared on a microscope slide. The large square boxes are the regions

in which a ‘‘low-resolution’’scan of the cytospots are initially performed. This allows the user to define the

cytospot region containing the cells. The smaller rectangles within the larger boxes are regions that are

scanned at higher resolution for data analysis (see text for full explanation). (B) A typical low-resolution

scan ‘‘well image’’ of buccal cells on an entire cytospot also showing the 1500 ! 1110 pixel size

rectangular regions to be analyzed at high resolution. (C) An example of a ‘‘region image’’ that consists

of a mosaic image showing individual buccal cells stained with Light Green (cytoplasm) and Feulgen

(nuclei). (See plate no. 20 in the color plate section.)

13. Automation of the Buccal Micronucleus Cytome Assay Using Laser Scanning Cytometry 327



F. Virtual Channels and Compensation

Virtual Channels are used to perform mathematical operations on originally
acquired channels to create new ‘‘virtual’’ channels. They are used to increase a
weak signal, to add signals together or to isolate the individual fluorescence
signals when two or more may overlap in one or more channels (typically termed
‘‘compensation’’). In our experiment, several virtual channels were created to
allow compensation of both absorbance and fluorescence as shown in Table II.

Table II

Creation of virtual channels to compensate for fluorescence and absorbance

Virtual channel Input channel Operator Purpose

Fluorescence compensation

LR Fluor M Long Red Multiply 0.25 Adjustment factor for Light Green compensation

LR2 Fluor M Long Red 2 Multiply 0.3 Adjustment factor for Feulgen compensation

Feulgen Long Red Subtract LR2 Fluor M Compensated for Feulgen stain

Light Green Long Red 2 Subtract LR Fluor M Compensated for Light Green stain

Absorbance compensation

Blue I 488 LL Invert Convert from bright field to dark field

Red I 633 LL2 Invert Convert from bright field to dark field

Blue M Blue I Multiply 0.05 Adjustment factor for Light Green compensation

Red M Red I Multiply 0.05 Adjustment factor for Feulgen compensation

Blue C Blue I Subtract Red M Compensated for Feulgen stain

Red C Red I Subtract Blue M Compensated for Light Green stain

[(Fig._3)TD$FIG]

Fig. 3 Setting the channels for excitation and emission: the settings show that in this example the

488 nm excitation laser was used in the first pass of the scan (as indicated in the upper panel), while the

text in the upper panel shows the PMT settings and light loss detector settings used for detecting emission,

that is, ‘‘Long Red’’ and ‘‘488’’ (which are filters for fluorescence at 647 nm and absorbance at 488 nm,

respectively). These settings were used to quantify Feulgen fluorescence and absorbance (light loss) for

nuclei and micronuclei. The lower panel shows that the red laser was used to excite the sample on the

second pass of the scan. In this instance, the fluorescence emission was at long red (‘‘Long Red 2’’), and

light loss (absorbance) at 633 (red) was also being recorded (‘‘633 light loss-2’’). These settings were used

to quantify red fluorescence and absorbance (light loss) of Light Green stain (for cytoplasm). The ‘‘volt’’

and ‘‘offset’’ features are described in the text. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this chapter.)
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To properly define and evaluate the compensation settings, it was necessary to
monitor the distribution of events in scattergrams using the random segmentation
‘‘phantom’’ feature (Fig. 4). In the scattergram shown in Fig. 4, a region (R35) was
drawn around events that fall on areas of the slide where there are no cells and a
complementary region (R25) was defined around the events that fall on cells.
Events from R35 are excluded and region 25 was used as a gate for further
compensation. Both the fluorescence (Fig. 4C) and the absorbance (Fig. 4E)
scattergrams of the uncompensated events show a slant in the Y-direction toward
the X-direction. In the compensated scattergrams (Fig. 4D,F), that line moves
toward a more vertical positioning, indicating that proper compensation has been
achieved.

[(Fig._4)TD$FIG]

Fig. 4 (A) Phantom contours were generated using the ‘‘phantom’’ feature in iCyte which shows the

location of cells (highlighted spots) and where there are no cells (black). This allows the user to define the

compensation parameters as described in detail in the text and shown in (B). Uncompensated (C) and

compensated (D) fluorescence while uncompensated (E) and compensated (F) absorbance data are

shown. The ‘‘integral’’data was defined as fluorescence per event for the selected channel.
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G. Segmentation of Events

In this study, one of the aims was to capture three main buccal cell events that could
be analyzed further for scoring and quantification, namely, the cell boundary for
identifying and scoring whole cells as well as the nucleus boundary and micronuclei
boundary (Fig. 5). Following a high-resolution scan using a 20! objective and using
the ‘‘protocol’’ settings as shown in Fig. 6, the clear segmentation lines for cell
periphery, nuclei, and micronuclei were generated in iCyte as shown in Fig. 5. The
contour lines are automatically drawn around an event such as the cytoplasmic
boundary, nucleus, or micronucleus using a user-defined threshold for the pixel values
for a particular fluorescent, absorption or virtual channel. Buccal cells are large in
diameter and occasionally the cells overlap over two scan fields. In our version of the
iCyte software, cells falling on the scan boundaries were excluded from the analysis.

[(Fig._5)TD$FIG]

Fig. 5 LSC generated images of buccal cells showing micronuclei. (A) High-resolution image of

buccal cells showing a single micronucleus within the cytoplasm. (B) ‘‘CompuColor’’-generated gallery

images of two buccal cells showing distinct micronuclei, and (C) the same cells shown in (B) demon-

strating the ‘‘segmentation’’ feature of the iCyte-generated contour lines around the cytoplasmic periph-

ery, nucleus, and micronucleus. (See plate no. 21 in the color plate section.)
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H. Identification of Buccal Cell Types

To classify all buccal cells, we generated a scoring system similar to that used
previously (Thomas et al., 2009), which consisted of the following cell types: basal,
transitional, and differentiated normal viable cells, karyolytic cells (i.e., lacking a
nucleus), dead/dying cells (<2N), and hyperdiploid cells (>4N) using the protocol
pathways, as shown in Fig. 6.
Ideally, the iCyte-identified events are defined by a single segmentation of the

cytoplasmic periphery. Since buccal cells are occasionally grouped together, it was
necessary to use the iCyte algorithm ‘‘seeded watershed.’’ This feature divides the
groups of cells into individual cells using nuclei as the basis for segmentation.
The assumption was that each cell segmented from a group of cells will contain a
single nucleus. As a result, however, karyolytic cells, which do not contain nuclei,

[(Fig._6)TD$FIG]

