
 
Investigating Cell Proliferation In The 

Nervous System 
 

 

Brenton Cavanagh, B. Biomol Sc (Hons) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Submitted in fulfilment of the requirements of the degree of 

Doctor of Philosophy 

 

School of Biomolecular and Physical Sciences Science, Environment, 

Engineering and Technology, Griffith University 

 

July, 2017 
 



ii 

 

Abstract 

Cell proliferation is a strictly regulated process which is preceded by DNA synthesis 

and results in an increase in the number of new cells. It is essential for the development, 

regeneration and is upregulated in tumours. Whilst the study of cell proliferation is 

fundamental for many arms of biomedical investigation, the techniques used in its study 

have remained unchanged for decades. Neuroscience is one such field where cell 

proliferation in the adult can be a rare event and where molecular biology techniques are 

accelerating discoveries. Unfortunately, the limitations of studying cell proliferation 

have become a constraint in the field.  

This thesis examines the development of techniques to identify, characterise, quantify 

and profile proliferative cells in neural tissue. The techniques are provided in the 

context of a collection of studies that applied the techniques to secure data in a testable 

framework. 

The nervous system of the brain and olfactory mucosa were used to develop techniques 

to investigate cells on a histological and molecular scale. Initial investigation developed 

and improved tissue processing workflow and techniques to provide the optimal 

samples for histological analysis. The optical properties of the sample were improved, 

allowing deeper imaging in thick tissue sections. The embedding of frozen samples was 

altered to make use of gradients of OCT embedding media that minimised cell lysis. 

Embedment in the wax polyethelene glycol was used for sectioning at room 

temperature. Both techniques preserved tissue cytoarchitecture and antigenicity, 

allowing fluorescent labelling with multiple markers simultaneously in tissues with well 

conserved ultrastructure.  

These optimally prepared thick tissue samples provided a means of imaging multiple 

phenotypes and cell states in a single specimen (multiplexed), rather than multiple 

replicates of tissue sections, with different markers. The high optical clarity of the 

section facilitated high resolution 3D image acquisition, using optimised imaging 

techniques, further increasing the amount of information obtained from a sample set. 

These histological techniques were applied to the olfactory mucosa and substantia nigra 

to quantify cell proliferation and neurogenesis. EdU a thymidine analogue was used to 

label cells during the S-phase of the cell cycle, identifying cells that had undergone 
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proliferation during exposure. It was shown that although neurogenesis was present in 

the olfactory mucosa, cell proliferation that occurred in the substantia nigra rarely gave 

rise to cells of a neural lineage.  

These techniques enabled the development of novel cell quantification methods, using 

stereology principles. Due to the ease and significantly less fragile nature, the substantia 

nigra as opposed to the olfactory system, was chosen to develop this technique. By 

quantifying subtypes of dopaminergic neurons in the substantia nira pars compacta of 

both the mouse and rat, an unbiased and accurate method of cell estimation was 

developed. The embedding method, multiple labelling immunofluorescence and serial 

optical sections obtained from thick specimens enabled significant improvements to 

stereological assessment. Thus, multiplexed cellular data was accurately quantified in 

brain tissue. 

These techniques were used to label multiple cell phenotypes during a defined period of 

exposure to EdU. This provided a powerful tool to investigate tissue where data on cell 

division and development was required together with cell – cell interaction of specific 

cell phenotypes that were labelled fluorescently. Specific tissue regions were quantified 

accurately and unbiasedly employing the advanced cell estimation technique.  

Expanding on the ability to effectively label and analyse cellular structures in tissue 

sections, in-situ, the capability to isolate and extract biomolecules from proliferating 

cells for analysis was developed. Thus, providing insight into the cellular differences 

that occur in proliferating cells. The basis of the technique involved the dissociation and 

fluorescent labelling of samples pre-labelled with EdU. These labelled cells were then 

isolated using FACS and RNA was then extracted for assessment of quality and 

analysis. The optimisation of each step was required to conserve the cell integrity and 

RNA quality. An enzyme cocktail that provided a gentle dissociation of neuronal tissue, 

decreased copper in the EdU labelling reaction, and minimising cell disruption during 

FACS was developed. Thereby, single proliferating cells and their RNA content was 

effectively extracted from neural tissues. The RNA extracted from the dividing cells 

showed significant expression differences of several key RNA products when compared 

to the non-dividing cells of the same tissue. 

These techniques provide a powerful tool kit to investigate proliferating cells of neural 

origin. Their use is not limited to the tissues and applications outlined in this thesis but 

are translatable to other tissue and biomolecules.  
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The Australian musicians Paul Kelly and Kev Carmody, sing a song entitled “from little 

things big things grow”. Although not specifically about cell growth, the phrase conjures up 

imagery of events like, a single acorn given time turning into a towering oak tree. This almost 

unbelievable event is not restricted to plants. If you think of animal/human development 

where a single zygote slowly divides and matures into a fully functioning adult consisting of 

37.2 trillion cells, the parallel is obvious (Bianconi et al., 2013). Cell populations that are 

actively dividing are defined as proliferative cells. This study will examine ways to identify, 

characterise, quantify and profile proliferative cells. 

1.1 Division 

The long-term tissue survival of any multicellular organism would be impossible without cell 

division. Inside every tissue, cells are constantly replenished through the process of division, 

although the rate of turnover may vary widely between different cell types in the same tissue. 

The first step in understanding the process of cell division is the cell cycle which comprises 

the many steps involved in the division of a cell.  

1.1.1 The cell cycle 

There are two types of cell division: mitosis and meiosis. Meiosis a specialised type of cell 

division that creates egg and sperm cells containing half the genetic material of the parent 

cell. Often when people refer to “cell division,” they are referring to mitosis, the process of 

making new cells containing the same genetic material as the parent. More than 60 years have 

passed since Howard and Pelc used 32P incorporation and autoradiography to first describe 

the mitotic cell cycle and its phases (A. Howard & Pelc, 1951; Steel, 1986).  
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Figure 1.1 The eukaryotic cell cycle 

A representation of the eukaryotic cell cycle where the resting cell is represented by the Gap 

0 phase (G0). Cell division starts with the cell entering interphase. Interphase (I) proceeds 

through Gap 1 (G1) Synthesis (S) and Gap 2 (G2). Mitosis (M) is the nuclear division phase 

proceeding through prophase, metaphase, anaphase and telophase. The final stage is 

cytokinesis where the cell separates into daughter cells.  

 

The cell cycle (Figure 1.1), in its entirety, describes the strictly regulated and sequentially 

ordered processes eukaryotic cells undergo for duplication of the cell (Messier et al., 1958; 

Taupin, 2007). Non-proliferating cells including quiescent and senescent cells are said to be 

in the Gap 0 phase of the cell cycle. The majority of fully differentiated cells are in the Gap 0 

stage of the cell cycle. If a cell is to undergo division, it enters and prepares for division 

during interphase. Typically, interphase lasts for at least 90% of the total time required for the 

cell cycle and proceeds in three stages, Gap 1, Synthesis, and Gap 2. Gap 1 is often referred 

to as the growth phase where the cell increases its supply of proteins, increases the number of 

organelles (such as mitochondria, ribosomes), and grows in size. This leads to the synthesis 

phase where DNA replication takes place. The final stage of interphase is Gap 2 where 

further growth continues in the lead up to mitosis. During mitosis cell growth stops and 

nuclear division takes place. The final step or first depending on how you view the cell cycle 

is cytokinesis where a single cell separates into two identical daughter cells (Klug & 

Cummings, 2006; Taupin, 2007). 
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The duplication of the entire complement of genetic information in an organism is essential 

for cell division in living organisms. Initiation of DNA synthesis for cell division is highly 

regulated in eukaryotic cells where previously mentioned it is confined to the S-phase of the 

cell cycle (Klug & Cummings, 2006; Taupin, 2007). Order is ensured by a series of 

checkpoints that ensure DNA replication and the other phases of the cell cycle are executed 

with remarkable precision. (Klug & Cummings, 2006; Messier et al., 1958).  

The rate of cell division is identified through the calculation of the proportion of cells in 

various phases of the cell cycle, the easiest being the S-phase. The synthesis of DNA which 

occurs during the S-phase will now be looked at in greater detail. 

1.1.2 DNA synthesis 

Multicellular animals replicate their DNA when undergoing cell division. This occurs during 

embryogenesis and in the growth of tissues in the adult. DNA synthesis is the most primitive 

and defining event in the advent of the animal kingdom. The persistence of DNA over 

millions of years of animal evolution and its presence across all species alludes to its 

fundamental role and implies deep protective mechanisms to ensure its conservation. The 

four bases adenine, thymine, cytosine and guanine are the absolute unconditional coding 

components of DNA which is faithfully replicated during cell division, providing the robustly 

reproduced blueprint for life.  

In eukaryotic cells, DNA is replicated by semi-conservative replication. DNA synthesis is 

initiated at specialised zones on chromosomes known as “origins of replication”. In S-phase 

these zones are bound by origin recognition proteins that serve as a dock for the binding of 

additional elements that comprise the recognition complex (Klug & Cummings, 2006; 

Messier et al., 1958). The recognition complex and associated proteins locally unwind the 

DNA helix, creating replication forks. DNA is then bound by primases that provide a section 

of RNA called a primer (Taylor et al., 1957). The primer is bound by the DNA polymerase 

complex enabling DNA polymerases to initiate DNA synthesis (Altman, 1969; Taylor et al., 

1957). DNA polymerases are a group of multi-enzymatic complexes that can synthesise DNA 

by ‘reading’ the DNA template strand and catalysing condensation reactions between 

hydroxyl groups of the sugar components of the nucleotide units. It is these nucleotide 

subunits that polymerize to form DNA (Altman, 1969; Taylor et al., 1957). 
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The task of fooling the DNA synthesis machinery seems improbable in the backdrop of its 

resistance to contamination since the beginning of life on earth. Yet initially with radio-

isotopes of the constituent atoms and then with clever chemistry, the most tightly guarded 

bastion of life has been breached, DNA itself, allowing the replication and passage of life to 

be tracked.  

During S-phase of the cell cycle, the four DNA bases are organised by cellular machinery to 

form new DNA strands. The replicate paired strands are then segregated and drawn to the two 

poles of the mother cell prior to its cleavage to produce two daughter cells, each with a 

complement of newly synthesised DNA comprised of old and newly incorporated bases. If 

the cellular machinery is fooled into selecting and incorporating an “unnatural base” during 

DNA synthesis, it is possible to track the daughter cells and their offspring subsequent to that 

division. 

The nucleosides, including thymidine, are synthesised de-novo within cells or diffuse into the 

cytoplasm. Notably, the heterogeneously distributed members of the concentrative and 

equilibrative nucleoside transporter families mediate active uptake of nucleosides, including 

thymidine (Plotnik et al., 2009). They vary in their substrate specificity and together with the 

synthesised nucleosides, mediate cellular nucleoside homeostasis (Huber-Ruano & Pastor-

Anglada, 2009; Molina-Arcas et al., 2009; Molina-Arcas et al., 2008; Pastor-Anglada et al., 

2005). The nucleotide subunits provide a vehicle for a tag to be inserted into the newly 

synthesised DNA. Through the introduction of nucleotide analogues into cells, typically of 

the nucleotide base thymidine, it is possible to insert a ‘tagged’ nucleotide into newly 

synthesised DNA (Messier et al., 1958; Taupin, 2007).These ‘tagged’ thymidine molecules 

can subsequently be detected by several methods, principally autoradiography and 

immunofluorescence, and more recently by “click chemistry”.  

1.1.3 Stem Cell Division 

All tissues contain cells that, for whatever reason, can no longer divide and ultimately die. 

Cell populations can be separated into two components, cycling and non-cycling. This 

naturally leads to the definition of the proliferative or growth fraction of any cellular 

population as, the ratio of cycling to, cycling plus non-cycling cells (Mendelsohn et al., 

1960). The growth of an organism and continued regulation of cell number throughout life is 
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dependent on stem cells which are essential in the maintenance of a cycling or proliferative 

population of cells. 

A stem cell can be defined as an unspecialized cell that gives rise to many specialized 

cells. Stem cells are distinguished from other cells in an organism by two simple 

characteristics. Stem cells have the ability to renew themselves through unspecialised 

cell division, but under the influence of correct external stimuli, they can be induced 

to differentiate into cells with specific functions such as heart, lung and liver cells 

(Alison & Islam, 2009; Mackay-Sim & Kittel, 1991; Murrell et al., 2005; National Institutes 

of Health (NIH), 2004). 

Stem cells are hypothesised to undergo both symmetrical and asymmetrical division (Figure 

1.2) to maintain the cellular population. The symmetrical stem cell division model provides a 

mechanism to increase cell number, i.e. a single stem cell divides to give rise to two stem 

cells or two differentiated/transiently amplifying cells.  

 

 

Figure 1.2 Models of stem cell division 

An illustration of the asymmetrical and symmetrical model of stem cell division. Adapted 

from Alison and Islam (2009). 
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The asymmetrical stem cell division model whist maintaining homeostasis of the stem cell 

population, also seeds the differentiated cell population. Stem cells must periodically activate 

to produce progenitor or transit-amplifying cells that are committed to produce mature cell 

lineages (Figure 1.3) (Aflatoonian & Moore, 2006). 

  

 

Figure 1.3 Cell differentiation 

Another illustration of stem cell division and the subsequent maturation of the daughter cells, 

to form terminally differentiated progeny. Adapted from Alison and Islam (2009). 

 

The unique role that a stem cell plays is further highlighted by selective DNA strand 

segregation, known as the ‘immortal strand’ hypothesis by John Cairns (Cairns, 1975). This 

is a model that involves stem cells undergoing asymmetrical DNA division in an attempt to 

minimise mutations in their genome (Figure 1.4). By retaining a distinct template set of DNA 

strands (parental strands) and passing replicated DNA on to non-stem cell daughters any 

mutation generated during DNA replication is lost from the population when the non-stem 

cell daughter terminally differentiates. A limited number of stem cell niches have been shown 

to be candidates for this model.  
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Figure 1.4 The “Immortal strand” hypothesis 

An illustration of the “Immortal strand” hypothesis of DNA preservation. Rather than random 

allocation of chromosomes between the daughter cell one will receive the entire non-template 

strand and the other all newly synthesised strand thus preserving the original DNA in a single 

cell. Adapted from Alison and Islam (2009). 
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Unsurprisingly both stem cells and cancer are reliant on the regulation or deregulation of the 

cell cycle. Both areas are of strong interest among the research community and society. This 

is in part due to the lack of a ‘cancer cure’ and the financial drain on the individual and health 

system (Turck, 2016). Most cancers are currently managed using less than preferable 

treatments such as chemotherapy and radiotherapy. Interestingly studies have elucidated the 

presence of cancer stem cells that have the exclusive ability to regenerate tumours. These 

cancer stem cells share many characteristics with normal stem cells, including self-renewal 

and differentiation. With the growing evidence that cancer stem cells exist in a wide array of 

tumours. (Lobo et al., 2007).  Normal stem cells on the other hand are a possible treatment 

for many diseases, useful for tissue regeneration and provide a further understanding of the 

mechanisms that cause cancer. 

By now the importance of cell division, how it takes place and why should be obvious. The 

methods used to investigate the topic will now be explored further.  
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1.2 Techniques for investigating proliferation 

Cell proliferation can be investigated using DNA synthesis, antigens associated with cell 

proliferation or transgenic approaches. Over the years this has been performed several ways. 

The earliest technique used to identify proliferating cells relied on the incorporation of 

thymidine nucleoside into the DNA of dividing cells during the S-phase of the cell cycle. By 

‘tagging’ thymidine using a radioactive probe and a detection step using autoradiography or 

scintillation techniques (Messier et al., 1958; Taylor et al., 1957) cells containing the tagged 

thymidine could be identified. Another thymidine analogue which has been used in over 

20,000 published studies, is 5-Bromodeoxyuridine (BrdU).  It is readily detectable due to the 

development of an antibody specific for BrdU which provides the means for immunological 

detection of the newly synthesised BrdU-incorporating DNA (Gratzner et al. 1975, Gratzner 

1982, Taupin 2007).  

Most recently 5-ethynyl-2’-deoxyuridine (EdU), was demonstrated as an alternative to BrdU 

(F. Chehrehasa et al., 2009; Salic & Mitchison, 2008). EdU another thymidine analogue 

which is readily incorporated into DNA during S-phase can be coupled via a covalent bond 

using “click” chemistry (Buck et al., 2008; F. Chehrehasa et al., 2009; Salic & Mitchison, 

2008). This makes use of a copper [Cu(I)]-catalysed [3 + 2] cycloaddition reaction, to a 

fluorescent dye-conjugated azide. Other markers of the cell cycle can also be used; an 

example of this is the cell cycle marker Ki-67, which is expressed in all phases of the cell 

cycle, with the exception of interphase. It is detected using immunohistological techniques 

(B. Cavanagh et al., 2016; F. Chehrehasa et al., 2009; Kee et al., 2002). In practice thymidine 

analogues and the S-phase fraction calculated from DNA histograms, generated by static or 

flow cytometry allows the rate of cell proliferation to be calculated (Kalodimou & AABB., 

2013; Macey, 2007). 

In addition to thymidine analogues, other molecular methods of tracking proliferation have 

been used. Conditional and inducible transgenic systems allow for a temporal and spatial 

controlled activation of cell cycle genes and proteins. Expression levels can be controlled by 

the dose of the agent administered. Effective experimental models are characterized by low 

background levels of the regulated gene and induction to high levels with sub-physiological 

levels of inducing agents (Hoppe et al., 2014; Saunders, 2011). In human cell lines, 

commonly used concentrations of doxycycline change gene expression patterns and 
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concomitantly shift metabolism towards a more glycolytic phenotype, evidenced by increased 

lactate secretion and reduced oxygen consumption. These concentrations have been shown 

sufficient to slow proliferation (Ahler et al., 2013). An alternative method has been the use of 

replication-incompetent retrovirus. At short times after infection dividing cells are labelled 

after mitosis is complete (Caggiano et al., 1994).  

1.2.1 Thymidine analogues 

The past few decades have seen major inroads in our understanding of the molecular 

mechanisms mediating DNA synthesis (Klug & Cummings, 2006; Taupin, 2007). 

Concurrently, techniques developed by chemists are increasingly utilised in biological 

applications, including novel methods to study cell proliferation (Klug & Cummings, 2006; 

Taupin, 2007). 

 A Brief History 

The original techniques used for the selective labelling of mitotically active cells involved 

‘tagging’ thymidine using a radioactive probe and a detection step using autoradiography or 

scintillation techniques (Messier et al., 1958; Taylor et al., 1957). Tritium labelled (H3) 

thymidine and autoradiography was originally developed by Woods, Taylor and Hughes, as 

DNA probes (Taylor et al., 1957). The two assays showed that DNA replicated in a semi-

conservative manner (Taylor et al., 1957). By placing crocus root tips in medium containing 

H3-thymidine it was demonstrated that the crocus roots took up tritium and DNA that was 

subsequently synthesised was tritium labelled (Klug & Cummings, 2006; Taylor et al., 1957). 

When the root tips were removed from the tritium labelled media the cells that had undergone 

a second replication cycle had tritium labelling in half of the chromosomes (Klug & 

Cummings, 2006; Taylor et al., 1957). This evidence substantiated the idea that newly 

synthesised DNA was not randomly assorted between DNA. Instead the strands had remained 

intact with one conserved DNA strand serving as a template for the second nascent strand. 

Each new single complete DNA helix was formed from an existing strand, and combined 

with a new strand, termed “semi-conservative replication” (Messier et al., 1958; Taylor et al., 

1957).  

The use of tritium labelling and autoradiography in neurogenesis experiments has been 

extensive. Autoradiography provided the first evidence for two ‘neurogenic’ zones in the 
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brains of adult mice, showing the capacity to generate new neurons into adulthood. (Altman, 

1969; Altman & Das, 1965) Kaplan and Hinds, and Bayer also, using tritium labelling and 

autoradiography confirmed and extended these findings describing a rostral migratory stream 

consisting of migrating neuroblasts originating in the subventricular zone and extending into 

the olfactory bulb (Altman, 1969; Bayer et al., 1982; Gould et al., 1999; Kaplan & Hinds, 

1977; Quinones-Hinojosa et al., 2006). The analysis of tritium labelled (H3) thymidine can 

be taken a step further as demonstrated by counting silver nuclear grains present in in the 

adult mouse olfactory epithelium (Mackay-Sim & Kittel, 1991). By counting the number of 

silver grains deposited in each cell nucleus after exposure to Ilford K2 nuclear emulsion, it 

was possible to correlate this with migration distance of cells from the basement membrane 

and survival period. It was shown that the basal cells divided asymmetrically, giving rise to a 

slow and rapid population of dividing cells. The grain density is halved as the cells divide 

because the average amount of 3H-thymidine per cell is halved. By counting the number of 

grains, the number of divisions can be inferred. However, this technique is limited as not all 

cells enter DNA synthesis at the time of 3H-thymidine injection a problem inherent to all 

thymidine analogue techniques. The ability to quantify the number of cell divisions a cell has 

undergone thought is invaluable. The major drawbacks of handling radiolabelled substrate 

and the time-consuming techniques inherent to autoradiography was the catalyst for the 

development of new techniques to tag nascent DNA, facilitated by advances in the production 

of monoclonal antibodies (Gratzner, 1982; Gratzner et al., 1975; Taupin, 2007). 

5-Bromodeoxyuridine (BrdU), another analogue of the nucleoside thymidine, is readily 

incorporated into the DNA of dividing cells during the S-phase of the cell cycle (Gratzner, 

1982; Gratzner et al., 1975; Taupin, 2007). The development of an antibody specific for 

BrdU provided the means for immunological detection of the newly synthesised BrdU-

incorporating DNA (Gratzner, 1982; Gratzner et al., 1975; Taupin, 2007). BrdU has become 

the method of choice for researchers experimenting on proliferation for over the past two 

decades. The advantages of BrdU over tritium labelling are numerous (Gratzner, 1982; 

Taupin, 2007; C. Zhao et al., 2008) including significantly reduced demand on equipment 

and time. Instead of counting silver grains in 3H-thymidine labelled samples, BrdU can be 

used to estimate the number of cell divisions a cell has undergone by measuring the 

fluorescence intensity that is halved during each round of cell division after labelling. BrdU 

also enables experimentation using a variety of concurrent techniques and processes such as 

lineage and cell fate analysis through use of cell specific markers, as identified by multiple 
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labelling immunofluorescence. Studies of cell origin and migration at high resolution together 

with quantitative studies of cell genesis are possible using BrdU (Doetsch et al., 1999; 

Givogri et al., 2006; Nowakowski et al., 1989; Taupin, 2007). The use of BrdU in studying 

adult neurogenesis has provided deep insights into the neuronal migratory pathway between 

the sub-ventricular zone and the olfactory bulb. BrdU was a key tool for substantiating the 

existence of adult neurogenesis in the primate and human brain (Eriksson et al., 1998). BrdU 

has also provided insight into neurodegenerative diseases, factors that influence neurogenesis, 

rostral migratory stream traffic and new neurons in the olfactory bulb in murine and primate 

models (Doetsch et al., 1997; Eriksson et al., 1998; Garcia-Verdugo et al., 1998; Gould et al., 

1999; Lois & Alvarez-Buylla, 1994; Lois et al., 1996).  

The halogenated thymidine analogues 5-chlorodeoxyuridine (CldU) and 5-iododeoxyuridine 

(IdU) mirror BrdU in targeting DNA and are also detected by means of specific antibodies 

(Yokochi & Gilbert, 2007). These halogenated derivatives may be multiplexed to probe 

proliferative cells (Tuttle et al., 2010). The efficacy of DNA access and labelling is generally 

considered to be uniform for the halogenated thymidine analogues, however detection 

efficiency may differ as determined by the efficacy of the antibodies targeting the unnatural 

bases.  

BrdU and tritiated thymidine are delivered through either intracerebroventricular, 

intravenous, intraperitoneal injection or as an oral dose (Altman & Das, 1965; Taupin, 2007). 

The nucleoside analogue molecule enters the bloodstream and is available to all cells (Altman 

& Das, 1965; Taupin, 2007). Dividing cells draw on the pool of nucleotides endemic to the 

extracellular environment (Altman, 1969; Taylor et al., 1957). Nucleoside analogues compete 

with the cell’s endogenous nucleotides for selection and incorporation into newly forming 

DNA (Altman, 1969; Taylor et al., 1957). BrdU is metabolised through a dehalogenation 

mechanism (Altman & Das, 1965; Taupin, 2007). Dehalogenation of BrdU and other 

halogenated thymidine analogues occur via the same mechanism (Altman & Das, 1965). This 

mechanism acts to metabolise nucleoside analogues that have not been incorporated into 

newly synthesised DNA, and to clear them from the bloodstream. Active metabolism of 

nucleoside analogues may result in the removal of a large proportion of the administered dose 

before it reaches target tissues (Altman & Das, 1965; Taupin, 2007).  

The widespread use of BrdU to detect newly generated cells has highlighted several 

limitations in its utility. The standardisation of dosage and dosing regimes of nucleoside 
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analogues remains to be resolved (Altman & Das, 1965). Many studies use a dose range of 

50-100mg/kg, however a number of studies have reported that higher doses are required to 

saturate the entire complement of dividing cells, as addressed later. The administration of 

BrdU, particularly in doses above 60mg/kg in rodents may affect cytotoxic changes in some 

animals and their progeny as they develop (Anisimov, 1994; Cameron & McKay, 2001; 

Taupin, 2007). Optimal dosage for BrdU to label the entire complement of dividing cells 

remains uncertain. Whilst a standard dose of 50-100mg/kg is routinely applied in rodent 

models, Cameron and McKay suggested that a dose of 300mg/kg is necessary to detect the 

entire complement of dividing cells (Cameron & McKay, 2001). It is likely that physiological 

differences between individuals, different rodent models and different species could have 

effects on the bioavailability and dose-dependency of BrdU and its permeability into tissues. 

Comparison of the immunohistochemical localisation of the cell cycle marker Ki-67 with 

BrdU, showed that BrdU only labelled approximately half as many cells as Ki-67 in Wistar 

rats. The variability is partially explained by the specificity of BrdU for exclusively targeting 

the S-phase of the cell cycle (Kee et al., 2002), whilst, Ki-67 is expressed in all phases of the 

cell cycle, bar interphase. As such, Ki-67 detects cells that are in the cell cycle, not purely 

cells that have undergone S-phase DNA synthesis (Kee et al., 2002). The benefits of using a 

high dose of BrdU to achieve saturation of S-phase cells are moderated by the known toxicity 

of BrdU at these levels. BrdU has also been implicated in the false labelling of cells 

undergoing DNA synthesis where DNA replication does not involve cell division e.g. DNA 

repair and re-entry into the cell cycle as part of an apoptopic mechanism (Cameron & 

McKay, 2001; Kee et al., 2002; Taupin, 2007). 

The detection of BrdU following its incorporation into DNA requires the denaturation of 

DNA to allow targeting by antibodies. These protocols result in cell and tissue disruption, 

together with the degradation of proteins, precluding the utility of BrdU as a probe where 

concurrent measurement of protein content or molecular analysis is required. Its use as a 

quantitative tool for measuring rates of cell genesis and as a labelling tool for measuring cell 

fate is therefore limited (Cameron & McKay, 2001; Kee et al., 2002; Taupin, 2007). Despite 

these short comings BrdU has remained the primary tool for the study of cell proliferation 

and cell fate over several decades. 
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1.2.2 EdU  

A technique for detecting DNA synthesis in proliferating cells, in vivo and in vitro, has been 

developed in the last decade (Salic & Mitchison, 2008). 5-ethynyl-2’-deoxyuridine (EdU), 

structurally similar to the natural nucleoside, has a terminal alkyne group replacing a methyl 

group at the 5 position of the pyrimidine ring. EdU which is readily incorporated into DNA 

during S-phase can be coupled via a covalent bond using “click” chemistry, (Buck et al., 

2008; Salic & Mitchison, 2008) namely, a copper [Cu(I)]-catalysed [3 + 2] cycloaddition 

reaction, to a fluorescent dye-conjugated azide. 

“Click” chemistry (Buck et al., 2008; Salic & Mitchison, 2008) or Huisgen’s 1,3-dipolar 

cycloaddition is a rapid chemical reaction that occurs readily at room temperature and is 

catalysed by copper Cu(I), resulting in the formation of a covalent bond between an azide and 

an alkyne group as described below in Figure 1.5 (Huisgen, 1961; Kolb et al., 2001). 

 

Figure 1.5 “Click” chemistry reaction 

An equation showing the cycloaddition catalysed by copper Cu(I), resulting in the formation 

of a covalent bond between an azide and an alkyne. 

 

The small sized dye-azide allows for efficient EdU detection under bio-orthogonal 

conditions. The reaction occurs at high efficiency in a range of solvent and pH conditions, 

and has a narrow distribution of reactivity. Aldehyde-based fixation and detergent 

permeabilisation enables the dye-conjugated azide (e.g. Alexa Fluor dye) access to the alkyne 

group of EdU. The alkyne group is un-reactive in biological systems, providing a unique 

opportunity for EdU to be used in tracking DNA synthesis.(Diermeier-Daucher et al., 2009; 

Hua & Kearsey, 2011; Kaiser et al., 2009)  

1.2.3 BrdU vs EdU: 

Antibody-based detection of the thymidine analogue BrdU demands DNA denaturation to 

facilitate steric access by antibodies (Takagi et al., 1993). This requires DNA to be denatured 
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to form a single-strand and also the permeabilisation of cell and nuclear membranes for 

antibody access. These harsh labelling conditions invariably degrade the specimen and 

introduce inconsistency to BrdU staining. Conversely, EdU can be readily detected in intact 

double-stranded DNA following its incorporation into DNA. The key element (the 

fluorescent probe used in targeting EdU), is a small, permeable molecule which readily 

penetrates the cell to target EdU inserted within the DNA structure (Hua & Kearsey, 2011). 

The greater permeability of the fluorescent tag allows thick whole mount specimens to be 

labelled readily and reliably (Wiley et al., 2010). This leads to greater sensitivity of detection, 

together with the tissue retaining the structure of other proteins which in turn can be detected 

by multiplexing with standard immunofluorescence techniques (Kaiser et al., 2009; Wiley et 

al., 2010; Zeng et al., 2010). As mentioned previously for both tritium labelled (H3), 

thymidine BrdU and now EdU, the ability to measure the number of cell divisions based on 

the amount of thymidine analogue present is possible. The ability to label and image thick 

specimens containing full nuclei may nullify many of the technical problems found to have 

cased variation in previous experiments (Mackay-Sim & Kittel, 1991) due to the enhanced 

penetration when labelling EdU.  

The advantage of using EdU and click chemistry to label proliferative cells is that it is readily 

visualised alongside other fluorescence techniques including immunofluorescence. These 

techniques are robustly applied to track cell genesis and adult stem cells (B. L. Cavanagh et 

al., 2011). More recently it has been shown that fluorescent in situ hybridisation can also be 

combined with immunofluorescence and click chemistry (B Cavanagh et al., In submission). 

As shown in Figure 1.7 & Figure 3.4 phenotype, cell cycle state and FISH probes can be 

visualised in a single specimen allowing colocalisation and the juxtaposition of individual 

probes to be analysed. 

 

1.2.4  Utility in characterising zones of proliferation and the 

“stem cell niche” 

EdU can be used for pulse labelling and for extended periods of cell labelling and henceforth 

for high resolution EdU/Hoechst quenching assays. Consequently, EdU enables highly 

sensitive and quantitative detection of proliferating cells and facilitates continuous cell cycle 

assessment (Diermeier-Daucher et al., 2009). In studies EdU was used to track cell genesis 
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during embryonic development (F. Chehrehasa et al., 2009) and in adult stem cell niches (F. 

Chehrehasa et al., 2009; Zeng et al., 2010). Comparison of BrdU and EdU data allowed clear 

documentation of the advantages of EdU labelling, an example of EdU labelling is shown in 

Figure 1.6. 

 

Figure 1.6 Proliferation in the olfactory epithelium 

Here, mature (red) and immature (green) sensory neurons colocalise with EdU (white) 

introduced into the proliferative cells of adult rodents, one week prior to tissue collection.  

 

1.2.5 Isolation of proliferative cells for cell counting 

EdU labelling is applied for the quantification of proliferating cells in vitro and in vivo, where 

direct counts are conducted on microscopy images. Importantly, the near bio-orthogonal 

reaction for the alkyne-azide conjugation, maximises tissue and cell integrity allowing for 

direct cell counting using flow cytometry techniques including fluorescence activated cell 

sorting (FACS) (Kalodimou & AABB., 2013; Macey, 2007; Yu et al., 2008). These 

techniques have been validated for measuring T-cell proliferation where EdU incorporated 
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into T-lymphocytes was compared to the current gold standard of H3-thymidine labelling. 

When quantified using flow cytometry, a near-identical correlation was proposed (Yu et al., 

2008). The effectiveness of EdU for cell counts in in vitro experimentation was compared to 

BrdU, using both a Neubauer cell counting chamber and flow cytometry in cell cultures 

showing that EdU is a viable option to replace older techniques (Diermeier-Daucher et al., 

2009). The automated cell counts combined with the efficient fluorescence labelling of EdU, 

allows for the maintenance of cell integrity. This in turn enables the molecular profile of cells 

to be conserved. 

1.2.6 The next dimension: Proliferating cells for molecular assays 

The maintenance of cell integrity during EdU labelling allows the labelled cells to be isolated 

and their molecular profile characterised. Following the micro-dissection and dissociation of 

cells from culture and tissues, cells incorporating EdU can be fluorescently labelled under 

conditions maximising the conservation of their RNA content. The cells can be isolated using 

FACS, the RNA extracted and used to profile the cells using real time PCR or micro-arrays. 

These techniques are not applicable to BrdU labelled cells as the detection protocols destroy 

the molecular content of the cells. Findings demonstrating the utility of this technique has 

been reported by us as detailed here and in this thesis (B. Cavanagh et al., 2016). Despite 

these significant advantages of EdU labelling, the requirement of copper ions to catalyse the 

reaction has limited its application within living cells.  

1.2.7 EdU for probing living systems 

The use of “click chemistry” for tracking DNA synthesis in living cells and animals is 

hampered by the cytotoxic effect of copper at concentrations required for catalysing the click 

reaction (Soares et al., 2003). As reviewed by Becer (Becer et al., 2009), “click chemistry” 

has been used in a variety of fields, with multiple metal-free click reactions being 

investigated (Best, 2009). Based on the observation by Wittig and Krebs that the exothermic 

cycloaddition of cyclo-octyne with phenyl azide produces the corresponding triazole in good 

yields (Wittig & Krebs, 1961), the Bertozzi group examined strain-promoted azide-alkyne 

[3+2] cycloaddition of azides and cyclo-octyne derivatives (Agard et al., 2004). The cyclo-

octyne derivatives react with the azide without copper as a catalyst due to the geometrical 
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deformation of the alkyne bond arising from ring strain (Lutz, 2008). The cycloaddition 

kinetics was slower than copper catalysed Huisgen azide-alkyne cycloadditions.  

The slow rate of cycloaddition with cyclo-octyne derivatives is improved by introducing 

fluorine as an electron-withdrawing substituent on the α position of the triple bond (Agard et 

al., 2006; Baskin et al., 2007; Ess et al., 2008). The difluorinated cyclo-octyne was further 

improved to be synthetically traceable (Codelli et al., 2008). In the same year, a novel 

azacyclo-octyne was reported to have superior polarity and water solubility which in turn 

reduced nonspecific binding, thereby improving sensitivity of azide detection. (Sletten & 

Bertozzi, 2008). Dibenzocylooctynol derivatives also allow for Cu-free “click chemistry” 

(Ning et al., 2008). In the following year, reactive dibenzocyclooctynes were produced by the 

photo-triggering of a cyclopropenone (Poloukhtine et al., 2009). This allows for the labelling 

of living organisms in a temporally and spatially controlled manner. In all studies, the use of 

cyclo-octyne derivatives have been shown to be non-toxic and compatible in labelling and 

monitoring cell surface glycoproteins as well as the labelling of lipids in live cell cultures. 

Recently, it has been demonstrated that Cu-free “click chemistry” using a variety of cyclo-

octyne probes can label azido sugars in mice (Chang et al., 2010). However, the cyclo-octyne 

derivatives are large complicated reactive groups and this may be disadvantageous in many 

applications (Becer et al., 2009).  

A synthetic protocol for the 1,3-dipolar cycloaddition of azides with electron-deficient 

alkynes was reported in 2004 to occur under physiological conditions (Z. Li et al., 2004). The 

electron-deficient alkyne favours the Huisgen cycloaddition, thus bypassing the need for a 

catalyst (Kolb et al., 2001). The study reported the coupling of an azido-DNA (5′-end) 

molecule with an electron-deficient alkyne, potentially allowing for the introduction of 

functional groups to DNA. This raises the possibility of copper free “click chemistry” in 

tracking DNA synthesis in living cells and animals.  

The applicability of these labelling techniques in detecting cell surface or structural proteins 

must be translated with caution when considering, their application in labelling DNA in 

living cells. Together with the known cytotoxicity associated with the incorporation of high 

concentrations of the unnatural bases into DNA and the covalent conjugation of additional 

probes to these bases would have a profound impact on DNA stability and transcription, 

thereby influencing cell function.  
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1.2.8 EdU, a unique probe 

As terminal alkyne groups are rarely present in biological systems, direct detection of the 

carbon to carbon triple bond would allow for the identification of EdU within DNA. Raman 

confocal spectroscopy enables the focal detection of specific chemical subunits within cells. 

Using this technique, an intense alkyne peak at 2122 cm-1 was recently demonstrated in living 

HeLa cells following EdU incorporation into their replicating DNA (Yamakoshi et al., 2011).  

EdU when incorporated into DNA at lower concentrations does not impact the biology of 

cells (F. Chehrehasa et al., 2009). Therefore, EdU has the potential to track, in living cells, 

DNA replication and the fate of cells labelled during replication. Whilst there are limitations 

with Raman Spectroscopy, it demonstrates a concept of growing potential, when linked with 

improving detection techniques. 

Increased sensitivity, automation of assays and detection technologies has extended our 

capacity to investigate DNA synthesis per-se, and the study of cell replication. Therefore, the 

full potential of EdU and related molecules in biology and medicine remain to be elucidated, 

such as its extension to the human genome project and the cancer genome atlas. 

The “Click” reaction required for the covalent bonding of the azide conjugated fluorescent 

probe to the alkyne incorporated into DNA, occurs rapidly. Despite the near bio-orthogonal 

fluorescence labelling by EdU, the preparations need to be washed following the conjugation 

of the azide probe to EdU, as excess probe present within the specimen produces background 

fluorescence. The pro-fluorogenic azide probe, 3-azido-7-hydroxycoumarin, which only 

emits fluorescence on the formation of the 1,2,3-triazole product was used to overcome this 

limitation (K. Li et al., 2010). This pro-fluorogenic compound reduces background signal as 

the un-reacted precursors are optically inactive. This development has application in the 

quantification of DNA synthesis in high throughput assays of cell proliferation.  

The reversal of the typical alkyne tag and azide probe “click chemistry” to an azide tag and 

an alkyne probe would allow for the labelling of two distinct proliferative cell populations 

within the same preparation. 5-Azido-UDP (AdU) has been used to label proliferative cells 

(Salic & Mitchison, 2008) based on the previous work done by Sunthankar and colleagues 

(Sunthankar et al., 1998). Using an azide tag increased background florescence, as seen 

previously in activity-based protein profiling “click chemistry” (Speers & Cravatt, 2004). 
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Importantly, reducing background florescence is essential for using AdU in tracking 

proliferative cells.  
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1.3 Histological techniques 

1.3.1 Immunofluorescent labelling 

Fluorescence is routinely used in biological studies as a mainstay in the qualitative and 

quantitative assessment of a sample. Fluorescence takes advantage of light emission with 

different spectral peaks against a dark background. The basic principle behind 

immunofluorescence relies on the ability of individual fluorophores to be excited by one 

wavelength and emit at a longer specific wavelength (a phenomenon known as a Stokes shift) 

(Stack et al., 2014). Since fluorescence is a light-based molecular phenomenon it is 

inherently non-invasive; it thus finds broad application in the studies of living matter - from 

the observation of isolated proteins in buffer to complex machinery in living animals. This 

has coined the development of myriads of fluorescence-based experimental strategies in 

biology and biophysics.  

The introduction by A. H. Coons of the fluorescent antibody method for the localization and 

identification of antigens (Coons et al., 1942; Coons & Kaplan, 1950) has been followed, 

over the last sixty years, by numerous applications of this technique to various fields of 

biology and medicine. Owing to its relative simplicity, this immunohistochemical method has 

proved easily adaptable. It originally was not considered a quantitative one and was 20, 000 

times less sensitive than the radioautographic technique (Pressman et al., 1958); however, it 

was and still is superior in its capacity for the specific localization of antigens and antibodies 

in tissue sections. The method had some limitations, such as non-specific staining or poor 

contrast with some tissues showing autofluorescence. Over the years improved fluorophore, 

antibodies and tissue processing have overcome these problems (Borek, 1961). The detection 

of fluorescence now offers the highest signal to noise, such that even single molecules can be 

investigated (Weiss, 1999). 

The potential of immunofluorescence labelling has come forward in leaps and bounds to the 

point where different fluorescence strategies can now be combined alongside more advanced 

methods such as cells transfected with fluorescent proteins and more recently fluorescent 

thymidine analogues (F. Chehrehasa et al., 2009). One of the best examples that demonstrate 

the power of fluorescence labelling is the brainbow mouse that is used to distinguish almost 

90 adjacent neurons and visualise other cellular interactions (Livet et al., 2007). When 

compared to radiographic labelling and histological stains the advantages are obvious. 
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Immunofluorescence is a versatile and robust method of generating quantitative data 

(Cregger et al., 2006; Tkaczuk et al., 2011). Unfortunately, there are several pitfalls that must 

be avoided, one of these is antibody specificity. A manufacturer may claim an antibody is 

specific for a protein but this does not necessarily mean that it will only bind that protein and 

not a range of other proteins (Couchman, 2009; Saper, 2005). 

Determining the specificity of an antibody is in part dependent on the type of the 

immunogens: synthetic peptides or purified proteins. A synthetic peptide may not work well 

when a protein is in its native conformation with intact 3D structure. The opposite could also 

be the case, especially if the immunogen was the purified protein, where the antibody works 

well for proteins in their native conformation, but not when denatured. 

The native versus denatured confirmation is further complicated by methods used to fix 

tissue. Epitopes that are not exposed in the native proteins can be exposed in fixed tissue and 

vice versa, even though they may not be truly denatured (Bjorling & Uhlen, 2008; Bordeaux 

et al., 2010). Thus, an antibody could recognize one epitope in fresh tissue, but when applied 

to fixed tissue recognize another epitope (Saper & Sawchenko, 2003; Willingham, 1999) 

There are other groups that have done biologically rigorous evaluation of antibodies using 

surface plasmon resonance (Mullett et al., 2000) and even X-ray crystallization of antibodies 

bound to their antigens (Franklin et al., 2004) methods that are unachievable in a routine 

research or clinical setting. Fortunately, there are several published methods of antibody 

validation that are simple to achieve in the laboratory setting (Bordeaux et al., 2010; 

Couchman, 2009; Michel et al., 2009; Rhodes & Trimmer, 2008; Saper & Sawchenko, 2003). 

The responsibility to ensure antibody specificity ultimately lies with the researcher or 

research leader to ensure that the antibodies used in their labs are validated for specificity and 

reproducibility. 
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1.3.2 Tissue processing 

The importance of appropriate fixation, permeabilisation and labelling methods for 

preserving cellular morphology or protein localization is well known to electron 

microscopists (Hayat, 2000), but often underestimated in optical microscopy (North, 2006). 

An example of how optimal processing can benefit the final image is show in Figure 1.7 

 
 

Figure 1.7 Benefits of correct tissue processing  

[Video] As shown in this video (https://goo.gl/og0hr9) with appropriate tissue processing, 

immunofluorescent labelling and optical sectioning, fine structures can be visualised in 3D. A 

green astrocyte (GFAP) with blue nuclei (DAPI) localising with a mouse specific 

Fluorescence in Situ Hybridization (FISH) DNA probe. 