Fig. 6 The iCyte ‘‘protocol’’ was separated into four parts (A, B, C, and D) with all parts being

associated together using the ‘‘association’’ module (part D). The first scale (A) provides the settings used

for the high-speed overview scan using a 20! objective. The resulting mosaic scan (shown in Fig. 2B) was

associated with the second scale settings including parts B and C that contain all the settings for the ‘‘high-

resolution’’ scan (as described in text). Part D was the individual component association. All events are

associated with each other, which provides a very powerful analysis tool that link parent events to subevents.
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are eliminated from the segmentation. However, it is rare to see karyolytic cells in
groups. To fully score all cells on the slides, the scores obtained from the two
segmentation scales, that is, ‘‘Contour Cytoplasm B’’ (which is used only to identify
the number of cells without nuclei, i.e., karyolytic) and ‘‘Contour Cytoplasm’’
(which identifies cell types with nuclei) are combined, one without and one with
the seeded watershed feature, respectively (also see Fig. 6B). The score of the
karyolytic cells obtained from ‘‘Contour Cytoplasm B’’ are then added to the scores
of all other cell types obtained from ‘‘Contour Cytoplasm.’’
Cell type segregation was defined by using a scattergram to separate cell

aggregates (Fig. 7A) (that could not be separated adequately by the seeded water-
shed algorithm) followed by another scattergram plotting the Light Green integral
value against the circularity of the cytoplasm (a measure of the roundness of the
object), where a lower circularity value indicates a higher roundness for the event
measured allowing identification of debris (Fig. 7B). From the gate R1, a scatter-
gram was designed to separate cells based on differences in nuclear staining by
plotting their DNA content versus the area of the cytoplasm. Figure 7C shows
‘‘<2N’’ (R45) and ‘‘>4N’’ (R13) cells, while regions 46 and 47 were defined as
euploid cells. Region 47 was defined as ‘‘differentiated cells’’ due to their large
cytoplasmic area. Region 46 was a source for a new scattergram of the area of
cytoplasm versus Light Green intensity (Fig. 7D). The following regions are then
defined; intensely stained green ‘‘basal’’ cells (R6) and lighter stained ‘‘transi-
tional’’ cells (R4), and are also shown in Fig. 8.
Identification of karyolytic cells (cells without a nucleus) is determined based

on the original segmentation (cytoplasm B) pathway (i.e., ‘‘no seeded watershed’’
algorithm applied) shown in Figs. 6B and 9A and B. The percentage of karyolytic
cells was obtained with gating region ‘‘R23’’ in Fig. 9B. An example gallery of the
cell types scored is shown in Fig. 8. The results of buccal cells obtained from
normal healthy ‘‘young’’ (mean age = 22.5 years, n = 10) or ‘‘old’’ (mean
age = 68.7 years, n = 10) volunteers that were scored using the LSC protocol are
shown in Fig. 10.

I. Nucleus and Micronucleus

In order to identify and score nuclei and micronuclei (Fig. 6C), various input
parameters are used in iCyte such as Feulgen absorption and area of the Feulgen-
stained event. The identification of nuclei can be used in conjunction with the
cellular segmentation. Both features become associated with the ‘‘Cell event,’’ and
data obtained from identified nuclei can be correlated to the data obtained from
identified cells. The total amount of signal detected (usually the ‘‘Integral’’) in
nuclei will define the ‘‘DNA content’’ and hence the ploidy status of that cell. The
two modules in Fig. 6C labeled ‘‘Contour Nuclei B’’ and ‘‘Contour Nuclei’’ have
identical settings. However, ‘‘Contour Nuclei B’’ was associated with ‘‘Contour
Cytoplasm B’’ (in part B); and ‘‘Contour Nuclei’’ events were associated with the
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‘‘Contour Cytoplasm’’segmentation in part B. It was necessary to create these two
linked events to allow association of nuclei detection with each cell segmentation
pathway. The ‘‘micronuclei segmentation’’ was based on the nuclei segmentation;
however, a smaller size (area) restriction was defined, since buccal cell micro-
nuclei are typically 1/16 to 1/3 of the main nucleus size (Thomas et al., 2009). A
‘‘FISH B’’ filter was added to the micronucleus segmentation to enhance the
spatial resolution of the images, highlight small spots, and therefore increases
detection of micronuclei. A peripheral contour around the micronuclei was

[(Fig._7)TD$FIG]

Fig. 7 The identification and scoring of basal, transitional, and differentiated buccal cell types. The

scoring of the buccal cell types was achieved by the following criteria: (A) excluding ‘‘events’’ that are

either too small or too large to be a buccal cell, (B) have a high ‘‘cicrcularity’’ feature (i.e., are not round in

shape), (C) cells that have abnormally high or low nuclear content (i.e.,>4N or<2N as shown in R13 and

R45, respectively), and euploid cells shown in R46 and R47, with R47 containing the differentiated cells,

and (D) was the final stage of cellular classification of basal (R6) and transitional (R4) cells (obtained

from scattergram region R46 in (C)). Karyolytic cells are not scored in this set of gating procedures;

however, Fig. 9A,B demonstrates the scoring procedure for karyolytic cells.
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routinely applied to segregate the micronuclei that are located within a cell from
those that are not (by quantifying the Light Green intensity of the peripheral
contour), as shown in Fig. 9. Using these approaches, it was possible to accurately
score micronuclei in human buccal cells using LSC, and indeed there was a
significantly (P < 0.001) higher score of micronuclei in a Down syndrome cohort
compared with age-matched controls (Fig. 11). This result compares favorably
with our visual scoring observations on an elevated micronucleus frequency in
Down syndrome (Thomas et al., 2008).

J. DNA Content

The total DNA content of the cells was based on the Feulgen Absorbance Integral
(Fig. 12). The Feulgen Absorbance Max Pixel, a feature that is closely related to the
condensation state of the chromatin, is plotted as a scattergram in Fig. 12A. The total

[(Fig._8)TD$FIG]

Fig. 8 Gallery images of buccal cells showing the various cell types scored using the automated human

buccal cell micronucleus cytome assay by LSC.
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[(Fig._9)TD$FIG]

Fig. 9 (A,B) Identification of karyolytic cells (cells without a nucleus) is determined based on the

segmentation (cytoplasm B) pathway (i.e., ‘‘no seeded watershed’’ algorithm applied). The percentage of

karyolytic cells was obtained with gating region ‘‘R23’’ in panel B. The micronuclei segmentation pathway

yields many events that are not micronuclei, and the process of filtering through the events to define true

micronuclei entails several steps. The micronuclei identification starts with the same two scattergrams as for

cell differentiation status (Fig. 7A,B) and a further scattergram is gated on region R1 (of Fig. 7B). Following

this step, all cells that contain a nucleus and with potential micronuclei are identified from the region 31 (C)

and several criteria are applied to the micronuclei; an initial gate (R38 in D) was defined to eliminate

candidate events that have Feulgen staining surrounding them; this precludes counting bright spots in nuclei.