 

Anatomical studies of cellular and subcellular structures are widely used in all arms of 

biomedical research. Visualising cellular structures in live animals and tissue is preferable 

and is used in relatively small and specialised fields. These studies are limited by the 

interference caused by the physical properties of light impacting on the surrounding tissue, its 

interaction with the specimen and the capabilities of the instrumentation used. Notably, recent 

and ongoing advances in illumination technologies, light emitting probes and detection 

instrumentation has led to a revolution in anatomical techniques (X. Y. Li et al., 2008; 

Paddock, 2008; White et al., 1987). However, specific study requirements still dictate the 

need for specialised tissue preparation. Often, the incompatibilities of these methods limit the 

study outcomes.  

In anatomical studies using non-living tissues, the presence of interfering tissue is minimised 

through fine dissection for whole-mount preparations or by sectioning to isolate regions of 

interest (Takizawa & Robinson, 2003). Multiple sectioning protocols are available for 

processing fixed tissue and their selection is largely determined by the demands of the 

https://goo.gl/og0hr9
https://goo.gl/og0hr9
https://drive.google.com/file/d/0B8xxRIpAYa6ObExTN01TdHVITmM/view?usp=sharing
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analytical protocols being applied. For example, electron microscopy (Figure 1.8) requires 

electron-dense probes/coatings and in the case of transmission electron microscopy also 

demands ultrathin sections in the nanometre range. Histochemical studies also use thin 

sectioning to reduce the specimen to a single layer of cells but in the micrometre range. This 

allows for the investigation of cellular and sub-cellular structures. To achieve these sections, 

tissues are stabilised by impregnation with paraffin wax or by freezing, frequently preceded 

by protein cross-linking/fixation. 

 

Figure 1.8 Electron microscopy of the olfactory epithelium 

A scanning electron microscopy that requires the sample be sputter coated in thin layer of 

gold. This image of the olfactory epithelium, shows olfactory receptor neurons (blue) and 

Bowmans glands (yellow). Some of the olfactory epithelium has been removed to reveal the 

basement membrane (brown, where the majority of proliferation takes place) and the remains 

of some Bowmans glands extending down into the lamina propria. The mucal surface that is 

in contact with the external environment is coloured green. False colouring was added to aid 

the viewer’s identification of components (Scale 20μm). 

 

Paraffin-embedded tissue offers the advantage of superior conservation of cell morphology 

over frozen tissue for sectioning. Paraffin embedded tissue sectioning is therefore widely 

used, particularly in clinical pathology (Oliver et al., 1997). However, whilst this method can 

be used in histochemical, in-situ hybridisation and some immunohistochemical applications, 

it is restricted in immunofluorescence applications due to the inherent high tissue 
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autofluorescence and the widespread disruption of antigens due to the wax impregnation 

protocol. Notably, some antigens may be rescued through varied antigen retrieval methods 

(Beckstead, 1994; Evers & Uylings, 1994). The availability of antigens are thus restricted and 

varied in paraffin embedded tissues in comparison to sections generated from frozen 

specimens (Klosen et al., 1993).  

Sectioning of frozen tissue is used with both fixed and unfixed tissue. Whilst antigens are 

well conserved and multiple labelling immunofluorescence in these sections provides 

excellent resolution of multiple cellular targets due to low tissue autofluorescence, cellular 

and sub-cellular structures are often disrupted when using standard processing techniques 

(Clayton & Alvarez-Buylla, 1989; Smithson et al., 1983). This is largely due to cell lysis 

from water crystallisation, when imparting rigidity to soft tissue by freezing. Therefore, 

frozen sectioning is used commonly where the detection of antigens using 

immunofluorescence for cross correlation of multiple target molecules takes priority over 

cellular structure. 

Paraffin embedded and frozen tissue sectioning is applied extensively in biomedical research 

using well established protocols. These techniques need modification or replacement by other 

techniques such as vibratome sectioning for applications like stereology. To maximise 

outcomes in studies requiring multiple analytical approaches, there is a need for tissue 

sectioning techniques which facilitate multiple parallel applications. 

An emphasis on appropriate tissue fixation, optical clearing/permeabilisation and section 

mounting markedly facilitates microscopic analysis of biological material (Figure 1.7). 

Methods facilitating the application of multiple analytical protocols such as, detailed 

structural analysis combined with cell counts using immunofluorescence and click chemistry 

targeting macromolecules are especially useful. As reviewed by us, major technical 

breakthroughs in microscopy, such as dramatically improved resolution, automated image 

capture and imaging of three dimensional objects are driving a revolution in light microscopy 

which in turn is supported by optimal specimen preparation (Nguyen et al., 2010). 
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1.4 Imaging and Analysis 

(Digital) image analysis started in the 60s in the field of computer science to carry out 

teledetection and various medical tasks. The goal was to extract and analyse information 

present in satellite images, as well as to help in radiology and microscopy diagnostics 

(Ledley, 1964).  

Images comprise 2D surfaces; where the surface with its x- and y-coordinates is defined by a 

pixel. Imaging has also been applied in other contexts to 3D volumes. In such a case, each 

little volume scanned, with the related x-, y- and z-coordinates is called a voxel. No matter 

whether the image measured is performed on pixels or voxels, there is an 

additional spectral dimension. The spectral information can consist of a single measurement 

(in grey images), three colour-related values (in RGB images) or few or many spectral 

channels (for multispectral or hyperspectral images, respectively) (Prats-Montalbán et al., 

2011). 

With current imaging techniques, it is not possible to simultaneously image hematoxylin and 

eosin (H&E) dye, and immuno-fluorescent molecular biomarkers due to fluorescent 

characteristics of the H&E dyes, and due to chemical interactions of H&E dyes with the 

fluorescently labelled antibodies. Recently, methods have been developed to facilitate 

sequential imaging and registration techniques that enable different modalities presented 

digitally from the same histological tissue section. Additionally, sequential imaging and 

registration enables imaging of multiple immuno-fluorescent stains acquired in multiple steps 

rather than conventional simultaneous multiplexing techniques. This allows an order of 

magnitude increase in the number of molecular markers to be imaged for the same tissue 

section. These techniques make it possible to explore un-examined relationships between 

morphology, subcellular spatial distribution of proteins, and protein-protein interactions (Can 

et al., 2008; Price et al., 2002). 

1.4.1 Quantification 

Early image analysis on grey or RGB images was focused on finding the different kinds of 

objects that were present in images and on providing a good description of their surfaces. 

Fluorescence images simplify this process by separating each specific antibody stain into a 

defined and separate wavelength. This allow them to then be virtually combined after capture 



 

28 

and various combinations overlapped to look at localisation. This also means that the 

different fluorescent signals do not have to be separated when performing analysis unlike 

RGB images of histological stains (Price et al., 2002; Stack et al., 2014). 

Most biomedical image quantification is still performed manually or semi manually. This is 

due to the highly varied nature of the image, cell shape, labels and distribution. Tweaking 

software to fit a new series phenotype or tissue type is time consuming. Open source software 

such as FIJI (Schindelin et al., 2012) has made these methods more streamlined by offering 

reproducible macros or plugins that aid with quantification. This has been taken a step further 

with the CellProfiler software (Kamentsky et al., 2011) which allows a visual pipeline to be 

created and modified. These pipelines can be run on whole data sets to quantify in an 

automated method. There are many other software packages available but many are not open 

source, thus are costly or are specialised in their application.  

When performing quantification often a small subsample of the total tissue is imaged and 

experimental outcomes extrapolated from this in the form of ratios or percentages. This is 

often due to the time investment required for advanced quantification like that afforded by 

stereology.  

Design-based stereology can nowadays be viewed as a well-established methodology to 

reveal certain features of development, repair, natural aging, and normal anatomy which 

could not be detected otherwise. The term “design-based” indicates that the probes and the 

sampling schemes that define the newer methods in stereology are “designed,” that is, 

defined a priori, in such a manner that one need not take into consideration the size, shape, 

spatial orientation, and spatial distribution of the cells to be investigated (West, 2002). By 

eliminating the need for information about the geometry of the cells more robust data free of 

potential sources of systematic errors in the calculations can be derived (Gundersen et al., 

1988; West, 1993, 2002). The rigorous use of design-based stereological methods allows one 

to directly compare results of different quantitative histologic studies on the same topic, as 

has been noted in the literature (Coggeshall & Lekan, 1996; Coleman, 1997; Harrison, 1999). 
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1.5 Molecular characterisation 

The olfactory epithelium and glioblastoma mulitforme are proposed as models for the 

molecular investigation of proliferation due to the high levels of cell turnover and the 

presence of stem cells. They also happen to be the focus of our research group. 

Due to the lack of a surface marker for proliferative cells in the olfactory neuroepithelium, a 

technique that enables the isolation of proliferative cells and generation of a molecular profile 

directly from the in vivo setting is highly coveted. The limitation of current proliferative 

markers such as BrdU is that the labelling is not compatible with the conservation of RNA, 

either due to the chemicals used or high temperature inherent to the method, therefore intact 

RNA cannot be recovered (Ohyama et al., 2006). These cells then require isolation using 

FACS (Krolewski et al., 2012) or laser microdissection (Kaler et al., 2006; Tajinda et al., 

2010) to obtain a ‘pure’ population. These parameters alone pose restrictions to the RNA 

quality and quantity. 

Many studies have looked at the transcription profile of cells in the olfactory neuroepithelium 

but without a method to refine the cell population or isolate proliferative cells limited 

pathway analysis specific to stem cells can be obtained (Badonnel et al., 2007; Boone et al., 

2010; Kajimura et al., 2007; Kaler et al., 2006; Krolewski et al., 2012). Current techniques 

place dissected tissue in vitro and rely on sphering of tissues to isolate the ‘stem cell’ 

population (Delorme et al., 2010; Murrell et al., 2005). 

EdU, due to its unique click chemistry labelling makes this a possibility. EdU incorporating 

cells are isolated using FACS, and the differential RNA expression investigated using qPCR 

(B. Cavanagh et al., 2016). Although not a pure stem cell population the heterogeneity of the 

population has been decreased. With a short window of dosing before tissue collection, most 

of the EdU positive population would be composed of the occasional stem cell and the 

transiently amplifying population of cells. The longer the time that lapses between collection 

of the tissue and dosing the higher the proportion of differentiated cells, as the transiently 

amplifying population mature. In the olfactory system, any stem cells that might have been 

labelled reside in the basement compartment. Extraction of the basal layer at this point would 

yield the highest possible stem cell population. 

The scope of these techniques is readily applicable to many fields or biological research other 

than neurogenesis in the olfactory system. Cancer and cancer stem cells (B. Cavanagh et al., 
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2016; Endaya et al., 2015), other stem cell niches (Clark et al., in preparation; A Norazit et 

al., in preparation) or neurogenesis throughout the body can also benefit from the data 

obtained from the simultaneous visualisation of various fluorescent labelling techniques 

which is termed, multiplexing. The information obtained from a multiplexed sample is further 

increased if the sample is thick (30-50um) as this extends the technique into the third 

dimension, further increasing the power of the data collected. One requirement is that studies 

of this type have a flexible and robust tissue handling method, suitable tissue clearing to 

improve optical clarity, as well as a suitable embedment protocol that conserves antigenicity 

and morphology. 

With the continued identification of a greater repertoire of candidate stem cell genes in cells 

of the OE, the definitive identification of more multipotent embryonic and adult neural stem 

cells using a combination of transgenic, lesion and in vitro approaches, will allow us to 

unlock the mechanisms used by the olfactory neuroepithelium to adapt to a changing 

environment, maintain plasticity and chemosensory function (Murdoch & Roskams, 2007). 
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1.6 Therapeutic significance of proliferation 

The most fundamental aspects in biological science require a deep understanding of cell 

division and the processes underlying their differentiation. Often despite the scientific desire 

to gain an in-depth understanding of a biological process, the ultimate goal is part of a bigger 

picture. The clinical setting, society and government drive the push to find therapeutic uses 

for biological research. This study has therapeutic potential in a variety of fields. As 

highlighted throughout this introduction, proliferation plays an in integral role in cell 

population maintenance and renewal. By studying proliferative cells specifically, it is 

possible to provide further insight into the renewal of adult tissues, how they may become 

tumorigenic and how these mechanisms may be controlled/reversed.  

Proliferation does not always imply a positive connotation. Cancer is the most widely known 

example of aberrant cell division. The key to developing novel and effective therapies lies 

with the understanding of cell growth mechanics and proliferation (Daskalaki, 2013; Oviedo 

& Beane, 2009). Both stem cells and cancer are reliant on the regulation or deregulation of 

the cell cycle and are of strong interest among the research community and society. This is in 

part due to the lack of a ‘cancer cure’ and the financial drain on the individual and health 

system (Sell, 2004; Turck, 2016). Most cancers are currently managed using less than 

preferable treatments such as chemotherapy and radiotherapy. Stem cells on the other hand 

are a possible treatment for several diseases, useful for tissue regeneration and provide a 

further understanding of the mechanisms that cause cancer. So, what is the discriminating 

trait between the two cell types? 

In cancer, there are fundamental alterations in the genetic control of cell division, resulting in 

an unrestrained cell proliferation. Mutations mainly occur in two classes of genes: proto-

oncogenes and tumour suppressor genes. In normal cells, the products of proto-oncogenes act 

at different levels along the pathways that stimulate cell proliferation. Mutated versions of 

proto-oncogenes or oncogenes can promote tumour growth. Inactivation of tumour 

suppressor genes such as pRb and p53 results in dysfunction of proteins that normally inhibit 

cell cycle progression. Cell cycle deregulation associated with cancer occurs through 

mutation of proteins important at different levels of the cell cycle (McDonald & El-Deiry, 

2000; Sherr, 1996). By better understanding the identity of the actively dividing and stem cell 

population that makes up the bulk of the tumour new molecular targeted therapies can be 

developed.  



 

32 

Stem-cell therapy is the use of stem cells to treat or prevent a disease or condition. 

Identifying, isolating and profiling these cells is the first step. Despite their unparalleled 

nature in potency and longevity within tissues, and despite intense studies to unravel their 

inherent molecular secrets, there is no cellular mechanism so far that only stem cells possess. 

For this reason, the phenomenon of label retention has fascinated scientist for several 

decades, because it bears the promise for characterizing a unique cellular ability of stem cells. 

The label can be retained in theory by three possible mechanisms: (1) infrequent divisions, 

(2) no divisions, or (3) retaining the oldest, so-called ‘immortal DNA strand’ by non-random 

chromosome segregation. Unfortunately stem cells do not exhibit any unique traits that easily 

set them apart from other cells in their native environment. This has meant that thymidine 

analogues are not the magic marker they were originally touted as (Kiel et al., 2007; 

Waghmare & Tumbar, 2013; Yadlapalli et al., 2011), although they play a role in helping to 

narrow the search. 
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1.7 Aims and Hypothesis 

The adult mammalian brain has a limited capacity for regeneration, with cell genesis de-novo, 

being rare, and limited to two regions. Recent technical capabilities have enabled the study of 

brain cell genesis, namely, the advent of thymidine analogues that can be fluorescently 

labelled with click chemistry. These novel probes facilitated the development of new 

techniques to investigate cell proliferation. EdU is one such example that will be used in this 

study. Whilst previously used thymidine analogues were limited in their application due to 

the required immunolabelling protocols, this study demonstrates the application of EdU in 

both qualitative and quantitative assessment of neurogenesis in the central nervous system 

and olfactory mucosa, areas of interest in our lab. Due to the small percentage of cells that 

undergo proliferation in adult tissues, the highly proliferative cancer glioblastoma multiforme 

and olfactory epithelium will be used for the final set of experiments looking at proliferative 

cells on a molecular level. 

 

Aims: 

1. Develop histological techniques to optimise the qualitative assessment of cell 

proliferations in neural tissues 

2. Develop quantitative histological techniques for the study of cell proliferation in 

neural tissues  

3. Develop a technique to isolate proliferating cells for molecular investigation 

 

Hypothesis: 

1. EdU is compatible with the qualitative and quantitative analysis of cell 

proliferation in the nervous system. 

2. EdU can also be extended into molecular studies, it is currently unfeasible due to 

the harsh labelling process required to label BrdU, which causes the complete 

degradation of RNA. By using EdU as a DNA probe, proliferating cell populations 

can be isolated and viable RNA extracted from the cells for use in molecular 

assays. 
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2 General Methods 
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2.1 Materials 

2.1.1 Animal Husbandry 

Mice: C57/Bl6 pregnant dams and adult mice aged 6 months (young) were obtained from the 

Animal Resource Centre [Western Australia; Flinders University, South Australia]. Geriatric 

C57/Bl6 mice 19 months of age were obtained in house and Neonatal mice (P1 - 14) obtained 

from the pregnant dams. All animals were housed at the Eskitis animal facility in N75, 

Griffith University Nathan Campus and were allowed access to standard rodent food and 

water ad libitum. Tissues and PVC tubes were provided for environmental enrichment. All 

animals were obtained, housed and euthanized under the following Griffith University 

Animal Ethics Committee approvals (ESK/02/11/AEC, ESK/03/12AEC, BPS/01/07/AEC).  

Rats: Twenty-four male Sprague-Dawley rats (n=6 at 3 weeks; n=6 at 3 months; n=6 at 1 

year; n=6 at 2 years [Animal Resource Centre, Western Australia; Flinders University, South 

Australia]) were randomised into 2 groups (n=3 per group) and housed in standard cages 

under controlled temperature and 12 hour light cycles, with food and water provided ad 

libitum. Animals were allowed to acclimatise for a week before surgical procedures were 

performed. Animal experimentation was approved by the Griffith University Animal Ethics 

Committee under the guidelines of the National Health and Medical Research Council of 

Australia (ESK/10/09/AEC). 

Adult male Wistar rats (250-300gm) were maintained in the animal house for 6 weeks prior 

to euthanasia for collection of the brains for analysis. All protocols followed those described 

in GU Ref No: SCE/01/06/AEC. 
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2.1.2 Chemicals, Reagents and Kits 

Table 2.1 List of chemicals, reagents and kits. 

Product Name Supplier 

2-Log DNA Ladder New England Biolabs, Massachusetts, 

USA 

Accutase Life Technologies, California, USA 

Bovine serum albumin Sigma Chemical Company, Missouri, 

USA 

Click-iT™ EdU Cell Proliferation Assay 

Kit 

Life Technologies, California, USA 

Collagenase D Roche 

Deoxyribonuclease I Sigma Chemical Company, Missouri, 

USA 

Dimethyl sulfoxide (DMSO) Sigma Chemical Company, Missouri, 

USA 

Dispase II Sigma Chemical Company, Missouri, 

USA 

Dulbecco’s Modified Eagle Medium Life Technologies, California, USA 

Ethanol (Ethyl Alcohol, C2H5OH)  Sigma Chemical Company, Missouri, 

USA 

Ethidium Bromide Solution Bio-Rad, California, USA 

Ethylenediaminetetraacetic acid (EDTA),  Chem Supply, South Australia, Australia 

Foetal bovine serum HyClone Laboratories, Utah, USA 

Glycerol (CH2OHCHOHCH2OH) Sigma Chemical Company, Missouri, 

USA 

Hoechst Life Technologies, California, USA 
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Hydrochloric acid (HCl) Sigma Chemical Company, Missouri, 

USA 

Ilium Xylazil Troy Laboratories, New South Wales, 

Australia 

Ketamine Troy Laboratories, New South Wales, 

Australia 

Lethabarb Virbac, Australia 

Normal donkey serum Chemicon, Missouri, USA  

Nucleic Acid Sample Loading Buffer Bio- Rad, California, USA 

OCT Compound Sakura Finetek, California, USA  

Paraformaldehyde(PFA) Sigma Chemical Company, Missouri, 

USA 

Picric acid (C6H3N3O7) Sigma Chemical Company, Missouri, 

USA 

RLT lysis buffer Qiagen, Milan, Italy 

RNeasy Micro Kit Qiagen, Milan, Italy 

Rotor-Gene SYBR Green PCR Kit (80) Qiagen, Milan, Italy 

Sodium Azide (NaN3)  Chem Supply, South Australia, Australia 

Sodium Chloride (NaCl) Chem Supply, South Australia, Australia 

Sodium Hydroxide (NaOH) Merck, Victoria, Australia 

Sodium Nirite (NaNO2)  Chem Supply, South Australia, Australia 

Sodium Phosphate (NaH2PO4 + Na2HPO4) Merck, Victoria, Australia 

Sucrose (C12H22O11) Merck, Victoria, Australia 

SuperScript® III First-Strand Synthesis 

SuperMix 

Life Technologies, California, USA 
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SYBR® Safe DNA Gel Stain Life Technologies, California, USA 

Triton X-100 (C34H62Ox) Sigma Chemical Company, Missouri, 

USA  

Vectashield DAPI (4′6-diamidino-2-

phenylindole 2HCl, Vector Labs) mounting 

media 

Vector Laboratories, California, USA 
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2.1.3 Antibodies 

Table 2.2 List of primary antibodies.  

Antibody Host Dilution Source (catalogue #) 

Calbindin D-28K Rabbit 1:1000 Swant (CB 38) 

Choline Acetyltransferase (ChAT) Goat 1:100 Chemicon (AB144P) 

Chondroitin Sulfate Proteoglycan 

(CSPG) 

Mouse 1:500 Chemicon (MAB1582) 

Collagen Type II (CT2) Rabbit 1:200 Calbiochem (234187) 

Cytokeratin 14 (CK14)  Rabbit 1:1 Abcam (C8791) 

Cytokeratin 18 (CK18) Rabbit 1:100 Millipore (04-586) 

Glial fibrillary acidic protein (GFAP) Mouse 1:1000 Chemicon/Millipore 

(MAB3402) 

Green fluorescent protein Goat 1:200 Abcam (AB5450) 

Human nuclear antigen Mouse 1:100 Millipore (MAB1281) 

Ionized calcium-binding adapter 

molecule 1 (Iba1)  

Rabbit 1:500 WAKO (019-19741) 

Neuronal Class III β- tubulin (βIIIT) Rabbit 1:1000 Covance (PRB-435P) 

Olfactory marker protein (OMP) Goat 1:1000 WAKO (544-10001-

WAKO) 

p75NFR Mouse 1:300 Biosensis (M-011-100) 

SRY related HMG BOX gene 2 

(SOX2) 

Rabbit 1:400 Millipore (AB5603) 

Synaptophysin Rabbit 1:200 DAKO (A0010) 

Tyrosine hydroxylase (TH) Rabbit 1:2000 Pel-freeze(P40101-0) 
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Table 2.3 List of Secondary antibodies.  