From region 38, another gate (R39 in E) restricts candidates to those with a predetermined area. Then a

scattergram showing the Light Green stain (fluorescence) peripheral integral value of the micronuclei

versus the Feulgen integral (DNA ploidy) of the micronuclei (F) was used to differentiate candidate

micronuclei with no Light Green staining around them and those with (green) cytoplasm surrounding them

(R9). Candidates not having the proper intensity of the Feulgen staining are excluded by plotting the

Feulgen MaxPixel value of micronuclei and defining a gate (R3 in G). The final step in the micronuclei

process was to use a morphology based ‘‘circularity feature’’ to eliminate very irregular candidates from the

scoring (H). The circularity feature was plotted against the Feulgen integral (DNA content) of the cells.

Lower circularity values translate to round objects. The region was defined around low-circularity objects

(R26). Micronuclei detected in region 26 can further be associated to their cell type. (For interpretation of

the references to color in this figure legend, the reader is referred to the Web version of this chapter.)
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DNA content (Feulgen Absorbance Integral) is plotted as a histogram in Fig. 12B.
Several regions were gated defining different nuclei states; <2N, 2N, 2N–4N, 4N,
and>4N. Additionally, we split the Feulgen Absorbance MaxPixel into two groups,
that is, Low MaxPixel and High MaxPixel, where ‘‘MaxPixel’’ is the brightest pixel
value per event; in this case, it is the brightest pixel value scored within the nuclei.
This allowed us to differentiate subtle changes in DNA content of buccal cells
(particularly for other studies where we compared buccal cell DNA content of
individuals with Down syndrome, which is characterized by trisomy 21, as well as
other age-related diseases such as Alzheimer’s disease).

[(Fig._0)TD$FIG]

Fig. 10 Classification of the buccal cell types as measured by LSC from ‘‘young’’ (mean age = 22.5

years, n = 10) or ‘‘old’’ (mean age = 68.7 years, n = 10) healthy volunteers. Data shown are mean! SEM.
*P < 0.05 compared with young controls.

[(Fig._1)TD$FIG]

Fig. 11 Frequency of micronuclei in human buccal cells. Human buccal cells on microscope slides

were scanned by LSC using the features described in the text. Micronuclei were identified and scored in a

Down syndrome cohort (n = 10) and an age-matched control group (n = 10). Data shown are mean !

SEM, **P < 0.001.
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IV. Summary

Our previous studies (Thomas et al., 2009) have shown that the buccal cell
micronucleus cytome assay could be used for identifying changes in buccal cell
morphology and nuclear parameters in age-related diseases such as Alzheimer’s
disease and Down syndrome (Thomas et al., 2007, 2008). In this study, a proof-
of-principle for an automated LSC approach was used for determining differ-
ences in the buccal micronucleus cytome assay. Furthermore, simultaneous
scoring of the frequency of buccal cell micronuclei (which are biomarkers for
whole chromosome loss and chromosome breakage) was included in the proto-
col. Indeed, we have also presented preliminary data (n = 10 per group) showing
an increase in the frequency of micronuclei in a Down syndrome cohort com-
pared with age-matched controls, confirming our previous data using visual
scoring techniques.
The automated LSC buccal cell micronucleus cytome assay developed here will

be useful for future studies investigating the buccal cell maturation status, cell
death, and micronuclei frequency in population-based studies. The nonbiased and
automated nature of the protocol will be useful for screening populations of
individuals at risk of age-related diseases. Furthermore, this protocol may be
extended with standard immunohistochemistry techniques to investigate more
specific markers of DNA damage (e.g., histone H2AX/ATM phosphorylation),
cell proliferation (Ki67 or cytokeratin(s) expression), and to compare the

[(Fig._2)TD$FIG]

Fig. 12 DNA content of human buccal cells. Scoring criteria were based on Feulgen Absorbance

Integral (integrated fluorescence per event) and Feulgen Absorbance MaxPixel (brightest pixel value per

event). (Left panel) Nuclear content can be subdivided into two categories ‘‘low’’ and ‘‘high’’ Feulgen

Absorbance MaxPixel to allow the detection of subtle changes in DNA staining intensity. (Right panel)

A histogram plot of the same data from the left panel showing the delineation of <2N and 2N and the

frequency of DNA content ‘‘events’’ scored, with most cells being scored as 2N.
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nutriome, transcriptome, proteome, and cytome status in human buccal epithelial
cells that may reveal predictive markers of mild cognitive impairment and
Alzheimer’s disease risk in asymptomatic individuals. Our aim is to use LSC
for ‘‘high-content’’ analysis in single cells as a tool for diagnostic biomarker
discovery using a nutrigenomic approach. These biomarkers in combination with
the nutriome profile and life-style data may yield valuable information for design-
ing diet and life-style interventions aimed at preventing DNA damage, accelerated
ageing, the initiation of mild cognitive impairment, and its progression to
Alzheimer’s disease.
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Laser scanning cytometry (LSC) provides a novel ap-
proach for automated scoring of micronuclei (MN) in
different types of mammalian cells, serving as a biomarker
of genotoxicity and mutagenicity. In this review, we discuss
the advances to date in measuring MN in cell lines, buccal
cells and erythrocytes, describe the advantages and outline
potential challenges of this distinctive approach of analysis
of nuclear anomalies. The use of multiple laser wave-
lengths in LSC and the high dynamic range of fluorescence
and absorption detection allow simultaneous measurement
of multiple cellular and nuclear features such as cytoplas-
mic area, nuclear area, DNA content and density of nuclei
and MN, protein content and density of cytoplasm as well
as other features using molecular probes. This high-
content analysis approach allows the cells of interest to
be identified (e.g. binucleated cells in cytokinesis-blocked
cultures) and MN scored specifically in them. MN assays in
cell lines (e.g. the CHO cell MN assay) using LSC are
increasingly used in routine toxicology screening. More
high-content MN assays and the expansion of MN analysis
by LSC to other models (i.e. exfoliated cells, dermal cell
models, etc.) hold great promise for robust and exciting
developments in MN assay automation as a high-content
high-throughput analysis procedure.