IF = Immunofluorescence  

Antibody Host Dilution Application Source  

Alexa Fluor 488 Azide Donkey 1:200 EdU Click it Invitrogen (A10266) 

Alexa Fluor 488 Goat IgG Donkey 1:200 IF Invitrogen (A-11055) 

Alexa Fluor 488 Mouse 

IgG 

Donkey 1:200 IF Invitrogen 

(IVA21202) 

Alexa Fluor 488 Rabbit 

IgG 

Donkey 1:200 IF Invitrogen (A21206)  

Alexa Fluor 594 Azide Donkey 1:200 EdU Click it Invitrogen (A10277) 

Alexa Fluor 594 Goat IgG Donkey 1:600 IF Invitrogen (A11058) 

Alexa Fluor 594 Mouse 

IgG 

Donkey 1:600 IF Invitrogen 

(IVA21203) 

Alexa Fluor 594 Rabbit 

IgG 

Donkey 1:600 IF Invitrogen (A21207)  

Alexa Fluor 647 Azide Donkey 1:200 EdU Click it Invitrogen 

(A10270) 

Alexa Fluor 647 Goat IgG Donkey 1:400 IF Invitrogen (A21447) 

Alexa Fluor 647 Mouse 

IgG 

Donkey 1:400 IF Invitrogen (A31571) 

Alexa Fluor 647 Rabbit 

IgG 

Donkey 1:400 IF Invitrogen (A-21447)  
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2.1.4 Solutions 

PBS (10 × Stock)  1.36 M NaCl 

27 mM KCl 

100 mM Na2HPO4 

18 mM KH2PO4 

1x Phosphate buffered 

saline solution  

0.262 g/L NaH2PO4.H2O 

1.4417 g/L Na2HPO4.2H2O 

9g/L NaCl 

1x Phosphate buffered 

saline with 0.1% Triton 

(PBS-Triton)  

 

100ml/L 10x PBS 

1ml/L Triton X-100 0.1% (C34H62Ox) 

1x Phosphate buffered 

saline with 0.1% Azide 

(PBS-Azide) 

100ml/L 10x PBS 

 1g/L Sodium Azide (NaN3) 

Modified Zamboni’s 

fixative 

 

20g/L paraformaldehyde 

500m/L distilled water 

400ml/L Part B (28.39g Na2HPO4 in 1L) 

100ml/L Part A (31.2g NaH2PO4.2H2O in 1L) 

2ml/L saturated picric acid 

Modified Zamboni’s Fixative (2% paraformaldehyde, 0.2% 

picric acid in phosphate buffer) was made by mixing 500 mL 

of 4% paraformaldehyde with 2 mL of saturated picric acid 

and 500 mL of a phosphate buffer (0.2M; pH 7.2) to reach a 

final volume of 1 litre. 

Phosphate buffered saline 

with 30% sucrose  

1x PBS 

300g/L sucrose 

0.1M Phosphate buffered 

saline with 0.5% sodium 

nitrite 

1x PBS 

5g/L Sodium Nitrite 

20% Ethylenediaminetetra 

acetic acid (EDTA) 

200g/L EDTA  

25g NaOH  
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 11g/L Na2HPO4 

3.5g/L NaH2PO4 

5-ethynyl-2'-deoxyuridine 

(EdU) solution for injection  

1.5625mg/ml EdU (C11H12N2O5)  

 

Terminal anaesthetic at 4:1 

ratio, dosage of 0.3ml per 

animal 

1000mg/ml Ketamine 

20mg/ml Xylazil 
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2.2 Methods 

2.2.1 EdU Labelling 

Mice: Neonates P5-14, adult, geriatric: To label dividing cells over time in vivo, EdU was 

delivered via intraperitoneal injections using a 27 gauge needle at specific time points prior to 

sacrifice, at a dose of 50mg/kg body weight in a solution of 10mg/ml PBS (pH7.35).  

For P1-4 neonates: To label dividing cells over time in utero, EdU was delivered via 

intraperitoneal injection of the mother using a 27 gauge needle at specific time points prior to 

post-partum sacrifice, at a dose of 50mg/kg body weight in a solution of 10mg/ml PBS 

(pH7.35).  

Rats: All animals received a daily intra peritoneal injection of EdU (25 mg/ kg body weight) 

for 10 days following lesion. 

2.2.2 Perfusions and fixation 

Neonates: Guillotine euthanasia was used to minimise trauma to the animals due to the small 

size. No perfusion was performed. 

Adult and geriatric mice: At the time of sacrifice, animals were injected with an overdose of 

ketamine and xylazil (300µl concentration 4:1). On the absence of the foot-retraction reflex, a 

midline incision to the abdomen was made to expose the diaphragm. After removal of the 

diaphragm the thoracic cavity was cut to reveal the heart using two lateral incisions, allowing 

the rib-cage to be retracted. A cannula made from a blunted 23 gauge hypodermic needle 

attached to a perfusion pump was inserted in the aorta of the left ventricle. The right atrium 

was cut allowing clearing of the blood from the circulation. A perfusion pump set at 

1ml/minute delivered PBS containing 0.1M sodium nitrite, a vasodilator, until the perfusate 

showed no trace of blood (approximately 6-8ml) after which the perfusate was switched to 

Modified Zamboni’s fixative until the animal had stiffened (approximately 6-10ml).  

Rats: Animals were euthanised 28 days after lesion with 1.5 ml of pentobarbitone sodium 

delivered intra-peritoneally (Lethabarb®). Animals were perfused transcardially with 0.5% 

sodium nitrite in 0.1M phosphate buffer saline followed by Zamboni’s fixative (2% 

formaldehyde and 0.2% picric acid in 0.1M phosphate buffered saline, pH 7.2).  
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2.2.3 Dissection  

Neonates: the head was removed and associated skin/musculature was removed from the 

skull. Tissues were then drop-fixed in Modified Zamboni’s fixative overnight in vacuo.  

Adults and geriatric mice: Following fixation, the spine was severed and the lower mandible 

removed. The skin, eyes and musculature was cleared from the cranium. The skull was then 

carefully dissected off until the brain and nasal cavity remained attached. Tissues were then 

drop-fixed in Modified Zamboni’s fixative overnight in vacuo.  

Rats: The brain was dissected clear and post-fixed in Zamboni’s fixative under vacuum. 

2.2.4 Tissue Processing 

Tissue was removed from modified Zamboni’s fixative, washed twice in 1xPBS for 30min 

and permeabilised in DMSO for one hour followed by two washes in 1x PBS. The specimen 

was taken through to one of two embedment methods.  

Specimens containing bone were first treated for two weeks in 20% EDTA to decalcify bone 

(EDTA was changed daily and the specimen placed in vacuo for one hour each day). After 

decalcification, the tissue was then washed twice in 0.1M PBS and put through appropriate 

processing.  

 OCT embedment 

The tissue was placed in 30% sucrose in 0.1M phosphate buffer saline + 0.05% sodium azide 

and placed in the fridge overnight before being placed in a series of OCT solutions of 

increasing concentration (20 %, 30 %, 50 %and 70 % in 30% sucrose in 0.1M phosphate 

buffer saline + 0.05% sodium azide) for one hour each. The brains were then mounted in 

100% OCT and placed at -80°C until sectioning. All washes and incubations are done in 

vacuo at room temperature unless otherwise stated. 

 PEG embedment 

Samples were sequentially dehydrated in 50% ethanol for 30 minutes, 70% ethanol for 30 

minutes and 100% ethanol for 2 hours. The tissue was immersed overnight in vacuo in PEG 

400 at room temperature (Sigma). Specimens were then immersed for 1 hour in PEG 1000 
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(Sigma), then in a mix of PEG 1450/1000 at a 4:1 ratio for 1 hour in vacuo at 48°C prior to 

immersion and embedment in PEG 1450/1000 (1:4 ratio). The brain was then set at room 

temperature in a block of PEG 1450/1000 in an airtight container with silica gel.  

2.2.5 Sectioning 

OCT embedded tissue was sectioned using a Leica CM 30505 cryostat (Leica Microsystems, 

Germany) set at approximately -18°C at a thickness of 40µM and stored either at 4°C in a 24-

well plate containing PBS-azide as free-floating sections or at -80°C as adherent sections. 

PEG embedded tissue was attached to an embedding cassette and sectioned on a rotary 

microtome at 40 microns. Sections were stored at 4°C in a 24-well plate containing PBS-

azide as free-floating sections. PEG sections were placed, ten per well in PBS azide in 24-

well plate (Falcon, multiwell) and stored at 4°C. 

2.2.6 EdU detection and Immunohistochemistry 

Adherent sections were removed from the freezer and dried in a vacuum oven at 49°C for 5 

minutes and then sealed with a Pap-pen. Free floating section were removed from PBS-azide 

and placed in a fresh 24 well plate containing 1x PBS. From this point, both adherent and free 

floating section received the same treatment. Sections were washed in 1x PBS-Triton for 5 

minutes and then permeabilised with DMSO (neat) for 20 minutes and washed twice in 1x 

PBS. After permeabilisation, sections were then processed via EdU detection and/or 

Immunohistochemistry. All step where performed in vacuo unless otherwise stated.  

2.2.7 EdU Detection  

EdU labelled cells were detected using the Click-iT™ EdU Cell Proliferation Assay Kit.  

The Click-iT™ EdU Cell Proliferation Assay Kit contains 12 reagents named component A 

to component L. For this part of the experiment components B, E, G, H and I were required. 

Although Invitrogen did not supply the entire ingredient list for of each of these reagents, 

information was given about the active compounds of each (Dr Scott Clarke, Pers. com.). 

Component B contains the Alexa Fluor® azide, E is a saponin-based permabilisation and 

wash reagent, G is a reaction buffer, H contains copper sulphate and I is a buffer additive.  
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Tissue sections were incubated in component E for 30 min on a rocker, followed by 

incubation with the reaction cocktail for 1 hour at room temperature, protected from light. 

1500 μl of reaction cocktail contained 7.5 μl of component B, 30 μl of component H, 1313 μl 

of component G and 150 μl of component I. The sections were then incubated for 30min in 

component E and washed for three time 5 min in PBS. They were then either cover slipped 

using Vectashield DAPI mounting media or continued to immunohistochemistry.  

2.2.8 Immunohistochemistry 

Tissues were processed for immunohistochemistry as described previously (Nguyen et al., 

2010). Sections were washed in 0.1M phosphate buffer saline + 0.1% Triton X-100, 

permeabilised with DMSO (neat). Tissue sections were blocked using 10% Normal Donkey 

Serum in PBS-Triton 0.1% for approximately 1 hour in a humidified chamber. Primary 

antibodies were diluted in 10% normal donkey serum in PBS-Triton and applied overnight in 

a humidified chamber at room temperature. Sections were washed three times in 1x PBS for 

five minutes before adding secondary antibodies. Secondary antibodies were diluted in 10% 

normal donkey serum in PBS-Triton (0.1%), added to the section and left to incubate for 4 

hours. Specimens were then washed three times in 1x PBS for 5 minutes and cover slipped 

using Vectashield DAPI mounting media.  

2.2.9 Scanning electron microscopy 

Dissected tissue was placed in 4% Glutaraldehyde in 0.1M Cacodylate buffer for 24 hours. 

After three 10 minute washes in 0.1M Cacodylate buffer, samples were placed in 1% 

Osmium tetroxide for one hour. Excess osmium was removed by two 10 minute washes in 

distilled water. The samples were dehydrated by two 10 minute washes in 50, 70, 90, and 

100% AR grade ethanol. Once all water was removed samples were washed twice in 100% 

amyl acetate for 15 minutes. Samples are then placed in a Leica EM CPD300 Critical Point 

Dryer and dried as per instrument instructions. Prior to mounting on aluminium stubs samples 

were fractured manually to yield an optimally exposed surface for imaging. After sputter 

coating with a JEOL Smart Coater, sample were imaged with a Jeol Neoscope JCM-5000 at 

15kV. 
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2.2.10 Image capture and image preparation 

Images were captured using one of two systems. 

1. An AxioImager Z1 epi-fluorescence microscope with Apotome and an Axiocam Mrm 

camera using 5X, 20X (dry) and 63X (oil immersion) Plan-Apochromatic objectives 

(numerical apertures of 0.30, 0.75 and 1.40 respectively) (Carl Zeiss, Germany). 

2. An Olympus FV1000 Scanning confocal microscope. 

Two dimensional data 

Standard multichannel images, single optical sections and MozaiX overview images were 

captured using AxioVision software version 4.8 with and without the ApoTome (Carl Zeiss, 

Germany).  

Three dimensional data 

Serial optical sections were captured using the Apotome and AxioVision software version 4.8 

(Carl Zeiss, Germany) and projected to provide two-dimensional maximum brightness 

images. Care was taken to avoid false colocalisation in thick specimens. This involved 

visualising each optical slice or rendering the data in three dimensions. 

Fluoview 3.1 was used to capture serial optical sections from the FV1000. Optical section Z-

stacks were visualised and analysed using Imaris version 6.4 (Bitplane, Switzerland) or 

Volocity X.X (Perkin Elmer, UK). 

Figures were compiled in Adobe Photoshop 11.1 and Adobe Illustrator 14 (Adobe Systems 

Incorporated) or GIMP 2.8 and Inkscape 0.91/92. Scale bars present on merged image 

represents the scale in all single channel images. In the case of large image panels, the scale 

bar present in the last image represents the scale in all images. The digitised images were not 

manipulated apart from cropping, rotation, sizing and adjustment of contrast and brightness.  
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2.2.11 Statistical analysis 

Using Prism Graphpad 5 one-way analysis of variance (ANOVA) or Student T test were 

performed to analyse the data sets. Once analysis claimed the existence of significant 

difference in the data, post hoc Tukey’s honest significance difference was used identify 

significant change. All graphs were generated in Prism Graphpad and expressed as “mean ± 

SE”. 
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3 Qualitative Immunofluorescence Associations 
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3.1 Introduction 

Imaging can be thought of as the most direct of experiments. You directly observe and report 

what you see. If only things were truly this simple.  

3.1.1 Associations between proteins 

The advent of fluorescent probes has facilitated the visualisation of structures embedded 

within a translucent specimen. Furthermore, multiple probes may be used to target several 

structures of interest and their associations within a given specimen. The ability to image 

within a tissue, has in theory, circumvented the need to physically isolate fine regions of 

interest, facilitating the analysis of cellular and subcellular associations. Thus, there is a 

recognised need and growing interest for high resolution imaging within thick specimens (de 

Souza, 2009), with a need for maintaining good tissue ultrastructure (Nguyen et al., 2010).  

Several techniques have been developed to optimise tissue preparation and sectioning 

protocols which facilitates imaging within thick specimens (de Souza, 2009; Efimova & 

Anokhin, 2009; Nguyen et al., 2010; A. J. Robinson et al., 2005; Zucker, 2006). The 

increased specimen path length when imaging within thick specimens demands minimal 

tissue autofluorescence, refractive index matching and reduced light scatter to facilitate high 

resolution imaging. Furthermore, advances in several fluorescence labelling techniques 

including immunofluorescence, fluorescence in situ hybridisation, fluorescence 

histochemistry and fluorescent reporters have driven the development of tissue preparation 

protocols for multiplexing fluorescence imaging.  

3.1.2 Sample Preparation 

The imaging techniques that can be used to visualise a fluorescent sample allows the capture 

of thin optical sections from within the specimen. This results in the ability to visualise the 

fluorescent labels in 3D with proprietary and open-source computer software. Although often 

‘thin’, the sample is still a 3D object with valuable data on associations in three dimensions 

(Figure 1.7). 

“Garbage in = garbage out” is the universal motto of all microscopists. The initial processing 

of a sample has a knock-on effect on everything downstream in a histological experiment. 

Sample stability, conservation of cytoarchitecture and antigenicity, together with minimal 



 

51 

tissue autofluorescence and light scatter are essential for successful experimentation, where 

accurate 3D visualisation and finally qualitative analysis is required. 

3.1.3 PEG and OCT impregnation for multiplexing 

Tissue impregnation with the low melting point, hydrophilic polymer polyethylene glycol 

(PEG) to support tissues for generating sections, has been used in anatomical studies (Bard & 

Ross, 1986; Clayton & Alvarez-Buylla, 1989; Gibbins et al., 2003; Holtham & Slepecky, 

1995; Klosen et al., 1993; Murphy et al., 1998). Previous work using PEG sectioning 

capitalised on the enhanced conservation of antigenicity and cellular structure of PEG 

sections in immunofluorescence investigations (A. J. Robinson et al., 2005; Schulz et al., 

2004). The further development of PEG sectioning and its extension to other labelling 

techniques including fluorescence histochemistry, will highlight its suitability for 

simultaneous investigations using multiple assays.  

OCT sectioning is known for its excellent conservation of antigenicity but suboptimal 

conservation of structure (Clayton & Alvarez-Buylla, 1989; Smithson et al., 1983). The 

development of a method that improved the cytoarchitecture would aid the investigation of 

membrane bound proteins and other sensitive macromolecules. The utility of these techniques 

are presented below in the context of multiple anatomical investigations in the mammalian 

brain, olfactory mucosa and intervertebral disc. 
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3.2 Methods 

3.2.1 Immunofluorescent association of transplanted cells in the 

rodent intervertebral disc (Standard OCT embedment) 

Olfactory stem cells were grown from rat olfactory mucosa. These cells are propagated as 

neurosphere cultures (Murrell et al., 2005), similar to other neural stem cells (Reynolds & 

Weiss, 1992). Olfactory neurospheres were grown in vitro and differentiated into 

chondrocytes, induced by coculture with rat intervertebral disc biopsies. Olfactory 

neurosphere cells were also transplanted into the injured vertebral disc in vivo, without prior 

differentiation in vitro. Transplanted cells were genetically engineered to express green 

fluorescent protein (GFP) to allow them to be identified after transplantation. 

Three weeks post-transplantation, ten animals were euthanized by anaesthetic overdose and 

the intervertebral discs were dissected from the spinal column and immersion fixed in 4% 

paraformaldehyde in PBS for two hours, washed in PBS and equilibrated in 30% sucrose in 

PBS before freezing on a cryostat in OCT medium. 8 μm sections were cut and mounted on 

Super Frost pre-coated microscope slides. Immunofluorescence labelling was conducted as 

described in Chapter 2, General Methods. 

Further details can be found in (Murrell et al., 2009). 

3.2.2 Immunofluorescence study of age related changes in the 

substantia nigra (PEG embedment) 

This study used PEG embedment (described in chapter 2) for assessing glia (labelled with 

GFAP and IBA1) and dopaminergic neurons (labelled with TH) in the substantia nigra.  

 The general methods used for “animals, tissue collection, sectioning, immunohistochemistry 

and image capture and image preparation” are described in Chapter 2, General Methods.  
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3.2.3 Immunofluorescence and fluorescence histochemical 

association of neurogenesis in the olfactory epithelium 

(Modified OCT embedment) 

The location of proliferative cells in the olfactory epithelium was investigated using modified 

OCT embedment.  

The methods used for animals, tissue collection, sectioning, immunohistochemistry, image 

capture and image preparation are described in Chapter 2, General Methods. 
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3.3 Results 

3.3.1 Study of phenotype and colocalisation in non-neural tissue 

Chondrocyte differentiation of neurosphere cells after transplantation in vivo. Sections of 

nucleus pulposus of four animals were examined for “native” GFP fluorescence. In two 

animals GFP-labelled cells were identified in the transplanted nucleus pulposus but not in the 

injured nucleus pulposus that did not receive transplanted cells. Sections of a further six 

animals were examined for GFP expression using immunofluorescence with a GFP antibody. 

In five of these animals GFP-immunopositive cells were identified in the transplanted nucleus 

pulposus but not in the control injured nucleus pulposus from the same animal. Discs of five 

of the six remaining animals clearly contained GFP-positive cells (Figure 3.1).  

 
 

Figure 3.1 Transplanted neurosphere cells in the nucleus pulposus 

GFP-positive cells (A) could be detected within the nucleus pulposus of transplanted discs of 

animals whose nucleus pulposus had three weeks previously been severely damaged by 

aspiration of inner disc material followed by transplant of olfactory progenitor cells. Some 

GFP-positive cells within nucleus pulposus region of a transplanted disc previously damaged 

by aspiration were positive for chondroitin sulphate proteoglycan (red) (B), the “aggrecan” 

and collagen type II (yellow) (C), distinctive of nucleus pulposus (Scale 50μm). 

 

Double labelling was then performed for GFP in the green channel and either collagen type ll 

or chondroitin sulphate proteoglycan in the red channel. Discs could be identified where cells 

expressed GFP and either of the phenotypic markers. Some sections contained the normally 

highly orientated type I collagen fibres from the annulus fibrosus at the periphery of the 

nucleus pulposus (Gorensek et al., 2004). In some, these were disarrayed with little interior 

space for the NP. In other sections cell bodies appear suspended in a loose “fibromixoid” 

matrix resembling intact NP (Figure 3.1) (Gorensek et al., 2004). Discs from all five GFP-

immunopositive animals contained cells that were also positive for either collagen type II or 

chondroitin sulphate proteoglycan. Control sections omitting primary antisera but including 
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secondary Alexa Fluor 594-conjugated antisera confirmed the specificity of the phenotypic 

markers, collagen type II and chondroitin sulphate proteoglycan (Figure 3.1). 

3.3.2 Study of phenotype and colocalisation in neural tissue 

Immunofluorescence was used to identify different cell types within the rodent substantia 

nigra including glia and dopaminergic neurons. Once imaged, defined morphological 

variation between disease models and controls could be established, when present. Note the 

vast difference in information obtained from a single 2d image when compared to that of a 

series of 2D images reconstructed to give a maximum projection of staining in a thick tissue 

section (Figure 3.2). This data can also be rendered in 3D with B/E shown in Figure 1.7.  

 
 

Figure 3.2 Phenotypic markers in neural tissue 

These images are created from z stakcs through thick sections (A, B & C) are maximum 

image projections that merge all layers of the z stack into a single image. Single optical slices 

from these images are show in (D) & (E) respectively (Scale 20 μm) (A/D) A substantia nigra 

tyrosine hydroxylase positive neuron (green) in close proximity to an astrocytic projection. 

(B/E) As can be seen in (B)* astrocytes can take on highly complex morphologies. (C) A 

microglial cell of the central nervous system is visualised using the antibody against IBA1 in.  
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3.3.3 Study of phenotype and colocalisation in proliferating 

neural tissue 

The olfactory epithelium which includes a neuronal population, has a high cellular turnover. 

Using the methods described so far, this system was investigated to study neurogenesis. 

Immunofluorescence was used to distinguish not only cell types but also anatomical regions 

of the olfactory mucosa (Figure 3.3). The olfactory receptor neurons are bona fide sensory 

neurons with projections into the central nervous system (Asson-Batres & Smith, 2006; 

Farbman, 1992). The mature and immature olfactory receptor neurons can be distinguished 

with either Olfactory Marker Protein (OMP) or Beta III Tubulin (βIIIT) respectively. 

Intertwined between the olfactory receptor neurons live a subtype of support cell, 

sustentacular cells which can be labelled with Cytokeratin 18 (CK18). One of the transitory 

amplifying cells the horizontal basal cells has been labelled with Cytokeratin 14 (CK14) as 

you can see they reside in the basal cell layer of the epithelium. From here three distinct types 

of proliferating cells, a stem cell and two populations of transitory amplifying cells, namely 

the horizontal basal cells and globose basal cells give rise to the pseudostratified olfactory 

epithelium (Beites et al., 2005) (Jang et al., 2003; Suzuki et al., 2000).  
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Figure 3.3 Cells of the olfactory epithelium 

A series maximum image projection images using immunofluorescence labelling of the 

various cell types of interest in the olfactory epithelium with proliferative cells labelled with 

EdU. (A) CK18 labelled sustentacular cells (Scale 50µm) (B) CK14 labelling the horizontal 

basal cells and 4',6 diamidino-2-phenylindole (DAPI); (C) Olfactory Marker Protein (OMP) 

labelling mature olfactory receptor neurons and DAPI (D) Beta III Tubulin (βIIIT) labelling 

immature olfactory receptor neurons and DAPI (Scale 20µm B-D). 

 

As with the substantia nigra the ability to capture 3D data in the olfactory epithelium enables 

collection of 3D data with subsequent rendering providing a more detailed representation of 

the tissue and cellular interactions (Figure 3.4).  
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Figure 3.4 The proliferating olfactory epithelium in 3D  

[Video] (https://goo.gl/VJ4vXE)The proliferating olfactory epithelium labelled with 

Olfactory Marker Protein labelling mature olfactory receptor neurons (red) and Beta III 

Tubulin Labelling immature olfactory receptor neurons (green) and EdU labelling of cells 

that underwent DNA synthesis 7 days earlier.  

 

Proliferation was found in all areas of the olfactory mucosa. A subset of these proliferative 

cells in the epithelium were positive for neural markers such as OMP and BIIT (Figure 3.3 & 

Figure 3.4). A clear demonstration of neurogenesis in the olfactory epithelium, with 

maturation and integration of the newly generated cells into the primary olfactory circuit 

(Figure 3.5). This technique can be used to image large areas of tissue to give an overview of 

interconnected neural circuits over many millimetres.  

file:///D:/Griffith/Thesis%20Final%20MD/Corrections/(https:/goo.gl/VJ4vXE
https://goo.gl/VJ4vXE
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Figure 3.5 Proliferation and the primary olfactory circuit 

A tissue section through the olfactory system is shown; Moving from the top the respiratory 

epithelium give way to the olfactory mucosa and olfactory epithelium. The olfactory 

epithelium is labelled with OMP (mature olfactory neurons, green), βIIIT (immature 

olfactory neurons, red) and EdU (proliferative cells, white). The sensory neurons project from 

the layered epithelium back through to the olfactory bulbs, seen at the bottom as large masses 

of red and yellow. 
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3.4 Discussion 

The studies detailed in this chapter form the core for all histological assessment further 

discussed. The initial preparation and embedding of the tissue is central for these studies. The 

appropriate tissue preparation and embedding method for the various tissues was 

progressively optimised for each study with the aim of lowering autofluorescence whilst 

preserving the cytoarchitecture.  

The main modifications to the OCT protocol involved immersing the tissue in a series of 

embedding media with gradually increasing concentrations of OCT, to facilitate gentle and 

complete penetration. The PEG protocol utilised an adjustment of the ratio of differing 

molecular weight PEG solutions. The use of embedment under vacuum to increase fluid entry 

into the tissue through increased capillary action as a function of the low pressure. Both 

sectioning protocols facilitated the cutting of thick (at least twice the thickness used in the 

previous intervertebral disc study) tissue sections.  

As the tissue sections were thick, most of the studies used free floating sections for the 

immunofluorescence protocols. The tissues sections were maintained in vacuo, in fluid under 

gentle agitation enabling the fluorescent probes to penetrate the tissue more readily than is 

possible when the tissue sections are attached to a glass slide. 

In developing the current immunofluorescence protocols, the treatment of tissues with 

DMSO, an amphiphilic, aprotic solvent which readily penetrates and modifies lipid 

membranes (Notman et al., 2006), was required. Central nervous system specimens are high 

in myelin and are thus optically opaque. In such tissue, “optical clearing” with Dent solution, 

containing 30% DMSO enhances light transmission (Efimova & Anokhin, 2009) and 

increases the optical clarity of the specimen. When imaging thick brain sections, DMSO 

washes, improved antibody penetration and a reduced autofluorescence and light-scattering 

was observed.  

The optimisation of the tissue sectioning and immunofluorescence protocols were followed 

by multiplexing various fluorescent labelling methods, enabling the maximum data to be 

extracted from each cohort of tissue for the respective studies. The resultant strong, specific 

labelling allowed identification of various cell phenotypes in the central nervous system 

alongside proliferative cells in a single set of tissues.  
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3.4.1 Study of phenotype in non-neural tissue 

The “pluripotency” of neural stem cells was tested in the study on intervertebral discs where, 

olfactory neurosphere-derived cells (of neuroectodemal lineage) when transplanted into the 

chronically injured intervertebral discs, assumed a nucleus pulposus phenotype (mesodermal 

lineage) (Risbud & Shapiro, 2011) when observed 3 weeks after transplantation.  

Although neurosphere-derived cells can be induced to differentiate in vitro, they were not 

induced prior to transplantation. Instead, the inductive “signalling cues” (which remain 

unidentified) of the milieu of the chronically injured intervertebral disc was tested. Our 

results indicate that this milieu is inductive and that olfactory neurosphere-derived cells can 

respond to these inductive cues. This data is suggestive that the olfactory mucosa is a 

potential source of autologous cells for repair of the injured intervertebral disc as for spinal 

cord injury (Gruber et al., 2002).  

The use of cell phenotype markers chondroitin sulphate proteoglycan and collagen type II to 

define the differentiated lineage of transplanted cells is routinely used. Here it was used in the 

non-neural tissue of the intervertebral discs of the spinal column. Although the desired 

outcome was achieved it was observed that the tissue processing techniques could have been 

improved. The same can be said about the staining, the simple combination of single 

phenotype marker, GFP cells and a nuclear marker can be increased to yield greater 

information on cell phenotype interactions. These improved methods have been used in the 

subsequent studies presented in this chapter. 

. 

3.4.2 Study of phenotype in neural tissue 

PEG is not a new technique but remains relatively underutilised. It is used to study close 

associations and subcellular colocalisation as well as gross morphology. As shown in Figure 

3.2 and Figure 1.7 a high level of subcellular integrity is maintained and thereby, the ability 

to resolve fine structures such the fine process of an astrocyte projecting along the body of a 

neuron. Notably this method does not require a rare or costly chemical for tissue preparation 

and furthermore, the specimens can be imaged with a ‘standard’ epifluorescence microscope. 

When PEG sections are cut thickly (greater than 20μm) the resultant specimens generate data 

on multiple cell bodies enabling their interactions to be visualised. The outcome of the 
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experimentation is also dependant on how the tissues are handled before, during and after 

fluorescent labelling. 

This technique has enabled the generation of 3D data that reveals a new world when 

compared to the standard 2D image as shown in Figure 3.3 and Figure 3.4. It has made it 

possible to distinguish subtypes of neurons, quantify cell numbers and sizes in an unbiased 

fashion as demonstrated in Chapter 4. The primary focus of this thesis is the techniques that 

can be used to characterise cell proliferation; a feature that is apparent in the study of the 

olfactory epithelium. 

3.4.3 Study of phenotype and colocalisation with proliferation in 

a neural tissue 

The use of standard OCT processing on the fragile intervertebral discs resulted in suboptimal 

tissue structure, this prompted a refinement of the technique which is evident when used in 

the olfactory epithelium where both antigenicity and structure are maintained.  

It was shown that EdU is a viable marker when assessing proliferation in the olfactory 

system. Even though the olfactory mucosa is a tightly packed and complex tissue, fluorescent 

probes could penetrate all areas of the primary olfactory circuit (Figure 3.3, Figure 3.4 and 

Figure 3.5). This enabled both immunofluorescent labelling and fluorescent histochemistry to 

be used simultaneously in frozen tissue sections.  

Due to the ease of the immunofluorescence processing technique, large antibody panels can 

be run, allowing rapid and uniform assessment of multiple tissue sections (Figure 3.3). The 

location of possible stem cell niche locations can be made visible using this technique. 

Proliferative areas are evident due to zones of large aggregates of EdU stained nuclei. A high 

rate of cell turnover is required for a tissue in direct contact with the external environment. 

The use of multiple labelling immunofluorescence enabled the associated phenotypes of a 

subset of cells present in the stem cell niche to be characterised. 
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3.4.4 Future considerations 

As with all techniques, advances in technology present ways of improvement and further 

optimisation of methods. One such technique that has come to light during the writing of this 

thesis is that of CLARITY and the related PARS (perfusion-assisted agent release in situ) and 

PACT (passive clarity technique) tissue clearing methods (Tomer et al., 2014; Yang et al., 

2014). These methods all use a hydrogel to stabilise the proteins in the sample, which then 

allows the removal of other macromolecules that obscure the passage of light through the 

sample such as lipids in neural tissue. By removing these light scattering substances, it is 

possible to images deeper, clearer and in some cases, whole mount organs/ complete animals. 

This technique presents many possibilities to the histology community but does require 

specialised hardware for the process and subsequent imaging. Other considerations including 

the cost and limits to the penetration depth of standard sized antibodies (500um) both of 

which has a bearing on the feasibility of this approach for many studies. 
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4 Quantitative Immunofluorescence 
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4.1 Introduction 

Although an image may be “worth a thousand words” the derivation of quantitative data from 

biological samples is still necessary to answer experimental questions with statistical 

certainty. In the previous chapter cells of specific phenotypes and cell states where identified, 

this chapter will discuss ways that fluorescence labelling can yield quantitative data.  

Cell quantification of a defined region can be performed in several ways, from basic ratio 

estimations to stereological methods of estimation and ultimately, complete quantification of 

the cells of interest. The time taken to perform each of these methods is proportionate to the 

accuracy of the final cell count. This correlation is compounded by the limitations of tissue 

preparation techniques and in the capabilities of the analytical instruments used. Standard 

tissue preparation involves sections generated following freezing or paraffin impregnation. 

The analytical instrumentation may vary from standard widefield and confocal microscopy 

system, to dedicated stereology equipment (Burke et al., 2009; Kawagishi et al., 2014, 2015; 

Kubinova & Janacek, 2015; Kubinova et al., 2004; Lyck et al., 2006; Mokin & Keifer, 2006; 

Peterson, 1999). These techniques largely restrict stereological analysis to two dimensional 

samples and two phenotype markers (Kawagishi et al., 2014; Oorschot, 1996; Poirier et al., 

1983).  

Stereological techniques are the benchmark for quantitative assessment of absolute cell 

numbers for specific cell populations (V. Howard & Reed, 2005; Walloe et al., 2014). These 

techniques are however limited due to technical difficulties in obtaining accurate cell number 

data on multiple chemically defined cell types. One such example that has benefited from 

quantitative rather than qualitative assessment is neurogenesis. 

The dopaminergic mid brain nuclei thus exemplify an issue that emerges frequently in 

defining the functional anatomy of the brain. Namely, the need to resolve closely related 

neuronal subtypes that are both developmentally and phenotypically similar and often occupy 

overlapping or closely adjacent brain regions. For this purpose, several techniques, including 

retrograde tracing from targeted nuclei, neurochemical coding and stereological 

quantification of anatomically or neurochemically discrete populations, have been utilised 

(Bukhatwa et al., 2009; Kowianski et al., 2000; Parrish-Aungst et al., 2007). These 

techniques have their own unique strengths and weaknesses and are selected according to the 

needs of the study. 
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The idea of endogenous neurogenesis is new. The early belief that neurogenesis does not 

occur postnatal was based on the lack of neurons with mitotic figures in the central nervous 

system (Ramón y Cajal, 1928). This paradigm was probed using thymidine-H3 to label 

proliferative cells whereby labelled neurons and neuroblast suggested the possibility of 

neurogenesis (Altman, 1962; Altman & Das, 1965). While neurogenesis occurs well into 

adulthood in the subventricular zone, dentate gyrus of the hippocampus and olfactory 

epithelium of mammals, (Altman & Das, 1965; Alvarez-Buylla & Garcia-Verdugo, 2002; 

Cameron & McKay, 2001; Palmer et al., 1997; Reynolds & Weiss, 1992), the possibility of 

neurogenesis in the adult substantia nigra is robustly debated (Frielingsdorf et al., 2004; Lie 

et al., 2002; Yoshimi et al., 2005; M. Zhao et al., 2003).  

Multiple experimental paradigms, founded on tracking de novo cell genesis using BrdU 

provided data both for and against substantia nigra neurogenesis (Frielingsdorf et al., 2004; 

Lie et al., 2002; Yoshimi et al., 2005; M. Zhao et al., 2003). Whilst BrdU is a robust, widely 

used protocol for tracking cell genesis, its utility in some applications is limited, leading to a 

discrepancy in experimental outcome (Duque & Rakic, 2011). The use of EdU for tracking 

cell genesis and differentiation in tandem with specific tissue processing was reported to 

circumvent the issues associated with BrdU (F. Chehrehasa et al., 2009; Nguyen et al., 2010).  

Researchers both in the image analysis and pathology fields have recognized the importance 

of quantitative analysis of pathology images. Since most current pathology diagnosis is based 

on the subjective (but educated) opinion of pathologists, there is clearly a need for 

quantitative image-based assessment of digital pathology slides. This quantitative analysis of 

digital pathology is important not only from a diagnostic perspective, but also to understand 

the underlying reasons for a specific diagnosis being rendered (e.g., specific chromatin 

texture in the cancerous nuclei which may indicate certain genetic abnormalities). In addition, 

quantitative characterization of pathology imagery is important not only for clinical 

applications (e.g., to reduce/eliminate inter- and intra-observer variations in diagnosis) but 

also for research applications (e.g., to understand the biological mechanisms of the disease 

process) (Gurcan et al., 2009). 
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This chapter is broken into two parts. Part I covers the implementation of general 

quantification methods commonly found in the literature. The more advanced and less 

popular quantification using stereological principles is then covered in Part II.   

Part I: Looks first at the integration of engrafted olfactory ensheathing cells with the 

sympathetic preganglionic neurons in a model of high spinal cord injury and quantify the 

synaptic density. Neurogenesis in the substation nigra is then investigated using EdU to 

identify cells undergoing DNA synthesis and proliferation. These cells are then associated 

with the dopaminergic neuron subtype phenotype marker tyrosine hydroxylase to determine 

the level of neurogenesis. Finally, the suitability of EdU is assessed as a proliferation marker 

in the substantia nigra. This is one of the first studies to use the new thymidine analogue in 

this system. This was extended to also study neurogenesis in the olfactory mucosa which is 

assessed using a similar technique to that used in the substantia nigra. Once again, 

proliferating EdU positive cells were assigned in this case a mature or immature neural 

phenotype using olfactory marker protein and Class III β-tubulin respectively.  

Part II: Quantification is extended one step further through 3D imaging and stereological 

analysis, which allows the accurate estimation of absolute numbers of neurons characterised 

by their neurochemical coding. The validation of methods in defining the cell numbers of the 

phenotypic subsets of the dopaminergic mid brain nuclei of both the mouse and rat is 

presented. 
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4.2 Methods 

The following methods are related to the experiments of Part I. 

4.2.1 Quantification of engrafted olfactory ensheathing cell and 

sympathetic preganglia neuron interaction in the adult 

rodent spinal cord. 

 Animals 

Experiments were performed on 26 adult male albino Australian inbred Wistar (AAW) rats 

(Biological Resource Centre) (350–400 g). They were housed in individual plastic home 

boxes (65  40  22 cm) with ad libitum food and water and maintained on a 12/12h 

light/dark cycle. All experimental procedures were approved by the Animal Care and Ethics 

Committees of the University of New South Wales and Griffith University in accordance 

with guidelines of the National Health and Medical Research Council of Australia. 

 Olfactory biopsy and cell culture of olfactory ensheathing cells 

Six adult male AAW rats (Biological Resource Centre) (350–400 g) were used for collection 

and culture of olfactory ensheathing cells and fibroblasts. Olfactory ensheathing cells were 

obtained from the olfactory mucosa of rat in the same manner as previously described 

(Bianco et al., 2004). Briefly, rats were deeply anaesthetized with an intraperitoneal injection 

of pentobarbitone (0.5 ml; Lethabarb) and killed by decapitation, under ethics approval from 

the Griffith University Animal Ethics Committee. The olfactory mucosa was dissected and 

placed in Dulbecco’s Modified Eagle Medium containing Ham’s F12 (F12) and incubated at 

37°C in Dispase II (2.4 U/ml in Puck’s solution). The lamina propria was then separated from 

the olfactory epithelium and dissociated in 0.25 % collagenase type IA at 37 °C with 5 % 

CO2. Collagenase activity was stopped with Hanks’ balanced salt solution, the resulting cell 

suspension centrifuged, and the cell pellet resuspended in Dulbecco’s Modified Eagle’s 

Medium (DMEM)-F12 supplemented with 10 % foetal calf serum and plated on poly-L-

lysine (2 μg/cm2) coated dishes. Two days later, the culture medium was changed for serum 

free medium supplemented with Neurotrophin-3 (50 ng/ml), which is known to enhance 

survival of olfactory ensheathing cells in culture and increase their purity to close to 100 % 
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(Bianco et al., 2004). Olfactory ensheathing cells were identified immunohistochemically 

with antibodies against p75NFR and GFAP. Over 90% of cells in the olfactory ensheathing 

cell cultures were p75NFR and GFAP immunoreactive. As a control for Schwann cell 

contamination, cultures were tested and found negative with HNK1 antibody (Sigma). 

Primary cultures of rat fibroblasts were generated from skin biopsies. 

 Transduction of primary cells with the GFP reporter gene 

In order to allow the tracking of the cells 8 weeks after transplantation, olfactory ensheathing 

cells were modified to express humanised Renilla green fluorescent protein using a retrovirus 

based on the Moloney Murine Leukaemia Virus. Olfactory ensheathing cells were transduced 

with pFB-hrGFP retroviral supernatant (Stratagene) in 6 well plates. One week later, the 

transduced olfactory ensheathing cells were sorted using a FACS (BD FACS Aria, BD 

Biosciences) and subsequently grown in the culture conditions described above. Purity of the 

cultures was determined immunohistochemically with antibodies against GFAP and S100 

protein, and GFP expression was evaluated. As soon as the cells arrived, all but 15 ml of 

DMEM was removed from the flask. The cells were microscopically observed and placed in 

an incubator at 37°C/5% CO2 overnight. GFP-olfactory ensheathing cells and fibroblasts 

were collected with 0.25% trypsin/1% Ethylenediaminetetraacetic acid. Cell suspensions 

were prepared at a concentration of 100,000 olfactory ensheathing cells / μl and maintained 

on ice for transplantation. 

 Cell Transplantation and spinal cord transection.  

Rats were anaesthetised with a mixture of ketamine hydrochloride (100 mg/kg) and xylazine 

(7 mg/kg) via intraperitoneal injection. The dorsal region between the neck and hind limb, 

extending approximately 2 cm bilaterally from the spine, was shaved and the clipped area 

was scrubbed with an antiseptic solution. The rat was placed on a sterile drape with a 

homeothermic blanket control unit and rectal temperature was maintained at 37 ± 1 °C by the 

blanket control unit. Bupivacaine (0.5%) was used locally at the incision and on the spinal 

cord during surgery. Following dissection of the superficial and deep muscles of the back, a 

laminectomy of the T3 vertebra was performed to expose the T4 spinal segment. The dura 

was cut longitudinally and laterally at proximal- and distal-most borders of the laminectomy. 

After immobilization of the spinal process rostral to the laminectomy site, GFP-Olfactory 

ensheathing cells (n=9) were stereotaxically injected using a sterile 10μl Hamilton syringe 
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with a silicon-coated pulled glass tip (with inner diameter of 80-100µm). Rats received four 

injections of GFP-Olfactory ensheathing cells (0.5 µl of 100,000 cells/ µl, in culture medium 

DMEM/F12), two injections 2 mm cranial and two 2 mm caudal to the future lesion site, each 

0.5 lateral to the midline at 0.8 mm deep. For each injection, the needle was removed after 1-

2 minutes to prevent reflux. Control animals received fibroblasts (n=9) at similar 

concentrations. The spinal cord was then completely transected with microscissors between 

the two pairs of injection sites. Complete transection was confirmed with a scalpel blade and 

observation under the dissecting microscope. Following transection, a gap of approximately 

1-2 mm was present between the rostral and caudal ends of the cord and a piece of absorbable 

gelatin sponge (SPONGOSTAN) was inserted to fill the gap and reduce bleeding. Another 

piece of absorbable gelatin sponge was also placed on the dorsal surface of the cord and the 

muscle tissue and skin were sutured in layers. 

 Postoperative care.  