Attempts to automatise MN assay: flow cytometry—
virtues and vices

Exposure of cells to ionising radiation or chemical agents that
damage chromosomes or components of mitotic spindle leads
to formation of micronuclei (MN; for reviews, see refs. 1–3).
Either whole chromosomes or chromosome fragments that
become separated from the rest of chromosomes during mitosis
and at completion of telophase are not included into the
daughter nuclei may form MN. Similar to whole nuclei, MN

are coated with a nuclear envelope, their DNA is often
transcriptionally active and undergoes replication (4,5). The
frequency of MN is considered to be a biological dosimeter of
the in vitro or in vivo exposure to mutagens and carcinogens
reporting the extent of chromosome damage. The MN assay,
therefore, has become a preferred method to estimate mu-
tagenic or carcinogenic properties of environmental factors and
other agents.
The conventional approach for quantitative analysis of

micronucleation by visual microscopy is tiresome and sub-
jective leading to variability in results between scorers (6).
Therefore, attempts have been made to use semi-automatic
image analysis as the means for quantification of MN (7–15).
Another approach to quantify MN semi-automatically involves
the use of flow cytometry [FC; (16–26)]. By providing the
means for rapid and unbiased quantitative analysis of MN
based on DNA content measurement, FC offers certain
advantages over the visual MN scoring or their enumeration
by image analysis.
However, there are shortcomings of FC that limit its

applications in the MN assay. The major limitation stems from
the requirement to destroy integrity of the plasma membrane by
lysing cells in order to release MN and measure them in
suspension. Their identification is then based on characteristic
distribution on DNA frequency histograms within a particular
range of DNA content. Unfortunately, other particles that can
be erroneously classified as MN may be present in such
a suspension. Among them are (i) individual chromosomes or
chromosome aggregates isolated from the lysed mitotic cells,
(ii) fragments of nuclear chromatin from mechanically
damaged cells, (iii) chromatin granules from the fragmented
nuclei of apoptotic cells, (iv) individual apoptotic bodies and
(v) contaminating microorganisms that can be present either in
culture, in rinse buffers or in staining solutions. Since these
objects may have similar DNA content as MN, they can be
misidentified as MN (‘false-positive MN’).
Although strategies have been designed to discriminate

between cell debris and MN (21,26,27), they may not always
be effective. It is particularly difficult to differentiate between
isolated chromosomes, fragments of chromatin or apoptotic
bodies versus MN. This problem is amplified when among the
cells subjected to the MN assay are numerous cells undergo-
ing apoptosis. Then, the proportion of cellular fragments or
apoptotic bodies versus MN is high. It should be noted that
some apoptotic bodies are abundant in DNA, with DNA
content close to that of MN (28). Likewise, lysis of cell
suspensions containing a high percentage of mitotic cells (e.g.
in cultures treated with mitotic poisons) releases a large number
of individual chromosomes that masquerade as MN and can be
misidentified by FC. Thus, unless the measured particles are
sorted and examined by microscopy, their identity is uncertain
and therefore the frequency of false-positive or ‘false-negative’
MN is unknown.
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Still another limitation of FC is the inability to relate MN to
individual cells and cell types. To give an extreme example, it
is impossible to distinguish between the instances when (i)
among 10 cells a single one contained 10 MN while 9 other
had no MN versus and (ii) all 10 cells contained a single MN
each. In both instances, 10 MN per 10 nuclei are detected by
FC. Yet, the distinction is of relevance since in the first case
only one cell in 10 (10%) while in the second all 10 cells (100%)
demonstrated chromosomal damage. FC cannot be adapted to
the cytokinesis-block micronucleus cytome (CBMNcyt) assay,
which in addition to MN allows the measurement of other
important biomarkers of chromosome damage such as nucle-
oplasmic bridges and nuclear buds (1,2,29). Still another
shortcoming of FC is that the measured sample cannot be
stored, e.g. for confirmation of the analysis, archival preserva-
tion or retrospective studies with other probes.

Laser scanning cytometry

Laser scanning cytometers (LSC; CompuCyte Corporation,
Westwood, MA, USA) are the instruments offering unique
analytical capabilities that combine those of flow and image
cytometry (30–35) (Figure 1). Unlike the fluorescence imaging
analysis (FIA) instrumentation in which the fluorescence
intensity of individual cells is recorded by charge-coupled
device (CCD) cameras, in LSC it is measured by photo-
multiplier tubes (PMTs). The dynamic range of fluorescence
intensity measurement by LSC, therefore, is greater, offering
higher sensitivity and accuracy in fluorescence measurement
than FIA instruments. The dynamic range of PMTs is adjusted
by altering the voltage applied to the device, whereas output
signal levels from CCDs are a function of time: low-light
samples require extended CCD exposure times. The latest
version of the LSC software (iGeneration) offers powerful
analytical tools for very accurate and multivariate data analysis.

New generation (iGeneration: iCyte!, iCys! and iColor!)
LSCs provide fluorescence excitation with up to four laser
wavelengths (selected from 405, 488, 532, 561, 594 and 633
nm) and four PMTs allowing fluorescence measurements in
wavelength bands appropriate for the respective excitation
lasers. Forward laser light scatter and/or laser light loss can be
measured simultaneously with the fluorescence measurements,
using photodiode detectors. Forward scatter measurement
yields images similar to differential interference contrast
(DIC; Nomarski illumination) while laser light loss measure-
ments allow imaging and quantification of chromatic dyes.
Combining three concurrent measurement modes namely
fluorescence, scatter and absorption enables simultaneous
utilisation of both fluorescent and chromatic dyes in the
analysis.
Scanning is done either with multiple lasers in a single pass

or by one or more lasers in multiple passes. While spectral
compensation may be employed to isolate signals from dyes
whose fluorescence emission spectra overlap, multiple laser
passes may eliminate or minimise the need for this spectral
correction. LSC provides compensated images so that the
isolated dye signals may be visualised and event segmentation
may be based on these compensated images. LSC produces
a full set of 14-bit image data from the fluorescence and light
loss signals as well as the feature data derived from the
processing and segmentation of these images.
LSC imaging and analysis are non-confocal by design. The

resulting very high depth of focus allows collection of the total
signal through the width of most samples. This in turn provides
precise quantification of the measured signals (DNA content,
for example), which is superior to many alternative technol-
ogies. Camera-based microscopy imaging systems (FIA) and
(to a much greater extent) confocal imaging systems collect
data from a very narrow plane through the sample and therefore
do not provide the level of quantification available using LSC.

Fig. 1. iGeneration LSC technology schematic diagrams (CompuCyte Corporation). (A) Fluorescent measurement optical path; (B) Absorbance/scatter optical path
and examples of corresponding images; (C) iCys Research Imaging Cytometer diagram.
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Application of LSC for detection of MN was first reported in
mice erythrocytes by Styles et al. (36) but the greater challenge
was to develop methods for use with nucleated cells as
described below.

LSC analysis of MN in nucleated cells growing in vitro

The cells analysed by LSC have to be deposited either on
microscope slides or on multiwell culture plates. In the case of
cells adapted to grow attached to culture flasks, the most
convenient approach is to maintain them on mono- or multi-
chamber microscope slide tissue culture vessels such as
provided by the Lab-Tek, Nalge Nunc, Naperville, IL, USA
(37–40). The subsequent steps of fixation, fluorochrome
staining and fluorescence intensity measurement are then
carried out with no need for cell detachment (trypsinization),
on the same platform on which they were exposed to the agents
expected to induce MN in cultures. In the case of cells that
grow in suspension, the initial step, prior to fixation, is to
deposit them on microscope slides by cytocentrifugation (38).

It has been observed that concurrent differential staining of
DNA and protein of the cells subjected to MN analysis by LSC
with fluorochromes of different emission colour is more
advantageous than staining DNA alone. This is due to the fact
that the ratiometric analysis of protein/DNA versus DNA
content offers better means of MN identification than DNA
content alone (38). A variety of fluorochromes can be used to
differentially stain cellular DNA and protein within a given
sample. A simple approach, in which fluorescence is excited
with a single 488 nm laser, utilises propidium iodide (PI) and
fluorescein isothiocyanate (FITC) as DNA and protein
fluorochromes, respectively (41). The use of PI to selectively
stain DNA requires removal of RNA which is accomplished by
incubation of the fixed and permeabilized cells with RNase A.
Alternatively, DNA can be stained with 4#-6-diamidino-2-
phenylindole (DAPI), 7-aminoactinomycin D (7-AAD) or
other DNA-specific fluorochromes with no need for RNase
treatment (42).

Two strategies (methods) can be used to measure fluores-
cence intensity of the protein (e.g. FITC) and DNA-bound (e.g.

PI) fluorochromes in assessing frequency of MN by LSC. In
the first method (Figure 2A), the ‘threshold’ contour is set
based on the data computed from the photomultiplier
measuring red fluorescence of PI. The ‘integration’ contour is
then set within a range between zero and two pixels outside the
threshold contour. In this way, the integral values of DNA (PI)-
and protein (FITC)-associated fluorescence intensity of nuclei
as well as MN are recorded in the same file. The distinction
between nuclei and MN is then made based on difference in
their DNA content. The data thus resemble those obtained by
FC as the latter also rely on analysis of DNA content alone
(20). As mentioned, however, the concurrent analysis of DNA
and protein content of MN, in particular, the ratio of protein/
DNA, which is similar in nuclei and MN, provides an
additional parameter useful to distinguish MN from artifacts
(Figure 3).
The second strategy makes use of the feature of LSC

software that was designed for fluorescence in situ hybrid-
isation (FISH) analysis (43). In this method, the threshold
contour is set on the protein-associated (green-FITC) fluores-
cence (Figure 2B). Each cell is therefore identified, which
allows one to obtain information about the number of nuclei
and MN per individual cell (number of ‘FISH spots’), as well
as to measure intensity (integrated value) of red (DNA) and
green (FITC) fluorescence per each spot as well as per whole
cell (nucleus þ MN). The value of DNA-associated fluores-
cence integrated over nucleus þ MN provides information on
the cell cycle position, discriminating between G1, S and G2M
cells. A similar strategy of threshold contouring based on
cellular protein-associated fluorescence has been used to
analyse individual cells within cell colonies (44).
The capability of LSC to obtain and save images of the

measured events allows their visual identification and thus
makes it possible to accurately distinguish and separate MN
from other objects, primarily cell fragments and debris. The
image analysis revealed that .93% of the objects localised
within the bivariate distribution window spanning the range
between 0.1 and 5% of DNA content (PI fluorescence) of that
of nuclei of G1 (diploid) cells and having similar protein/DNA
(FITC/PI) ratio as the nuclei (Figure 3) were MN (38). Thus, on

Fig. 2. Two different strategies for setting the threshold contour. (A) The mitomycin C-treated MCF-7 cells were fixed and then stained with FITC and PI. The
threshold contour was set on red fluorescence of PI and the integrated values of green (FITC) and red fluorescence intensity were recorded for each nucleus and MN.
(B) The mitomycin C-treated U-937 cells were cytocentrifuged on slides, fixed and then stained with FITC and PI. The threshold contour was set on green
fluorescence and the LSC software dedicated for FISH analysis was used to contour the nucleus and MN within the cell. Thus, the number of nuclei plus MN and
intensity of fluorescence emitted by each of them can be recorded for each measured cell. In panels A and B, MN are marked with arrows (38).
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the bivariate PI versus FITC/PI fluorescence plots, three
distinct clusters can be seen: (i) the cluster of the recorded
events with the highest FITC/PI ratio and the lowest PI
fluorescence which are the non-specific particles, mainly
fragments of cells’ cytoplasm; (ii) the cluster representing
whole nuclei that had the highest PI fluorescence with the
typical pattern reflecting the G1-S-G2M cell cycle and (iii) the
cluster representing predominantly MN.

Analysis of MN using the FISH approach is illustrated in
Figure 4. Setting the threshold contour on FITC fluorescence
makes it possible to record each individual cell and count the
frequency of the objects emitting PI fluorescence such as MN
(‘FISH spots’) and also to measure the integrated PI
fluorescence over the whole cell (nucleus þ MN). Thus, the
cells with a single nucleus could be distinguished from the cells
having a nucleus and one MN, from the cells having one
nucleus and two MN, etc. It is evident from this data that in the
cultures treated with increasing doses of mitomycin C (a
cytotoxic and genotoxic drug), the percentage of cells without
MN decreased concurrently with the increase in frequency of
the cells with one, two and more MN.