Immediately after surgery, the rats received a series of subcutaneous injections. Muscarinic 

cholinoceptor antagonist atropine methyl nitrate (3 mg/Kg), an antibiotic (Cephalothin, 30 

mg/Kg twice daily until no sign of urinary infection (noted by cloudiness of expressed urine) 

was seen for three consecutive days. Animals also received analgesic (Carprofen, 50 mg/Kg) 

daily for 2-3 days, Lactated Hartmann’s solution (5-10 ml) was administered 2-3 times daily 

until the rats were able to drink normally. Manual emptying of the urinary bladder was 

carried out 3 times a day until the rats developed a micturition reflex (~2 weeks). The room 

temperature was maintained at 27-28C for the first 1-2 weeks and rat core temperature was 

measured regularly until normal temperature was maintained. The room temperature was 

maintained at 26C until the end of the experiment.  

 Histology 

Nine weeks after cell transplantation, under anaesthesia with a combination of ketamine and 

xylazine as above, radio-telemetric probes were removed and the femoral artery ligated. 

Animals were then terminally anaesthetized with sodium pentobarbitone (Nembutal; 80 

mg/ml, IP) and transcardially perfused with 50 ml of physiological heparinised saline 

followed by 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB) pH 7.4. Spinal 

cord regions extending 1 cm above and 1 cm below the injection/injury site were extracted, 

post fixed in the same fixative overnight and then transferred into a solution of 30% sucrose 
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in 0.1M phosphate buffer. The spinal cords were sectioned horizontally at 35 µm with a 

cryostat and collected on gelatin-coated slides in series of four, air-dried and stored at -22 °C.  

Note: These experiments were conducted in a laboratory of a collaborator and did not benefit 

from the embedment and sectioning protocols implemented in our laboratory.  

 Double-immunofluorescent labelling for ChAT and synaptophysin 

After pretreatment with PBS-Triton, cryostat sections were incubated overnight at 4ºC with 

primary ChAT and synaptophysin. Donkey anti-goat and mouse anti-rabbit secondary 

antibodies (Alexa Fluor 488 or 594, Molecular Probes) were used at a dilution of 1:200 in 

10% normal goat serum in PBS. After 2 hours of incubation, all sections were washed in PBS 

and incubated for 5 minutes at room temperature in Hoechst solution (1:5000 in PBS). 

Standard immunohistochemical controls were included in each run. 

 Synaptic density (green signal/red signal) semi quantification 

Images were captured using an Olympus FV1000 confocal microscope equipped with 405, 

488, 543nm lasers and a UPLSAPO 60X objective with a numerical aperture of 1.35. 

Imaging variables (laser power, pinhole, detector gain and dwell time) were held constant for 

all images. Each image consisted of three fluorescent channels: Red (ChaT, to identify the 

sympathetic preganglionic neurons) Green (synaptophysin, to identify the axon synaptic 

boutons) and Blue (DAPI, to identify nuclei). From 3D optical sectioning through the tissue, 

single optical sections of sympathetic preganglionic neurons (red channel) were chosen that 

passed through the central plane of the nucleus (blue channel), to ensure that the red cell 

cytoplasm completely surrounded the blue cell nucleus. Basic Gaussian noise removal was 

then performed on the red channel, followed by thresholding to produce a binary image. Gaps 

in the red channel pixels that did not touch the border of the cell image were filled to create 

an initial cell mask. Using a “dilate” function the initial mask was expanded to create a larger 

second cell mask, with the difference between the two masks defining a 1.54 μm wide outline 

of the cell. This border was used to calculate cell area (μm2) within which the number of 

synaptophysin positive pixels (green channel) were counted. 
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4.2.2 Neurogenesis associated with the adult rodent substantia 

nigra 

This study is an extension of the method detailed in Chapter 3.2.2, and continues as follows. 

Observation of neurogenesis and recruitment into the substantia nigra was conducted by 

labelling the rat brain with EdU and identifying colocalisation and association with a specific 

neural subtype marker. 

 Animals 

Twenty four male Sprague-Dawley rats (n=3 at 3 weeks; n=3 at 3 months; n=3 at 1 year; n=3 

at 2 years [Animal Resource Centre, Western Australia; Flinders University, South 

Australia]) were housed in standard cages under controlled temperature and 12 hour light 

cycles, with food and water provided ad libitum. Perfusion and Fixation; Dissection were 

carried as detailed in the General Methods. 

  Tissue Processing 

This study used OCT impregnation and embedment as per Chapter 2, General Methods. 

 Immunofluorescence and EdU Histochemistry 

Refer Chapter 2 for General Methods. 

 Image Acquisition  

Refer Chapter 2 for General Methods. 

 Cell counting 

The method for cell counting was reported previously (Nguyen et al., 2010; A. Norazit et al., 

2010). The midbrain nuclei (caudal to bregma 5.52-5.88 mm) comprising the ventral 

tegmental area, substantia nigra pars compacta and the retrorubral field were defined 

according to a rat brain atlas (Paxinos & Watson, 2007). To quantify the substantia nigra 

lesion, three optical sections separated by distances required to avoid double counting of the 

same cell nuclei at 20X was captured using DAPI to identify the cell nuclei. Having 

determined the outline of the substantia nigra, all tyrosine hydroxylase positive neurons were 
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counted on the ipsilateral and contralateral side. The difference in cell number between the 

ipsilateral and contralateral side was compared and calculated as lesion percentage. To 

quantify cell genesis, all new born cells (EdU positive) were counted. Cells appearing to 

colocalise the markers were noted and high resolution images were used to confirm marker 

colocalisation using the 63X objective and the ApoTome to capture images.  

4.2.3 Quantification of proliferation and neurogenesis in the 

rodent olfactory mucosa  

This study is an extension of the method mentioned in Chapter 3.2.3, and continues as 

follows. 

 Cell counting 

To quantify the olfactory epithelium, predetermined series of optical sections were captured 

at 200x magnification at defined locations (Figure 4.1) on each tissue section. These areas 

were chosen as they are present throughout the majority of the olfactory epithelium and used 

in previous studies (Ducray et al., 2002; Mackay-Sim & Kittel, 1991; Moon & Baker, 1998; 

Murdoch et al., 2010; Nathan et al., 2010; Rosenbaum et al., 2011). 
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Figure 4.1 Olfactory sampling locations 

An overview of the olfactory epithelium of a young P5 mouse exposed to EdU for 24 hours. 

The regions where images were collected are highlighted by the boxed areas. The staining is 

of immature (red) and mature (green) olfactory neurons by Class III β-tubulin & olfactory 

marker protein respectively, EdU (white) and DAPI (blue). 

 

To quantify cell genesis, all new born cells (EdU positive) were counted. Cells appearing to 

colocalise with olfactory receptor neuron markers OMP and BIIT were confirmed via visual 

analysis of the optical sections and 3D reconstruction. 

A technique developed for estimating absolute cell numbers will be covered in the 

subsequent chapter. 
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4.2.4 Stereological quantification of neuron subsets of the 

dopaminergic mid brain nuclei of both the mouse and rat. 

The following methods are related to the experiments of Part II. 

Immunohistochemistry, where chromogens are visualised using light microscopy, is limited 

by the inability to label numerous structures within a single section. This is a major strength 

of immunofluorescence imaging. In this study a three-dimensional stereology method was 

used as developed by B Cavanagh et al. (in preparation). This is summarised as follows. 

 Tissue Selection/processing 

This study used PEG impregnation and embedment as per Chapter 2, General Methods. 

Serially sectioned at 40um and stored as individual free floating sections until required. For 

immunofluorescence labelling every 3rd section containing the substantia nigra was used 

(average number of sections per animal = 21). Please refer to Chapter 2 for General Methods 

of immunofluorescence labelling. 

 Hardware 

Visualisation of specimens was performed using a Zeiss Axio Imager Z1 microscope 

equipped with an Apotome (Uses structured illumination to generate optical sections) and the 

following filter sets, 38 HE DAPI (470/40 - 525/50nm), 49 eGFP (365 - 445/50nm), 43 HE 

Cy3 (550/25 - 605/70nm). The objectives were a Zeiss 5x Plan Neofluar objective for area 

measurements and a Zeiss 63x plan- Apochromatic oil immersion (N.A. 1.4) objective for Z 

stack capture of 3D data. 

Images were capture in a Microsoft Windows XP Professional (32 bit) environment with a 

Zeiss AxioCam MRm. The Axiovision release 4.8.2 (with service pack 1) software with the 

following additional modules: ApoTome; Inside 4D; MozaiX; Mark & Find and 

Measurement, were used for image capture.  

 Region definition 

The substantia nigra pars compacta (Figure 4.2) was identified using guidelines from Paxinos 

and Watson mouse and rat brain in stereotactic coordinates (Nelson et al., 1996; Paxinos et 
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al., 2001; Paxinos & Watson, 2007) . An overview image of the region of interest was taken 

using the MozaiX module in the Axiovision software at a 50x magnification. This involved 

initially capturing a 5x5 binned image from which the region of interest was manually 

defined. This delineated region was then used to capture multiple 1.3 MP fluorescent channel 

images with a 20% overlap of the ROI. Each image was aligned with its neighbours until an 

accurate overview of the ROI was complete (Figure 4.2). 

 

 

Figure 4.2 The rat substantia nigra 

An overview of the rat substantia nigra showing dopaminergic neurons labelled with the 

Tyrosine hydroxylase antibody. The three main dopaminergic areas of the mid brain are 

indicated, substantia nigra pars compacta (SNC), substantia nigra pars reticulata (SNR) and 

ventral tegmental area (VTA). 

 

 Height measurement 

By taking three random section thickness measurements, the average section height was used 

to allocate a sampling volume (Figure 4.3) (25um) within the section using 5um guard zones. 

This was combined with three exclusion planes (top, right and above) that precluded the need 

for Post hoc adjustment for the double-counting of cells. 
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Figure 4.3 Stereology sampling volume 

An illustration of how the height for each sampling volume was defined. The exclusion 

planes are coloured Blue, Green and Red with the theoretical tissue thickness indicated in 

magenta. Note the guard zones to avoid surface inconstancies in yellow. 

 

 3D data capture 

Using the same delineated area and computer assisted grid overlay, every fifth square in the 

grid was (the starting point was selected using a random number generator) stored in the 

Mark and Find module and imaged at 630x magnification. Three-dimensional images of a 

uniform height were obtained using the ApoTome module, in order to obtain data that can be 

used for the optical disector this consisted of a 25um z-stack where each optical slice was 

positioned 0.24um apart and captured at each of the random fields assigned. 
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 Image Analysis. 

Rather than performing online counting of the specimen this method captures the data for 

offline analysis the advantages of which are discussed latter.  

From the overview images of each section, the areas of the regions of interest were measured 

using the outline spline tool. The Cavalieri method of volume estimation was then used to 

calculate the respective volumes. Calculating the number of cells, required counting the 

number of nuclei in the optical disectors. The phenotype associated with each nucleus was 

indicated by the immunofluorescent marker that surrounded it. By alternating the 

combination of fluorescent channels displayed it was possible to identify subtypes of 

dopaminergic cells, those expressing only tyrosine hydroxylase as well as those that 

expressed multiple markers (Figure 4.4). This was accomplished using two counting 

methods. 

Since our data consists of a series of optical slices, using a 2D counting frame method the 

number of each specific cell was counted in the unbiased sampling volumes captured. 

The other option for cell counting was using Imaris the multidimensional data visualisation 

software which enabled the visualisation of each sampling volume in 3D. Rather than 

scanning down through the sampling volume it was possible to see all cells as complete 

objects and count the number of respective phenotypes present using the unbiased counting 

brick method.  

Once the area of each section and the randomly sampled unbiased sampling volumes had 

been analysed the number of all labelled cell phenotypes was estimated using stereological 

principles. 
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Figure 4.4 Neural subtypes in the substantia nigra 

Extended focus image of a series of optical sections captured with wide-field 

immunofluorescence using the Zeiss Apotome. (A) TH immunoreactivity in the cell soma of 

nigral neurons were clearly distinguishable from background and from adjacent nerve fibres. 

(C) Immunoreactivity to Calbindin within the same tissue section allowed clear 

discrimination of the two subtypes of dopaminergic neurons of the substantia nigra, namely 

TH/Calbindin +/- (diamond) and TH/Calbindin +/+ (arrow). Neurons showing only Calbindin 

immunoreactivity were also present (asterisk). (B) DAPI fluorescence allowed visualisation 

of all cell nuclei allowing stereological analysis of the cells of interest within the field of 

view. (D) A merged image of the three markers highlighting the colocalisation of the 

fluorescence probes. (Scale 20um) 
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4.3 Results 

The following data, relate to Part I of this chapter. 

4.3.1 Quantification of engrafted olfactory ensheathing cell and 

sympathetic preganglia neuron interactions in the adult 

rodent spinal cord. 

 A comparison of synaptic densities between GFP-Olfactory ensheathing cells-transplanted 

and fibroblasts-transplanted groups following high spinal cord injury are presented in Figure 

4.5. The sympathetic preganglia neuron synaptic density was higher in the sympathetic 

preganglia neurons rostral vs. caudal to the injury site (P  0.003) and in the olfactory 

ensheathing cell-treated animals compared to the fibroblast-treated animals (P = 0.05) (A). 

However, the interaction between treatment and position did not reach statistical significance 

(P = 0.36). In the GFP-olfactory ensheathing cells transplanted group, caudal to the injury 

site, numerous sympathetic preganglia neurons with a large amount of associated 

synaptophysin-positive staining were observed, whereas in fibroblasts-transplanted rats, 

sympathetic preganglia neurons showed less association with synaptophysin labelled synaptic 

inputs. 
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Figure 4.5 Synaptic density in a model of high spinal cord injury 

Comparison of synaptic density (green signal/red signal) between GFP-olfactory ensheathing 

cell-transplanted and fibroblasts-transplanted groups 9 weeks after SCI. Significant effects of 

both position and treatment were found (P  0.003) (A). (B) example of a sympathetic 

preganglionic neuron with multiple synaptic contacts (arrows) caudal to the injury site in a 

GFP-olfactory ensheathing cell-transplanted rat. (C) example of a sympathetic preganglionic 

neuron with multiple synaptic contacts (arrows) caudal to the injury site in a fibroblasts-

transplanted rat (Scale B & C 10μm).  
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4.3.2 Quantification of Neurogenesis and recruitment into the 

adult rodent substantia nigra 

The thymidine analogue EdU was used to tag cells undergoing DNA synthesis/proliferation 

in the rodent brain. Immunofluorescence was used to identify the different cell types found 

within the rodent brain. The antibody labelled cells were then analysed for colabelling with 

EdU to identify the phenotype of proliferating cells. 
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Figure 4.6 Proliferative cells labelled with EdU, present in in the substantia nigra 

EdU positive cells were counted in the area defined as the substantia nigra. Age decreased 

cell genesis and recruitment into the substantia nigra. A significant interaction between age 

was found (F(1,8) = 72.48, p≤0.0001) using two-way ANOVA. 

 

A decrease in EdU positive cells was apparent with an increase in age (Figure 4.6). A two-

way ANOVA indicated that the changes in cell genesis is affected by age, (F(1,8) = 72.48, 

p≤0.0001). EdU-labelled preparations when labelled with immunofluorescence markers of 

mature neuronal markers of the substantia nigra (calbindin and tyrosine hydroxylase) 

demonstrated that neurogenesis did not occur (no double labelled cells) under the present 

experimental regime, although cell proliferation was demonstrated (unidentified cell types). 
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4.3.3 Quantification of cell proliferation and neurogenesis in the 

rodent olfactory mucosa 

Cell proliferation in the olfactory mucosa decreased with time (Figure 4.7). All three layers of 

the olfactory mucosa were included to show a decline in EdU positive cells over three age 

categories, young (P6 - 12), adult (6months) and geriatric (19months). This was independent 

of the post-labelling duration to harvesting, of the cells, namely, tissues harvested one day or 

seven days post labelling. 

Y
ou

ng

A
dult

G
er

ia
tr

ic

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010
1Day

7Day

Animal Age

A
v
e
r
a
g
e
 c

e
ll

s 
p

e
r


m
3

 

Figure 4.7 Proliferative cells in the olfactory mucosa 

A decline in proliferative cells in olfactory mucosa was seen as age increased, independent of 

the post-labelling duration to tissue harvest. A significant interaction between age and the 

time-to-harvest was found using two-way ANOVA (P < 0.0001). Error bars show standard 

error of the mean. 
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Figure 4.8 Cell proliferation in the three layers of the olfactory epithelium 

Three age categories, in tissues harvested (A) 1 and (B) 7Days post labelling. 

The proportion of proliferative cells in each layer of the olfactory mucosa varies with both 

age and length of time post labelling. This is most evident in the young animals of (A) where 

the majority of cells are present in the lamina propria/basement membrane regions, but are 

more evenly distributed in the adult and geriatric olfactory mucosa. The interaction between 

age and location in the one day time point is significantly different (p=0.0001) as is the 

variance between location (p=0.003). (B) There is no significant difference between the 

interaction of age and location in the 7 day time point. The variance between age though was 

found to be significantly different (p=0.028). All error bars show standard error of the mean. 
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Proliferation in the layers of the olfactory mucosa varied significantly in the young animal 

(Figure 4.8), especially in the basement membrane and lamina propria when collected one 

day after exposure to EdU. The reduction in the number of EdU labelled cells, especially 

those in the olfactory epithelium indicates a rapid exfoliation of cells from this layer in the 

“young” animals, where the EdU-labelled cells are lost, within 7 days of labelling. As the 

neural cell population resides between the apical (epithelial) surface and basal layer, 

neurogenesis was also assessed in a similar manner. It was found that neurogenesis also 

decreased with time (Figure 4.10). This was measured by quantification of colocalisation of 

the proliferation marker EdU, the immature neural phenotype marker Class III β-tubulin and 

the mature olfactory neuronal marker OMP, in the olfactory epithelium (Figure 4.9). 

 
 

Figure 4.9 Neurogenesis in the olfactory epithelium  

(A) A maximum image projection of a series of optical slices showing the density of all cells 

and proliferative cells with a neural phenotype (Scale 50μm). (B & C) A single optical slice 

clearly showing the proliferative marker EdU surrounded by the immature neural phenotype 

marker Class III β-tubulin (asterisk) and the localisation of EdU with the mature olfactory 

receptor neuron marker OMP (arrowhead) (Scale 20μm). 

 

Neural cells of the young animals mature rapidly, as no difference in cell numbers were 

detected at both 1D and 7D, post-labelling, suggestive of the dividing cells expressing neural 

phenotype markers within a day of division (Figure 4.10).  
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Figure 4.10 Neurogenesis estimates in the olfactory epithelium 

Neurogenesis decreased with age when looking at the immature and mature olfactory 

receptor neuron population in the olfactory epithelium. Although there is little significance 

between time points, it was found that age has a significant effect (p=0.0001). Error bars 

show standard error of the mean. 

 

4.3.4 Number estimation using Stereology in the rat substantia 

nigra 

The following data relates to Part II of this chapter. 

Using the established methods of number estimation using the optical disector and systematic 

and random sampling of the ROI, the total number of cells expressing tyrosine hydroxylase, 

calbindin or both was estimated and the associated standard deviation and coefficient of error 

was calculated. Note that a sufficient level of sampling was achieved as indicated by the CE 

value of 0.06 for the tyrosine hydroxylase cells (Table 4.1). The CE was higher in the 

calbindin and double labelled cells as there was significantly fewer cells in the sampling area 

Figure 4.11. 
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Table 4.1 Neural subtype estimates in the rat substantia nigra pars compacta 

Total cell population estimates for the rat substantia nigra pars compacta, coexpressing cells 

showed a positive signal for both tyrosine hydroxylase and calbindin. 

 

Tyrosine Hydroxylase Calbindin Coexpressing 

Number SD CE Number SD CE Number SD CE 

6,982.82 783.14 0.06 2,141.03 548.15 0.13 1,113.27 595.18 0.27 
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Figure 4.11 Estimates for the total number of neural subtypes in the rat substantia 

nigra pars compacta 

The total number of each subpopulation of dopaminergic neurons in the rat substantia nigra 

pars compacta plotted with error bars showing the SEM.  
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4.3.5 Number estimation using Stereology in the mouse 

substantia nigra 

The same approach as that used in the rat was applied to the mouse brain. The number of 

cells expressing tyrosine hydroxylase, calbindin or both were estimated and the associated 

standard error of the mean. Note the very small SEM for all counts (Figure 4.12) and the 

consistently low CE for all three population counts (Table 4.2). 

 

Table 4.2 Estimates of the total number of neural subtype counts in the mouse 

substantia nigra pars compacta 

Total cell population estimates for the mouse substantia nigra pars compacta, with the 

coexpressing cells being those show a positive signal for both tyrosine hydroxylase and 

calbindin. 

 

 

Tyrosine Hydroxylase Calbindin Coexpressing 

Number SD CE Number SD CE Number SD CE 

4560.29 1201.05 0.12 849.21 289.86 0.16 698.28 226.40 0.15 
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Figure 4.12 Neural subtype estimates in the mouse substantia nigra pars compacta 

The estimated number of each subpopulation of dopaminergic neurons in the mouse 

substantia nigra pars compacta plotted with error bars showing the SEM.  
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4.4 Discussion 

Over the course of these three quantitative studies, cell state, cell phenotype and associated 

interactions between one or both where assessed in the peripheral and central nervous system. 

This required imaging in 2D and or 3D, both of which were quantified manually or in a semi-

automated way.  

It was shown that EdU is a reliable marker of cell proliferation in the olfactory system. 

Although the method is robust, with clear demonstration of the dividing cells, the results, as 

was the case with the substantia nigra where the use of this technique to identify neurogenesis 

did not reveal any newly generated neurons showing adult phenotype markers. This is 

possibly due to an inadequate time duration post-labelling, for cell differentiation to occur. 

Neurogenesis was however clearly demonstrated in the olfactory system. 

4.4.1 Quantifying the interaction of engrafted olfactory 

ensheathing cell and sympathetic preganglia neurons in the 

adult rodent spinal cord. 

Olfactory ensheathing cells were transplanted into the spinal cord in the region of spinal 

parasympathetic neurons leading to the reorganisation of synaptic inputs namely, a reduction 

in the number of primary dendrites and an increase in the synaptic density on neurons caudal 

to the spinal cord injury. The semi-automated technique eliminated bias and enabled rapid 

(machine-based) analysis of fine structures (synapses) within complex tissue.  