To make the conditions of analysis of chromosome damage
independent of the cell cycle kinetics, the MN assay has to be
restricted to cells that made only a single division after

exposure to the damaging agent. Towards this end, cytocha-
lasin B is added into cultures to prevent cytokinesis in cells
completing nuclear division after genotoxin exposure (1,2,29).
In this CBMNcyt assay, only cells that have completed one
nuclear division, identified as binucleated cells, are scored.
Further nuclear division in the presence of cytochalasin leads to
formation of multi-nucleated cells, which are not scored. The
strategy of setting the threshold contour on green (FITC)
fluorescence combined with selection of cells within a specific
range of cellular DNA content can be used to adapt the
CBMNcyt assay to LSC (Figure 5). Specifically, the cytocha-
lasin-arrested binucleated cells are expected to contain DNA
content between 2.0 (both nuclei in G1) and 4.0 DNA index
(DI) (both nuclei in G2). However, the binucleated cells with
2.0 DI overlap on DNA content frequency histograms with
single-nucleated G2-phase cells. Furthermore, the tetra-
nucleated cells containing G1-phase nuclei may have 4.0–8.0
DI DNA content and overlap in DNA content with binucleated
cells containing G2-phase nuclei. Therefore, the range of
cellular DNA content between 2.2 and 3.8 DI is the most
reliable to represent the binucleated cells. Indeed, imaging of
cells whose PI fluorescence (DNA content) was within this
range confirmed that .80% of these cells were binucleated
(38). The remaining objects were aggregates consisting of two
or three cells in close proximity to each other; the contouring
can mistakenly recognise such aggregates as single cells.
Strategies that can be used to overcome the problem of close
cell proximity or overlap in analysis of MN by LSC are
discussed at the end of this chapter: ‘Potential challenges’.
When cultured cells were treated with mitomycin C, the

frequency of MN detected visually by microscopy at different
mitomycin C concentrations correlated well with that assessed
by LSC in both cases evaluated in binucleated cells (Figure 6).
The highest MN frequency (12–14%) was seen at 0.1 lg/ml
concentration. However, the MN frequency was diminished at
both ,0.1 lg/ml and .0.1 lg/ml concentrations of mitomycin
C. At 10.0 lg/ml mitomycin C concentration, the cells were
arrested in the G2 phase (as was evident from the DNA content
frequency histograms) which prevented cells from completing
nuclear division and expressing the damage as MN. When the
frequency of MN in the same specimens was analysed visually

Fig. 4. Quantification of MN per cell using the FISH-dedicated software of
LSC. The mitomycin C-treated HL-60 cells were fixed and stained with FITC
and PI. The threshold contour was set on green fluorescence of FITC, as shown
in Figure 2B and the data were collected using the FISH spot analysis software
of LSC to count the number of nuclei plus MN per cell (30,43). The raw data
plot is shown in panel (A). The bar plot (B) shows the frequency of cells with
a single nucleus (1 ‘spot’) and with the nucleus plus single MN (2 spots), plus
two MN (3 spots) and plus three MN (4 spots) in cultures of HL-60 cells
untreated (white bars) treated with 0.1 (grey bars) and 0.01 lg/ml of
mitomycin C (black bars). This approach allows one also to present the
integrated PI fluorescence (DNA content) of each detected nucleus and MN
(data not shown).

Fig. 3. Identification of MN based on analysis of DNA content (A) and
protein/DNA ratio (B). To induce MN, HL-60 cells were treated with
mitomycin C, then fixed and stained with FITC and PI. The threshold contour
was set on the data from the photomultiplier measuring red fluorescence of PI.
The events from different regions of these bivariate distributions were
relocated and imaged to identify MN. The whole nuclei have the highest PI
fluorescence and a pattern resembling G1-S-G2/M cell cycle distribution of
DNA and because of treatment with mitomycin C, with a greater accumulation
of cells on G2/M. The highest proportion of MN can be found within the
rectangular window marked on the PI versus FITC/PI bivariate distributions
with dashed lines (B). This window had the top and bottom borders at the
maximum and minimum range of FITC/PI fluorescence ratio of the whole
nuclei, respectively. The lower and higher PI fluorescence borders of the
window were within a range between 0.1 and 5% of the PI fluorescence of the
G1-phase nuclei. The events with the FITC/PI ratio higher than the upper
limit of the whole nuclei (within the oval dashed line outline) were
mostly cytoplasm fragments and other cell debris. The representative
cell images from each region are shown as a ‘cell gallery’ above B. By the
‘paint-a-gate’ analysis, the events within the discussed regions in panel B
reveal their distribution with respect to intensity of PI versus FITC
fluorescence (A).
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by microscopy and compared with that assayed by LSC, in
double-blind tests, rather good correlation (r 5 0.87) was
observed between both assays (See legends to Figures 5 and 6).

Buccal cell MN analysis by LSC

The buccal mucosa (BM) is a stratified squamous epithelium
consisting of four distinct layers. 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 differen-
tiated and apoptotic cells. Integrated within these layers are
convoluted structures known as rete pegs, containing the
actively dividing basal cells known as the ‘stratum germi-
nativum’ which produce cells that differentiate and maintain
the profile and integrity of the buccal mucosa. The regenerative
capacity of tissues and organs within the body is fundamental
to growth, development as well as healthy ageing and is
dependent on genomic stability and gene expression profile of
the basal stem cells. The BM is an easily accessible epithelial
tissue that can be sampled in a minimally invasive manner
without causing pain to study participants and for this reason is

Fig. 5. Identification of cytochalasin B induced binucleated cells by gating
analysis of the DNA content frequency histograms. U-937 cells were in the
culture with cytochalasin B for 24 h, then fixed and stained with FITC and PI.
The threshold contour was set on green fluorescence of FITC as shown in
Figure 2, panel B, and PI fluorescence from all nuclei within the cell measured.
The intensity of PI fluorescence integrated over the cell, thus, reflects total
DNA content (DI) of either the mono-, bi- or multi-nucleated cell. The gating
window can be set either on the bivariate DNA content versus green
fluorescence scattergram (A) or on the DNA content frequency histogram (B).
Within the gating window of DNA content between 2.2 and 3.8 DI, nearly all
cells are binucleated and therefore they can be subjected to the CBMN analysis
(38).

Fig. 6. Comparison of frequency of MN binucleated cells in relation to
concentration of mitomycin C assessed visually by microscopy (white bars)
and by LSC (black bars). MCF-7 cells were treated with different
concentrations of mitomycin C for 6 h then transferred to fresh medium
without mitomycin C and cultured for 24 h in the presence of cytochalasin B.
The cells were stained with FITC and PI and the threshold contour on LSC was
set on red fluorescence of PI. In double-blind test, the same slides were also
subjected to scoring MN visually by fluorescence microscopy. The frequency
is expressed as mean percentage of MN in relation to total events, nuclei plus
MN, counted by LSC or by microscopy. Minimum 1200 binucleated cells
were scored by LSC and 500 visually per sample. Standard deviation (five
experiments) is shown atop the bars. The regression analysis has shown the
correlation coefficient r 5 0.87 between the visual versus LSC counts (38).

Fig. 7. LSC image of human buccal cells. Human buccal cells were stained
with light green (cytoplasm) and Feulgen (nuclei). The Feulgen-stained nuclei
are prominent and MN were indicated by an arrow. (A) High-resolution image
of buccal cells showing a single MN (orange) within the (green) cytoplasm.
(B) ‘CompuColor’ generated gallery images of two buccal cells showing
distinct MN and (C) the same cells shown in (B) demonstrating the accuracy of
the iCys-generated contour lines around the cytoplasmic periphery (red),
nucleus (yellow) and MN (green).
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an ideal tissue for in vivo MN diagnostics. This tissue provides
a unique opportunity to study the regenerative capacity of
epithelial tissue of ectodermal origin in humans and has been
used successfully to study DNA damage by scoring MN using
visual/microscopy techniques (45).

Micronucleated buccal cells are visually characterised by the
presence of both a main nucleus and one or more smaller MN
(Figure 7). The MN in buccal cells are usually round or oval in
shape and their diameter may range between 1/3 and 1/16, the
diameter of the main nucleus. Cells with MN usually contain
a single MN, however, it is possible but rare to find cells with
more than two MN. The nuclei in micronucleated cells may
have the morphology of normal cells or that of dying cells (i.e.
condensed chromatin). The MN must be located within the
cytoplasm of the cells to be scored. The presence of MN is
indicative of chromosome loss or fragmentation occurring
during previous nuclear division. Indeed in our previous study,
the frequency of MN was significantly elevated in the Down’s
syndrome cohort and were found to be roughly 10-fold higher
than in the age-matched control group, confirming the
observation of elevated genome damage in this syndrome (45).

LSC has been used at Commonwealth Scientific and
Industrial Organization to score MN in fixed human buccal
cells on microscope slides. Buccal cells that were stained
initially for visual scoring of the buccal cytome MN assay
using light green (cytoplasm) and Feulgen (nuclei) (45) were
subsequently scanned with the LSC. We noted strong red
fluorescence from the ‘light green’ stain (cytoplasmic contents)
when the 633 nm excitation laser was used. The LSC iCys
software enabled us to use a feature termed ‘CompuColor’ to
force the colour of the cytoplasm to appear as the pseudo
colour green (the closest possible as it is observed when
visualised under light microscopy). Additionally, in the same
scan, we set-up the protocol to also quantify the nuclear
(Feulgen) staining of buccal cells; however, some ‘compensa-
tion’ was required, and it should be noted that the LSC
software is well equipped to manage overlapping or back-
ground signals. Feulgen fluorescence was also detected with
a red filter following 488-nm excitation (Table I). Interestingly,
when the Feulgen ‘absorbance’ was used to determine the
chromatic light loss at 488 nm, we found that the DNA
histograms yield more reproducible data upon analysis
compared with Feulgen fluorescence, and for this reason, we
chose to use the Feulgen chromatic light loss (absorbance) at
488 nm to quantify nuclei and MN in human buccal cells.

The Feulgen absorbance of the nuclei can be used in
conjunction with the cellular segmentation of the cytoplasm by
incorporating an ‘association’ function in iCys. In this instance,
the nuclei that are scored become associated with the ‘cell
event’ and data obtained from nuclei can be correlated to the all
set of data obtained from the different stages of cell
differentiation in the buccal cell samples. The total amount of

signal detected in nuclei defines the ‘DNA content’ as
mentioned earlier for cultured cells. MN segmentation was
based on the same iCys-defined features of ‘nuclei’ segmen-
tation but a smaller size restriction was used since MN are
always much smaller than a typical ‘2N’ nucleus. A filter
‘FISH B’ was added to the segmentation features to enhance
the spatial resolution of the images, highlight small spots and
therefore increase MN detection. In fact, by doing this, we
noted that we could detect MN with the LSC that were far less
apparent by visual scoring using a light microscope. To ensure
that scored MN are only within the buccal cells, a ‘peripheral
contour’ around the identified MN is applied to segregate the
MN that are located within a cell from those that are not, by
quantifying the light green fluorescence intensity of this
contour. Using these approaches, it was possible to accurately
score MN in human buccal cells using LSC, and indeed, there
was a significantly higher score of MN in a Down’s syndrome
cohort (a model of premature ageing) compared with age-
matched controls (Figure 8). These promising initial data
suggest that it is possible to score MN frequency in buccal cells
using LSC. Ongoing research is also exploring the possibility
of scoring automatically by LSC other biomarkers and other
buccal cell types including assessment of frequency of
karyolitic cells, binucleated cells and basal cells. Such analysis
could provide additional information on the regenerative
potential of the buccal epithelium.

In vivo erythrocyte MN analysis by LSC

The mouse erythrocyte MN assays are standard in vivo
genotoxicity tests. After administration of the investigated
agent at specified times, bone marrow or peripheral blood
samples are collected and cellular smears are prepared on
microscope slides. Genotoxic effects manifest in the formation
of MN, which generally are scored in polychromatic
erythrocytes (46). The conventional visual scoring assay of
MN is laborious, susceptible to observer fatigue and bias.
Attempts therefore have been made to assess MN in
erythrocytes by FC (17,18,24,47–50). Styles et al. (36) have
shown, however, that LSC can be effectively used to perform
the erythrocyte MN assay automatically (36). The authors
analysed 5000 cells per sample using the instrument with
a !40 objective, 488-nm argon laser at 5 mW output. No
distinction was made between normocytes and polychromatic
erythrocytes. The results of the comparison between slides
analysed by visual microscopy and LSC showed a good

Table I. Laser and detector selection for MN assay of buccal cells

Target Dyes Excitation
lasers (nm)

Detectors

Nuclei Feulgen 488 488LL PD (absorbance) þ
long red PMT (fluorescence)

MN Feulgen 488 488LL PD (absorbance) þ
long red PMT (fluorescence)

Cytoplasm Light green 633 Long red PMT (fluorescence)

Fig. 8. Frequency of MN in human buccal cells. Human buccal cells on
microscope slides were scanned by LSC. Using the features described in the
text, MN were identified and scored in a Down’s syndrome cohort (n 5 10)
and an age-matched control group (n 5 10). Date are mean values # SEM,
P , 0.001.
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correlation (R 5 0.96) between the data from the two assays;
the percent of MN in their samples varied between 0 and 6%.
The authors conclude that ‘LSC is likely to become the
preferred method for the performance of standard genotoxicity
assays’ (36). New models of LSC having multiple laser
excitation capability allow one to differentially stain DNA and
RNA (e.g. DAPI versus thiazole orange) and thereby to restrict
the MN analysis to polychromatic erythrocytes.