The study provides a mechanism for the therapeutic effect of olfactory ensheathing cells on 

autonomic dysreflexia, demonstrating that the effect is specific for olfactory ensheathing cells 

(controls were transplanted fibroblasts), and suggests a mechanism involving reorganization 

of the synaptic inputs to spinal sympathetic neurons caudal to the site of spinal cord injury.  

Semi quantitative analysis was of synaptophysin immunofluorescence in juxtaposition to the 

sympathetic preganglionic neurons soma was used and it was found that olfactory 

ensheathing cells increase the density of synaptic contacts, on sympathetic preganglionic 

neurons. This is an important finding that suggests an improved network regulation of 

sympathetic preganglionic neuron activity. The anatomy of synaptic circuits controlling 

sympathetic preganglionic neuron activity is complex with synaptic inputs from the brain 
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stem and from spinal inter-neuron. These connections can be either excitatory or inhibitory 

(Llewellyn-Smith, 2009). Further studies are warranted to evaluate the percentage of 

excitatory and inhibitory synapses on the soma and dendritic arbour, readily achievable using 

the current technique.  

4.4.2 Neurogenesis in the adult rodent substantia nigra 

The occurrence of neurogenesis in the adult mammalian brain has been disputed. Chapter 

3.2.3 introduced an effective method of labelling proliferating cell using EdU. This 

fluorescent histological tag can be combined with existing immunofluorescent methods. The 

combination has the potential of identifying not only proliferative cells but also the associated 

phenotype of the terminally differentiated cells. 

This study did not provide evidence for dopamine cell genesis in the substantia nigra in the 

juvenile, adult, mature or aged rat. While cell genesis in the substantia nigra is demonstrated, 

neurogenesis was not shown as EdU positive cells did not colocalise any of the mature and 

immature neuronal cell phenotype markers. This was despite the experimental protocol 

potentially providing sufficient time for the EdU positive cells to mature into dopaminergic 

neurons (M. Zhao et al., 2003). 

Notably, none of our EdU positive cells expressed the transcription factors, Pax6 nor Lmx-1b 

(data not shown), markers of early dopaminergic neuron cell fate. Furthermore, none of the 

EdU positive cells colocalised NeuN or tyrosine hydroxylase, a general neural marker and the 

marker of mature dopaminergic neurons. This agrees with previous studies showing the 

absence of nigral neurogenesis (Aponso et al., 2008) and the inability of the substantia nigra 

to recapitulate dopaminergic circuitry (Frielingsdorf et al., 2004). However, some previous 

studies have suggested adult nigral neurogenesis and the colocalisation of cell lineage 

markers such as BrdU with tyrosine hydroxylase (Yoshimi et al., 2005). An increase in cell 

genesis in the substantia nigra after a partial nigrostriatal lesion in adult rats has also been 

demonstrated (Aponso et al., 2008). Here it was showed that despite a declining trend in cell 

genesis with increasing age, a partial nigrostriatal lesion caused an increase in cell genesis, in 

the substantia nigra.  
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An increase in concentration and delivery time of EdU may have labelled more proliferative 

cells, thus increasing the chance of observing nigral neurogenesis. Notably, the current 

experimental protocol provided sufficient time for the EdU positive cells to mature into 

dopaminergic neurons, based on the timeframe by M. Zhao et al. (2003) who showed that 

BrdU labelled cells colocalised with tyrosine hydroxylase 21 days following administration. 

Here the reported cell numbers were small and the apparent colocalisation was marred by 

the difficulties of BrdU labelling combined with immunofluorescence. Notably, actively 

proliferating progenitor cells with neuronal potential have also been observed in the 

substantia nigra (Lie et al., 2002). Together with using markers of mature dopaminergic 

neurons, the current study used early transcription factor markers to target EdU positive 

cells primed towards identifying neuronal or specifically, the dopaminergic phenotype.  

Both control and partially lesioned animals at all ages did not show any EdU positive cells 

colocalising with SOX2, doublecortin, Pax6, or Lmx-1b. SOX2 expression is abundant in 

neural stem cells (Episkopou, 2005). Pax6 has been suggested to play a role in the 

development of dopaminergic neurons (Wullimann & Rink, 2001). Lmx-1b has been shown 

in neurons primed towards a dopaminergic phenotype (J. C. Lin & Rosenthal, 2003). The 

absence of EdU positive cells colocalising mature and immature neuronal markers; stem cell 

markers; and transcription factors used to drive a cell to a dopaminergic fate, suggest an 

absence of neural cell replacement in the substantia nigra. This is especially pertinent when 

considering the aggressively neurogenic environment of the juvenile brain combined with a 

partial nigrostriatal lesion should be an environment conducive to dopaminergic cell 

recruitment.  

It is possible that the EdU positive cells were glial cells that proliferate due to the partial 

degeneration of the nigrostriatal pathway. Due to the extensive antibody panel and the amount 

of sections used, the sections could not be stained with glial markers concurrently with mature 

and immature cell markers. This prevented the phenotypic characterisation of these cell types. 

Notably, in the few sections immunofluorescently labelled with GFAP, no EdU positive cells 

colocalised GFAP showing an absence of astrocyte genesis, de novo under the current 

experimental conditions. 



 

92 

4.4.3 Neurogenesis in the adult rodent olfactory epithelium 

The dense cellular structure present in the olfactory epithelium imparts a challenge when 

quantifying cell numbers as it can be difficult to distinguish cellular boundaries, increasing 

the risk of double counting, in relation to the tissue thickness. 

The olfactory epithelium is the only tissue of the adult nervous system easily accessible 

without surgical intervention for visualisation of neurogenesis. As shown here, olfactory 

neurogenesis is abundant and can be identified and quantified using the multiple labelling 

techniques described thus far. Clear associations of proliferating cells with protein markers of 

neural fate such as βIIIT and OMP enables the quantification of the neural cell dynamics in 

this constantly regenerating neural tissue. Furthermore, association with markers such as 

cytokeratin 18 and Ki67, enabled the association of cell genesis to specific neurogenic niches 

within the tissue.  

Although not novel by itself, its compatibility with the processing and embedment technique 

highlighted in the previous chapter allowed the use of thick tissue sections and resulted in 

excellent preservation of cytoarchitecture and anatomy. These thick sections allowed for 3D 

data capture that minimises the possibility of counting bias in thick tissue sections and 

allowed an accurate visualisation of the tissue and its cellular arrangement. 

It has been proposed that the decline in neurogenesis with age may be due in part to a decline 

in the number of basal cells (Garrosa & Coca, 1991). The marked decline of proliferative 

cells in the basement membrane of the adult and geriatric mouse in comparison to the 

neonate, supports this postulation (Figure 4.10). The decline in proliferative levels with 

increasing age, has been observed in other species, for example the opossum (Jia & Halpern, 

1998) and snake (Holtzman, 1998) and is likely to be a feature common to all vertebrates. 

Telomere shortening has been shown to lead to a decrease in cell division, and this aging of 

the cell population appears to correlate with the overall physical aging of the body 

(Eisenberg, 2011). 

Despite numerous attempts with altered experimental protocols, the detection of βIIIT in the 

olfactory epithelium of adult and geriatric tissues was unsuccessful. A proposed cause for this 

is the loss of the antigen due to a fault in the EDTA decalcification step, as this was the only 

variation in tissue processing that was not applied to the young animals.  
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The cell cycle of active proliferative cells in the olfactory epithelium has been estimated to be 

17 h in adult animals (Huard & Schwob, 1995). In this study, proliferative cells initially 

labelled in either the lamina propria or basement membrane of young animals, migrated to 

other locations such as the epithelial surface by 7 days. This is evident by the sharp decrease 

in cell number that occurs between the 1 and 7 day time points after exposure in the young 

animal. The high turnover associated with this young age category may have led to a 

“dilution” of the EdU label due to successive divisions resulting in an undetectable level of 

EdU in labelled cells and their progeny.  

The olfactory mucosa is home to multiple stem cell niches (Carter et al., 2004; Chen et al., 

2004; Delorme et al., 2010; Huard et al., 1998; Jang et al., 2003; Leung et al., 2007). The 

ability to identify labelled cells and track them over time is useful when tracking the lineage 

of cells. Similarly, the compatibility of EdU labelling with immunofluorescence labelling 

enables the characterisation of the cells comprising the stem cell niche. 

Future studies need to establish the development cascade of the olfactory epithelium using a 

larger panel of phenotype markers including those targeting transcription factors and 

neurotrophin receptors. Further testing of the effect of EDTA decalcification on specific 

antigens in the olfactory epithelium, is also warranted. 

4.4.4 Number estimation using stereology in the rat substantia 

nigra 

In this study, the amount of information obtained from a single stereological study was 

expanded using techniques optimised in previous chapters. The same principles were applied 

for the analysis of the substantia nigra in both the mouse and rat. 

 Method Improvement 

One of the improvements in methodology in relation to stereology in this study is the use of 

PEG embedment for tissue sectioning. As it is performed at room temperature, and being a 

pliant wax, tissue distortion is minimised.  The only tissue shrinkage is due to ethanol 

dehydration which under vacuum is uniform, when rehydrated in PBS triton. The low 

temperature embedment and sectioning protocols and the relatively gentle fixation protocol, 

ensures maximal conservation of target antigens and therefore no antigen recovery is needed. 
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Fluorescence immunohistochemistry and labelling of thick tissue sections increases the study 

output by enabling the simultaneous examination of multiple markers within a single tissue 

section. Here two phenotype markers TH and Calbindin were examined together with all cell 

nuclei using the vital dye DAPI.  

Previous neurostereological studies use immunochemical stains and thin sections which are 

visualised using a light microscope (Oorschot, 1996; Poirier et al., 1983). This usually 

restricts the labelling of one target per section and limits the utility of Z-axis data. The 

correlation of multiple markers is also restricted to serial sections and association of cellular 

profiles, which is often time-consuming and imprecise. Given the right markers and imaging 

equipment the labelling profile can be further expanded as demonstrated in the previous 

chapters involving fluorescent labelling. 

Studies using immunofluoresnce labelling often use confocal microscopy (Dela Cruz et al., 

2014; Henny & Jones, 2008; Hicks et al., 2008; Kubinova & Janacek, 2015; Puelles et al., 

2014) to visualise specimens, which can lead to photobleaching of the specimen. The past 

decade has seen an advance in both dye photostability and brightness of dyes, as well as 

increased detector sensitivity. As a result, very low laser power is used in most modern 

confocal applications. The methodology used in this study does not induce photobleaching 

when using stable dyes. Our technique (wide field) when contrasted with laser confocal 

microscopy, is efficient in time as well as being cost-effective.  

The time taken to capture these images using the ApoTome may appear to be a weakness in 

the methodology when compared to the shorter time taken on a standard widefield 

microscopy system. However, considering that the image deconvolution can take more than a 

day to complete before data generated from a standard epifluorescence microscope can be 

analysed it is significantly. The current system, which generates analysable data as it is 

captured, is of greater advantage. Even more importantly it rivals comparable image quality 

to that generated by a confocal but at a lower financial investment for purchasing and 

maintaining the system. At the time of the study confocal scan speeds did not rival the speed 

of the structured illumination approach. This has since changed due to technical advances in 

the confocal imaging field (e.g. the advent of the spinning-disk confocal microscope and 

resonant scanning). 
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 Comparison with Previous Studies 

The stereology protocol used in this study was previously developed for cell quantification in 

rats (Cavanagh et al., in preparation). This protocol extends traditional stereology protocols, 

as it performs cell counts for each sample in three dimensions as opposed to two, thereby 

negating the risk of double-counting. Traditional stereological cell counts usually adjust for 

double-counting using an equation, post hoc. Eliminating double-counting at the sample level 

is therefore technically simpler and more accurate. The results of the adapted protocol were 

compared to the dopaminergic cell counts of previously published stereological studies. As 

seen in Table 4.3 the estimated number of dopaminergic neurons in the substantia nigra of the 

mouse differs widely between studies. The results from the current study are closest to the 

study by Nelson et al. (1996). In the case of the rat there is also variation although less than 

that found in the mouse. The numbers listed in the study by Finkelstein (2000) are the closest 

to this study, having used the same number of animals and strain with the least variation. 
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Table 4.3 A comparison of the data from this study with data from previously published 

stereological papers on the numbers of dopaminergic cells in the substantia nigra. 

 

Mouse 

Reference Mouse 

Strain 

Nigral Dopaminergic Cell 

Counts 

% 

Variability 

This study C57Bl/6 4560 ± 1201 26 

    

Baquet et al. 

(2009) 

C57Bl/7 8716 ± 338 3.90 

Nelson et al. (1996) C57Bl/8 4105 ± 40 1 

 

Rat 

Reference Rat Strain 

(n=) 

Cell 

population 

Nigral Cell Counts 

(CE)* 

% 

Variability 

This study Wistar (4) Dopaminergic 6,980 ± 780 (0.06) 11.17 
     

Hardman et al. 

(2002) 

Wistar (6) Dopaminergic 12,700 ± 1,000 7.87 

Finkelstein et al. 

(2000) 

Wistar (4) Dopaminergic 9,140 ± 480 5.25 

  
Neural 11,240 ± 300 

(0.028) 

2.67 

Oorschot (1996) Sprague 

Dawley (6) 

Neural 7,200 ± 1,080 

(0.074) 

15.00 

* The coefficient of error (CE) is an estimate of precision, lower is better.  

As indicated by the large variance in our study, the variability in the number of cells of the 

substatia nigra is high between individuals, in both rats and mice. These values are more 

likely to represent the biological variability between individuals than the very low values as 

shown by some other studies (e.g. Nelson et al 2009), where the variability was as low as 1% 

in C57B mice. The variably in nigral cell numbers between the same species of mice when 

comparing two different studies is very large (Nelson et al Vs Baquet et al: 4105 ± 40 Vs 
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8716 ± 338, respectively), supporting the possibility for a large degree of intra-species 

variability in the absolute number of nigral neurons between individuals. (Baquet et al., 2009; 

Finkelstein et al., 2000; Hardman et al., 2002; Nelson et al., 1996; Oorschot, 1996; Poirier et 

al., 1983; Srivastava et al., 1993). 

Varied specificity of the antibodies used has not been alluded to in previous studies, not all 

antibodies are designed the same (Rhodes & Trimmer, 2006). One final reason for variation 

is that the age of animals is not uniform for all studies and it has yet to be shown that 

neurogenesis remains constant with age (Aponso et al., 2008).  

This technique, a modification of the standard stereological method yielded numbers within 

the same range as provided by previous studies with an acceptably small percentage of 

variation. The study suggests that the technique provides accurate data on absolute cell 

numbers within the brain. With the capacity to use multiple markers to define neuronal sub-

types, it is a powerful tool for quantifying the different neuronal populations of the rat and 

mouse brain.  
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4.5 Conclusion & Summary 

Traditional quantitative analysis of anatomical specimens in microscopy used two-

dimensional specimens with subcellular features defined using bright field imaging or 

immunohistochemistry, where the analysis was restricted to single structures of interest. By 

applying stereological principles to thick, optically translucent specimens, where multiplexed 

fluorescence labelling is used, accurate data on associated or co-localising markers are 

obtained.   

The capacity to accurately resolve associations, whether extra or intracellular structures such 

as synapses to a nerve cell body, or nuclei labelled during DNA synthesis, in three-

dimensional space, has significant advantages as demonstrated in this study. The capacity to 

extend stereology, the gold standard in accurate cell quantification, into multidimensional 

space has also been shown. Automation with a strong computing backend provides 

opportunity for significant gains in the field, enabling routine use of accurate estimation in 

anatomical investigations. 
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5 Extending Into The Molecular Domain For 

The Characterisation Of Dividing Cells 

  



 

100 

5.1 Introduction 

5.1.1 Limitations of the anatomical approach 

Immunolabelling is the primary histological method used to investigate tissue at the protein 

level, using specifically targeted antibodies. Immunolabelling is a powerful tool for 

histological characterisation at the protein level, however obtaining quantitative data is time 

consuming as indicated in Chapter 4 (Lowes & Allan, 2014). 

Quantifiable flow cytometry assays are therefore an attractive alternative for protein-based 

characterization. The advantages offered by flow cytometric methods include: (1) the ability 

to examine not only the presence or absence of marker expression, but also to examine the 

level of expression in a measurable and quantifiable fashion; (2) ease of sorted sample 

collection and downstream characterization using other approaches. (3) The efficiency, for 

instance running the dissociated tissue is much faster than the histological approach. 

However, disadvantages also exist as the sample must be dissociated into single cells where 

morphological information such as cell-cell interactions are lost (Jaye et al., 2012; Lowes & 

Allan, 2014; Mittag & Tarnok, 2011). 

FISH is a marriage of anatomical and molecular technology utilised to interrogate changes in 

individual genes, including gene copy number, gene rearrangement, and/or gene deletion; as 

well as chromosomal changes, such as select arm deletion or amplification. Unfortunately 

this also has some limitations common to both anatomical and molecular techniques such as 

the difficulty obtaining population-wide quantitative data. (Lowes & Allan, 2014). 

5.1.2 Single cell isolation 

The CNS has a solid tissue organisation with a complex cytoarchitecture. It is comprised of 

lipid-rich tissue derived from myelin produced by oligodendrocytes. The isolation of cells 

from this network of ramifying, axons, dendrites and nerve cell bodies, without causing 

extensive cell lysis, is difficult. (Panchision et al., 2007; A. P. Robinson et al., 2014) 

Methods of cell dissociation have been used successfully on neural tissue, including 

nonenzymatic trituration (Nagato et al., 2005), papain (Maric et al., 2003), trypsin (Kim & 

Morshead, 2003), and collagenase digestion, with either dispase (Murayama et al., 2002) or 

other neutral proteases (Thompson et al., 2006). Whilst nonenzymatic dissociation has the 
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disadvantage of lysing a large proportion of the cells and leaving regions of undissociated 

tissue, crude enzymatic preparations can cleave important surface antigens. This hinders 

antibody titration and reproducible flow cytometric analysis. Proprietary reagents such as 

recombinant trypsin-like replacement TrypLE or collagenase/neutral protease Liberase 

Blendzymes or Accutase solutions attempt to limit variability in tissue dissociation. The 

dissociation of tissues such as the olfactory mucosa is further complicated as other substrates 

such as cartilage and mucus are also present. Most dissociation methods require long 

incubation times to facilitate enzyme action. Long incubation times, especially with elevated 

temperatures lead to changes in the molecular expression profile of the cells making the 

molecular characterisation of neural tissue difficult. (Panchision et al., 2007). 

Once isolated specific cell populations must be quantified or isolated, this is usually done 

using flow cytometry. As outlined previously, a critical step in flow cytometric analysis of 

the nervous system is the dissociation of solid organs/tissue into single cells so the samples 

can be focused in a stream of single cells (Maric & Barker, 2004).  

Further, fatty tissues with high lipid content pose a major barrier to flow cytometry as lipid 

debris can clog the apparatus. Additionally, myelin debris is highly auto-fluorescent and can 

confound meaningful spectral data. Despite the routine use of flow cytometry for circulating 

hematopoietic cell analysis and immune infiltration of the CNS, the assay remains largely 

unexplored for the investigation of resident CNS cells. (Panchision et al., 2007; A. P. 

Robinson et al., 2014) One method to ease the issues associated with the CNS is to use 

embryonic tissue which has fewer connections and dissociates easier (Banker & Cowan, 

1979; Brewer, 1997). 

Once a “clean” single cell population is obtained immunofluorescent methods of phenotype 

labelling can be used together with markers of cell cycle and cell states. FACS can then be 

used to isolate purified populations of cells as defined by the fluorescent markers applied to 

the sample. Once isolated they can in theory be further characterised using molecular 

approaches.  
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5.1.3 Difficulties of molecular characterisation of brain tissue 

RT-PCR has been utilised as a means for specific molecular characterization. One major 

disadvantage that limits the use of RT-PCR is that, although assay sensitivity is high, 

specificity can be reduced because of illegitimate transcription and false positives. It is 

because of this limitation that many have chosen to utilise RT-qPCR in place of traditional 

RT-PCR for characterization. The major advantage that RT-qPCR has over RT-PCR is the 

ability to set defined cut-offs, in the form of Cq values, to reduce false positives based on 

levels of illegitimate transcription. The ability to multiplex this approach and examine 

multiple genes at once from a very small initial sample volume is a significant advantage that 

this technique offers (A. P. Robinson et al., 2014). 

Both gene expression arrays and comparative genomic hybridization arrays (aCGH) have 

been used to characterize tissue. Gene expression arrays provide information about samples 

at the RNA level, in particular the regulation of suspected and novel transcripts; while aCGH 

provides information about samples at the DNA level, including copy number variations, 

specific mutational variants, or global genomic changes. Both techniques require that 

experimental samples be compared to appropriate control samples. The potential for novel 

biomarker identification and/or CTC gene signatures is also appealing. Several limitations 

also exist, including: (1) the necessity for specialised bioinformatics personnel for the 

analysis and interpretation of the massive amount of data that can be generated using this 

approach; (2) the necessity for validation of individually identified genes (gene expression 

arrays) using RT-qPCR; (3) cost.   

All molecular approaches require singles cells together with the eventual lysis of the samples, 

this prevents the investigation of direct cell-cell interaction in vivo. Therefore, a combination 

of anatomical and molecular techniques is the best option for characterising cells in a top 

down approach. 
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5.1.4 EdU and Proliferative Cells 

Tracking proliferating cells undergoing DNA synthesis during the S-phase of the cell cycle 

via the incorporation of traceable thymidine analogues as DNA probes is a mainstay in 

studies on cell proliferation (B. L. Cavanagh et al., 2011; F. Chehrehasa et al., 2009; Gratzner 

et al., 1975; Salic & Mitchison, 2008). However, the molecular characterisation of cells 

undergoing proliferation in vitro and in the living animal has remained an outstanding 

challenge (B. L. Cavanagh et al., 2011). BrdU, the most extensively used DNA probe is 

identified post-collection using an antibody (Gratzner et al., 1975). The processing for 

immunohistochemical detection of BrdU causes adventitious degradation of proteins and the 

near complete destruction of RNA, preventing the molecular characterization of these cells. 

This precludes selectively defining the transcription library of cells undergoing division when 

these cells are present within a heterogeneous population of dividing and non-dividing cells. 