Advantages of MN assay by LSC

The presented data demonstrate that LSC can be easily adapted
for the MN assay. The cell preparation is simple and the actual
measurement is rapid and straightforward. In most specimens,
the approximate time of analysis of MN in 1000 cells by LSC
was 3–5 min. The LSC assay yielded a similar MN index as
visual count under a light microscope. The assay can be carried
on both types of cultured cells, i.e. the cells that grow attached
to the slides such as MCF-7, as well as on cells that grow in
suspension and then are deposited on slides by cytocentrifu-
gation. Furthermore, we also demonstrated that the MN assay
was particularly useful in scoring MN in buccal cells showing
the expected higher level in Down’s syndrome (45).

Instead of using only DNA fluorochromes, as it is
conventionally done for detecting MN by image analysis or
FC, we chose the double-colour differential staining of DNA
with PI (or Feulgen for buccal cells) and protein with FITC (or
‘light green’ for buccal cells). This led to several advantages.
The first advantage was that the non-specific objects could be
distinguished from MN based on their higher protein/DNA
ratio. The protein/DNA ratio measured by LSC, thus, was
a useful parameter making identification of MN more reliable
compared to staining DNA alone. The second advantage
resulting from staining protein in addition to DNA was the
possibility to use the protein-associated FITC fluorescence to
set the threshold contour. Using the software of LSC developed
for the determination of the FISH fluorochrome spots (30,43),
the specimen was subjected to the analysis that revealed the
frequency of MN and their DNA content in each individual
cell. This approach offers a possibility to assess whether
particular clastogenic agents generate cells with single or
multiple MN. Thus, mechanistic studies can be carried out, for
example to study the difference between the aneugen- and
clastogen-induced MN or to study whether different clastogen
types preferentially induce a particular chromosome or set of
chromosomes to separate and from a single or multiple MN per
cell. In analogy to the present application, the FISH capabilities
of LSC were extended before to analyse individual cell nuclei
within cell colonies, in the clonogenicity assays (44).

The approach based on setting the threshold contour on
FITC (or light green cytoplasmic stain) fluorescence offers still
another advantage, namely the possibility of CBMNcyt assay.
Indeed, using the specific range of cellular DNA content as
a marker of binucleated cells, we were able to relocate them
and visually confirm their identity. The MN count, thus, can be
restricted to the cells that completed only one round of nuclear
division, making it independent of differences in cell cycle
kinetics.

Confirming the measurements by FC (19), we observed high
variability in intensity of PI fluorescence, reflecting differences
in DNA content, between individual MN (38). We were able,
however, to detect MN with lower DNA content than that of
MN detected by FC. Specifically, while our bottom limit of

DNA content of MN was !0.1% of DNA content of the G1-
phase nuclei, the lower limit measured by FC was reported to
be between 0.5 and 0.75% (19). It is possible, thus, that the
smallest MN measured by LSC may not be detectable by FC.
It is apparent that the more attributes of MN are measured

the greater fidelity of their positive identification. With the
capability of LSC for multi-laser excitation and multiparameter
analysis, one may include additional features characterising
MN, such as the presence of centromeres, telomeres, nuclear
proteins (e.g. histones), chromosome identification markers,
etc. Such multiparametric analysis of MN may not only be
helpful for their identification but may provide new insight in
mechanistic studies, e.g. aimed to correlate frequency, size and
composition of MN with properties of the inducer, cell cycle
position or other variables. Likewise, it is possible to detect
DNA replication in MN by labelling cells with 5-bromo-
2#-deoxyuridine (BrdU) or 5-ethynyl-2#-deoxyuridine (EdU)
followed by bivariate analysis of the incorporated precursor
and DNA content (39).

Potential challenges in MN analysis by LSC

The analysis based on setting the threshold contour on protein-
associated (e.g. FITC) fluorescence requires that the measured
cells have to be separated from each other. Otherwise, with
close cell proximity or partial overlap of their cytoplasm, the
contouring encompasses cell doublets or larger aggregates.
Thus, in order to analyse CBMNcyt by LSC, as well as by
other automated imaging techniques, a caution should be
exercised to have optimal cell density and relatively uniform
spacing between the cells growing on slides. Similarly, in
buccal cell, scoring the cells that are not completely separated
may present a scoring challenge. We overcame this problem by
using the ‘seeded watershed’ feature available in the LSC soft-
ware, which very accurately defines the cytoplasmic bound-
aries of single cells in a clump of cells into well-defined single
cells for scoring. The separation of the cellular boundaries can
be assessed in either ‘real-time’ or post-acquisition to deter-
mine if this algorithm has adequately identified single cells in a
clump. For any cell clumps remaining, a procedure can be used
to ‘gate out’ events (cell clumps) that have a larger ‘cytoplasmic
area’ and higher total cytoplasmic staining intensity (‘integral’)
than the single cells. This is accomplished by plotting these
twoparameters versus each other. ‘Events’ (cell clumps) that are
obviously larger than a single cell can be identified using the
‘create gallery’ feature in iCyte/iCys and then removed from
subsequent analyses.
Potential difficulty arises in analysis of cultured cells having

low cytoplasm/nucleus ratio and are spherical in shape. MN in
such cells may not be adequately spatially separated from the
nucleus and thus they cannot be individually segmented.
Cytocentrifugation at higher centrifugal force or treatment with
mild hypotonic solution (e.g. 0.075 M KCl) also leads to more
extensive cell spreading on slides. It would be expected,
however, that because of the unfavourable geometry of
spherical cells having low cytoplasm content, the MN index,
assessed by any automated imaging including LSC, will be
consistently lower compared to visual scoring. The extent of
this bias, likely to be restricted to particular cell types, can be
estimated by comparison of the same specimen scored visually
versus by automated imaging.
As discussed, the strategy to use cellular DNA content

(histograms) for gating binucleated cells in the CBMNcyt
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assay does not allow one to distinguish between, e.g. G2

versus binucleated cells having G1 nuclei. However, by
contouring on cytoplasm (e.g. protein—FITC fluorescence
and using the FISH algorithm), it is possible to identify cells
having two nuclei each with DI 5 1.0 and one nucleus with
DI 5 2.0; the latter to be gated out. Alternatively, the
contoured bi-nuclei can be distinguished from G2 nuclei by
use of the circularity parameter. This parameter is typically
elevated in bi-nuclei as the ‘pinch-point’ at the interface of the
nuclei pair creates an elongated perimeter in relation to the
nuclear area. In doubtful cases, the imaging can be used to
identify the binucleated cells.
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4. Nüsse, M. (1981) Cell cycle kinetics of irradiated synchronous and
asynchronous tumor cells with DNA distribution analysis and BrdUrd-
Hoechst 33258 technique. Cytometry, 2, 70–79.

5. Kramer, J., Schaich-Walch, G. and Nüsse, M. (1990) DNA synthesis in
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