Existing methods to target and isolate proliferating cells for molecular assays include in vivo 

retroviral incorporation of reporters or transgenic mice with reporter-linked promoters driving 

key cell cycle events and regulatory proteins (Krolewski et al., 2012; Sawamoto et al., 2001; 

Windus et al., 2007). In vivo gene transduction has major targeting limitations and difficulties 

with subsequent sampling. Isolating proliferative cells from transgenic animals with 

fluorescent reporters is limited by the paucity of unique markers and the difficulties of 

tracking a discrete cell population over time. 

A novel thymidine analogue 5-ethynyl-2-deoxyuridine (EdU) was described by us and others 

to incorporate into the DNA of the S-phase cells in vitro, in vivo (F. Chehrehasa et al., 2009; 

Salic & Mitchison, 2008) and in utero (F. Chehrehasa et al., 2009). When presented to cells 

undergoing DNA synthesis in the S-phase of the cell cycle, EdU crosses the cell and nuclear 

membranes and is recognized by DNA polymerase for insertion into genomic DNA. 

Following cell division, the daughter cells are identified following the conjugation of a 

fluorescent azide to the incorporated EdU, using the copper-catalysed click reaction (Figure 

5.1). The method allowed the robust characterization of cells undergoing proliferation and the 

progeny of the cells post-differentiation using immunofluorescence techniques (F. 

Chehrehasa et al., 2009; Mahler et al., 2010).  
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Figure 5.1 Proposed cell labelling and isolation 

Overview of the technique to isolate dividing cells for molecular profiling in vitro and in 

vivo. (A) The structure of the thymidine analogue, EdU, the fluorescent azide and their 

copper catalysed fluorescent product used in the labelling of DNA in dividing cells. (B.1) In 

tagging the DNA of dividing cells with EdU, exposure is optimised to prevent toxicity 

effects; (B.2). The cell dissociation protocols are optimised to prevent cell lysis and the 

subsequent fluorescence labelling protocol is modified to prevent RNA degradation; (B.3). 

The cells are isolated using FACS protocols that minimise cell lysis and the degradation of 

RNA. (* denotes key revisions to the protocol) 

 

This method has been rapidly adopted in multiple fields and used in tracking proliferating 

cells in plants as well as invertebrates (aplasia and drosophila) and vertebrates (fish, reptiles, 

birds and mammals) (Anda et al., 2014; Bass et al., 2014; Daul et al., 2010; Islam et al., 

2010; Kaiser et al., 2009; Lafontant et al., 2012; Mahler et al., 2010; Romaker et al., 2012). 

EdU was used recently, to study differential gene expression in the putative stem cells of 

developing mouse mammary glands (Park et al., 2013).  

The aim was to incorporate EdU into dividing brain cells and isolate the EdU-labelled cells 

for molecular assay. Cells were isolated using FACS from the brain of mouse embryos, 

neonates and adults, and brain carcinomas. The technique was established using embryonic 

stem cell and cancer cell cultures. This demonstrated the ability to collect excellent quality 

RNA from cells undergoing proliferation and subsequently their differentiated progeny using 

qPCR. Key markers are compared to cells from the same population, which are not 

undergoing division to validate the technique. The wide applicability of this method to 

multiple biological and biomedical studies for acquiring selective high quality molecular data 

on dividing cells is proposed.  
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5.2 Methods 

5.2.1 Animals 

C57BL/6 mouse pups of 4-12 days postpartum were used for olfactory and brain tissue. 

Female 6-8 week old NOD-SKID mice sourced from the Western-Australian Animal 

Resource Centre were used for intracranial xenografts. 50-100,000, δGli36 and GBM 

(Glioblastoma multiforme) cells were injected, unilaterally into the mid striatum of the right 

hemisphere (bregma [0,0], 2.0 mm lateral, 2.5 mm depth). The mice were given 

intraperitoneal injections of 50 mg/Kg EdU 4, 12, 24 or 72 hours, before sacrifice.  

5.2.2 Cell growth conditions 

Embryonic stem cells were grown in Leukaemia inhibitory factor containing medium (Pease 

et al., 1990). The human brain derived primary cells and tumour cell lines were grown in 

neural stem cell medium (epidermal growth factor (EGF), Basic fibroblast growth factor 

(bFGF) and 10% fetal calf serum in DMEM F-12). The human glioma cell line δGli36 and 

the GFP-expressing, δGli-36-pmax-GFP, which overexpress a truncaed mutant epidermal 

growth factor receptor commonly found in gliomas, were grown to no more than 80% 

confluence in DMEM supplemented with 10% foetal bovine serum and puromycin (1 µg/ml). 

δGli36-pmax-GFP were grown in selection media containing geneticin (500 µg/ml), and in 

neural stem cell medium (EGF, bFGF and 10%fetal calf serum in DMEM F-12), for pulse 

labelling. All cells were maintained at 37°C in a humidified incubator with 5% CO2.  

Embryonic stem cells, δGli-36-pmax-FP and primary glioma / astrocytoma cultures were 

passaged, without significant / detectable changes to cell phenotype nor cell cycle, for the 

period of experimentation.  

5.2.3 Cell and Tissue dissociation 

Cultured cells were labelled with 10 µM EdU in culture medium at 37°C for two hours. 

The cells were rinsed twice in dPBS and dissociated using Accutase with 2 mL of the 

solution added to the T75 flask and incubated for 2 minutes under normal culture conditions. 

The cells were gently detached using cell line specific media containing 10% fetal bovine 
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serum and triturated with a fire-polished glass pipette. Cells were pelletized at 300g and the 

supernatant removed before click labelling. 

Olfactory and brain tissue was placed in a drop of dissociation media and dissociated into a 

‘paste’ using fine wire-handled scissors in a glass petri dish under chilled conditions. For the 

olfactory tissue, the suspension was placed in an enzyme cocktail (0.7 mg/ml collagenase D, 

3.7 mg/ml dispase II, 100 g/ml Deoxyribonuclease I) and 0.5% w/v Bovine serum albumin 

at 37°C for 1 hour and agitated slowly (at approximately 1hertz) using a very small (0.5cm) 

magnetic flea. The cell suspension was pelleted and re-suspended in chilled Hanks buffered 

salt solution (HBSS) before trituration with two fire polished Pasteur pipettes of reducing 

bore size (approximately 300 µm and 100 µm, respectively). The dissociated cell suspension 

was sequentially filtered through a 100 µm, 70 µm, and 40 µm cell strainer and finally 

pelleted.  

Tumours extracted from the associated brain matrix were enzymatically digested using a 

cocktail of 1mg/ml collagenase, 1 mg/ml dispase, and 1 mg/ml DNase for 2 hours at 37°C 

with constant stirring and the digested material subsequently passed through a 40 µm cell 

strainer to obtain single cells.  

5.2.4 Modified Click labelling of cells 

Once tissues and cells had been dissociated into single cells they underwent click labelling. 

The cell pellet was re-suspended in HBSS or dPBS and the click reaction run on ice for 30 

min. The modified reaction mixture consisted of 12 µl of 50mM Copper sulphate, 200 µl of 

reaction buffer additive, 5 µl of fluorescent azide, and 783 µl of DEPC-treated PBS to yield a 

final volume of 1 ml (i.e. 10 µM fluorescent azide, 1.5 mM copper sulphate, and 20 mg/ml 

sodium ascorbate). Following the click-reaction, β-mercaptoethanol (10 µl of 14.3M BME 

per 1ml), was applied halting the reaction. Cells were pelleted at 300g, washed 4 times in 

dPBS and suspended in cold dPBS. Several conditions and reagents were optimised in 

developing this protocol, as reported in the results. 
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5.2.5 Histology 

Once collected whole brains were processed according to the methods of tissue collection, as 

per the section on OCT embedding in Chapter 2, General Methods. The xenografted brains 

were also collected and processed in the same manner. The only variation being that they 

were collected 12 days after the initial stereotaxic injection. 

5.2.6 Image capture, analysis and image preparation  

All images were captured as per Chapter 2, General Methods. 

5.2.7 Quantification and Statistical analysis 

For the calculation of relative cell numbers, the cell nuclei counterstained with DAPI were 

quantified from 10 randomly-picked high power views imaged from tumour sections stained 

for EdU and Ki67.  

The results are presented as means and standard errors of the mean (SEM) or standard 

deviation (SD) as noted in the figure. Statistical significance was tested using a Student's t-

test for the cell number counts in figure 4B and one-way ANOVA followed by Bonferroni's 

Multiple Comparison Test using Prism 5 (Graphpad Software Inc.) of all other multivariable 

datasets. Values of p ≤ 0.05 were considered statistically significant 

5.2.8 FACS sorting based on EdU fluorescence 

Olfactory tissue was collected from whole litters due to the small size of the olfactory 

epithelium in neonatal mice. For those collected 24 hours after EdU exposure, a single litter 

was used. Two litters were used for the 7 day time point due to a lower number of cells. The 

average mouse litter consisted of 8-10 pups.  

Approximately 1x106 cells were extracted from each brain tumour xenograft sample and up 

to 4x106 cells were collected from multiple flasks at 70-80% confluency for cell lines for 

performing FACS. Trypan blue exclusion tests following cell dissociation showed 90-96% 

cell viability (data not shown). 

A Becton Dickinson Influx and a Becton Dickinson Aria (running FACS diva Software 

1.0.1.6), were used in FACS experimentation. Optimal results were obtained using the BD 
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Influx with a 100µm nozzle, 27.6psi back pressure, a drop frequency of 38.70 KHz and a sort 

precision of 1.00. These settings, often used in “live cell sorting” (Pers. com. Dr Geoff 

Osborne), provided effective cell separation. The membrane integrity of the cells was 

established using fluorescence and differential interference-contrast microscopy. The sorted 

cells were immediately pelletised and lysed with the RLT lysis buffer supplemented with β-

mercaptoethanol and frozen until they were further processed. 

5.2.9 Molecular profiling of EdU labelled cells 

RNA quantity and purity were analysed using a NanoDrop ND-1000 UV-Vis 

Spectrophotometer and RNA integrity using an Agilent's 2100 Bioanalyser. The absorbance 

ratio (OD), measured at 260 and 280 nm was assayed on the Nano drop prior to samples 

being analysed on the Bioanalyser for the major human rRNA species 18S and 28S.  

Cell samples for analysis of marker gene expression were lysed and total RNA extraction, 

including DNA digestion, was performed according to instructions for the RNeasy Micro Kit. 

To ensure stability, total RNA was converted into first strand cDNA using the SuperScript® 

III First-Strand Synthesis SuperMix as per the manufacturers protocol. 

Quantification of specific marker gene (Table 5.1) expression levels was performed 

according to Rotor-Gene SYBR Green PCR Kit on a Corbett Rotor-Gene 6000 with Rotor 

Gene Software version 1.7. Relative RNA quantification was done by the comparative CT 

Method normalizing the data to appropriate endogenous control genes. 

To assess qPCR quality, all products were run on a 1% TBE agarose gel with Ethidium 

Bromide Solution. All samples were loaded in Nucleic Acid Sample Loading Buffer 

alongside a 2-Log DNA Ladder (0.1–10.0 kb) to verify the size of qPCR products. The 

addition of SYBR® Safe DNA Gel Stain was added to the TEA buffer directly before 

running to ensure clear staining.  
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Table 5.1 Primers 

Primers used for qPCR for either mouse or human samples 

 

Species Name Abbreviation Accession 

Number 

Human Homo sapiens actin, beta ACTB NM_001101 

Human Homo sapiens CD44 molecule (Indian 

blood group) 

CD44 NM_001001392 

Human Homo sapiens glyceraldehyde-3-phosphate 

dehydrogenase 

GAPDHS NM_014364 

Human Homo sapiens antigen identified by 

monoclonal antibody Ki67 

MKI67 NM_002417 

Human Homo sapiens prominin 1 PROM1 NM_001145848 

Human Homo sapiens SRY-box containing gene 2 QSOX2 NM_181701 

Human Homo sapiens tubulin, beta 3 class III TUBB3 NM_006086 

Mouse Mus musculus actin, beta Actb NM_007393 

Mouse Mus musculus glyceraldehyde-3-phosphate 

dehydrogenase 

Gapdh NM_008084 

Mouse Mus musculus antigen identified by 

monoclonal antibody Ki67 

Mki67 NM_001081117 

Mouse Mus musculus Nanoghomeobox Nanog NM_028016 

Mouse Mus musculus SRY-box containing gene 2 SOX2 NM_011443 

Mouse Mus musculus tubulin, beta 3 class III Tubb3 NM_023279 
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5.3 Results 

5.3.1 Neurogenic zones and xenografted glioma provided 

proliferating cells for experimentation 

Mouse embryonic stem cells, the human glioma cell lines U87 and δGli36 GFP, and surgical 

samples of GBM were chosen to establish the technique (Figure 5.2). Cells were collected 

with or without pulse-labelling with EdU. Adult olfactory and neurogenic brain tissue 

together with brain xenografts enabled validation of the techniques in vivo where EdU was 

injected intraperitoneally 12-24 hours prior to brain collection. The fluorescence intensity of 

the preparation was correlated to the probe concentration, however variation in the number of 

labelled cells was insignificant when using EdU concentrations above 10mM (data not 

presented). 
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Figure 5.2 Glioma xenografts 

(A) A 10 day old pmaxGFP expressing glioma (δGli36-pmaxGFP) xenograft. The brains 

collected 24 h after EdU injection, showed extensive EdU labelling within the tumour mass 

which expressed eGFP fluorescence. (Scale 1mm) (B) pmaxGFP (green) and EdU (red), is 

localised within the tumour, where all cell nuclei showed DAPI (blue) fluorescence (Scale 

500µm). (C) A high power image series of the same tumour showed colocalisation of EdU 

labelling within DAPI stained nuclei. (Scale 50µm) 
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5.3.2 Histological assays showed EdU labelling in proliferative 

zones in vivo 

Neurogenic zones of the brain together with proliferative zones in tumour xenografts were 

analysed combining EdU labelling and immunofluorescence using our previously described 

protocols (B. L. Cavanagh et al., 2011; F. Chehrehasa et al., 2009). 

EdU labelling was detected within native neuronal and xenograft tissue, with multiple 

labelling immunofluorescence showing the association of EdU labelling to the horizontal 

basal cell layer, expressing the transcription factor SOX2, a site of adult neurogenesis in the 

olfactory epithelium (Figure 5.3) and colocalised with the transcription factor Ki67 in the 

nuclei of proliferating cells in glioma xenografts (Figure 5.2). The nuclear stain DAPI in 

combination with immunofluorescence techniques enabled quantification of the dividing 

cells. 

 

Figure 5.3 Neurogenesis in the olfactory epithelium 

(A) The young proliferating mouse olfactory epithelium collected 24 h after EdU injection 

showing labelling within the proliferating horizontal basal cell layer. EdU (white) is localised 

to the nucleus of cells lining the basal lamina that underwent proliferation in the 24 h time 

frame. βIII tubulin (green) and the transcription factor SOX2 (red) are used to identify 

immature neurons and the horizontal basal cells of the neuroepithelium. The sustentacular 

cell nuclei located at the apical surface of the neuroepithelium also show SOX2 expression. 

Colocalization of fainter SOX2 and EdU labelling in the horizontal basal cell layer indicates 

daughter cells that underwent recent cell division. (Scale 20µm) 
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5.3.3 Validation of EdU for labelling proliferating cells, using 

Ki67 expression 

The transcription factor Ki67 is expressed in all active phases of the cell cycle (Scholzen and 

Gerdes, 2000; Whitfield et al., 2006). EdU is incorporated into DNA exclusively during DNA 

synthesis, in the S-phase of the cell cycle. Therefore, the Ki67 protein and gene expression 

was used to compare anatomical and gene transcription data derived from EdU labelled 

δGli36-pmax-FP cells from intracranial mouse tumours (Figure 5.4).  

 

Figure 5.4 Proliferation in the δGli36-pmaxGFP cell line 

Fluorescence images of a GFP-expressing cancer cell culture (δGli36-pmaxGFP) with the 

proliferating cells exposed to EdU immediately prior to fixation and subsequently labelled 

with the cell proliferation marker, Ki67. After pulse labelling the cells with EdU at 20µM in 

neural stem cell medium (EGF, bFGF and 10%fetal calf serum in DMEM F-12), and 

following 2 h incubation at 37°C , a sample was fixed in modified Zamboni’s fixative. The 

cell nuclei were stained with DAPI, the fluorescent azide and the proliferating cells labelled 

by indirect immunofluorescence against Ki67 and the cells quantified. 

 

The cell cycle stage as defined by the labelling profile for Ki67 and EdU was supported by 

the anatomical data. Of all δGli36-pmax-FP cells, 45% ± 6.566 were EdU-positive and 40% 

±0.498 were immunoreactive for Ki67. The EdU-negative cell fraction had a lower 

expression of the Ki67 protein (25% ± 6.795) in comparison to the number of Ki67-positive 

cells (56.70% ± 13.08) within the EdU-positive cell fraction. A total of 26% ± 8.932 of the 

δGli36-pmax-FP cells were double labelled for EdU and Ki67 (Figure 5.8).  
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Figure 5.5 Quantification of Proliferation in the δGli36-pmaxGFP cell line 

The percentage of EdU and Ki67 labelled cells as a proportion of the total cell population 

 

The expression of the Ki67 gene was significantly higher in the EdU labelled cells than in the 

unlabelled cells (Figure 5.6), reflecting the protein expression data. The corroboration of 

anatomical data by Ki67 gene expression data validates the technique for assaying transcript 

expression in dividing cells. Maximal RNA integrity was maintained when collecting cells in 

vitro and in vivo  

 

Figure 5.6 Ki67 expression in the δGli36-pmaxGFP cell line 

qPCR analysis of Ki67 expression in the isolated EdU labelled cells were compared with the 

EdU negative cells and the unsorted sample (*, **, *** found to be significant, p ≤ 0.05, (± 

SEM)). 
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The cells were brought into a single-cell suspension for fluorescence labelling of the 

incorporated EdU for FACS (Figure 5.7). The integrity of the cell membrane is critical to the 

quality of the cellular RNA content both from cultured cells and cells collected from the brain 

when being subjected to FACS (data not presented). Proliferating EdU-localizing cells were 

isolated effectively from neonatal and adult neurogenic zones and from human glioma 

xenografts.  

The FACS protocols were initially optimized using cells in vitro. Up to 4x106 cells were 

collected from multiple flasks at 70-80% confluency for FACS analysis. Evaluation of the 

RNA quantity and purity provided 150-350ng/µL of RNA with an absorbance ratio of 1.9-2 

and an rRNA integrity measure of 1.2-2 and 1.99-2 for mouse and human samples, 

respectively.  

 

 

Figure 5.7 FACS sorting of EdU labelled δGli36-pmaxGFP cell line  

(A) FACS plot of fluorescent label and intensity is shown. Note the 4 distinct cell 

populations/clusters, negative cells [bottom left], GFP positive [bottom right], Alexa 647 

Positive [top left] and a final population labelled with both GFP and Alexa 647 [top right]. 

(B) By overlaying the total population grey and EdU positive population as defined by the 

coloured blue box in ‘a’ it is possible to see two distinct populations, the cells that were 

isolated are shown by the blue shading. 
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Olfactory and brain tissue was collected from mouse pups and adults together with 

intracranial xenografts of U87 and Gli36 cell lines and primary GBM and SEGA tumours, 

which were injected intra-cranially and the xenografted brains collected after 12 days for 

anatomical and molecular analysis. The tissue was dissociated under sterile conditions and 

the tumours extracted from the associated brain matrix enzymatically digested and passed 

through a cell strainer to isolate the primary cells. The protocols maximized cell membrane 

integrity (Figure 5.8).  

 

Figure 5.8 Cell membrane integrity following dissociation 

Brain xenografts (a, b), cell cultures and native cranial tissue (c, d) were dissociation for EdU 

labelling. (A) Demonstration of the cell nuclei and intact membrane integrity. (B) Similarly, 

DAPI labelled, eGFP expressing Delta Gli36 cells dissociated from an intracranial tumour 

showed robust EGFP expression and EdU labelling. (Scale 50µm). (C) Edu negative 

olfactory epithelium cells after FACS and the population of positive cells (D) both displaying 

intact membranes (scale 25μm). 
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5.3.4 The revised click protocol prevented the degradation of 

RNA 

Cu2+ ions are essential for the click reaction however Cu2+ ions are damaging to RNA 

(Prutz et al., 1990; Soares et al., 2003). Therefore, exposure to Cu2+ was minimised by both, 

lowering the ion concentration and reducing the time of exposure (Refer to methods).  

 

Figure 5.9 The effect of reduced copper concentrations on EdU labelling efficiency.  

The “Click protocol” is modified to conserve cellular RNA. (A) The EdU incorporated into 

DNA during cell division is identified in the daughter cells following conjugation to a 

fluorescent azide using the CuSO4-catalysed click reaction. RNA recovery was improved by 

reducing the exposure of the cells to copper ions. (Scale 100um) (B) The lowest CuSO4 

concentration for effective catalysis of the click reaction was established as 1 mM under the 

experimental conditions, as quantified using both microscopy and FACS. (C) The 

conjugation of the fluorescent azide probe to the alkyne group in EdU was not markedly 

effected by CuSO4 concentrations as low as 1mM under the given experimental conditions as 

reflected by the resultant fluorescence intensity measures where a reduction in fluorescence 

intensity would indicate inadequate catalysis by CuSO4 (* p ≤ 0.05, ±SEM). 
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The cells were collected, re-suspended in HBSS or dPBS and the click reaction run on ice for 

30 min under RNAase-free conditions.  

The CuSO4 concentration was lowered to 70% of that previously reported and the reaction 

time was reduced to 30 minutes. The reaction “stabiliser”, sodium ascorbate was increased to 

200%, with no permeabilising (e.g. saponin) or fixation agents being used. Despite these 

alterations to the click-reaction from our previously published protocol (F Chehrehasa et al., 

2009), the labelling efficacy was not altered (Figure 5.9). Unfortunately, the reproducibility 

of RNA quality, was markedly difficult to maintain between experiments. Cu2+ ions were 

further reduced to prevent damage by altering the oxidation state of the copper ions with the 

reducing agent β-mercaptoethanol (10ul of 14.3M BME per 1ml), applied 30min after 

initiating the reaction. This terminated the click-reaction, but importantly, neutralised the 

Cu2+ ions. 

β-mercaptoethanol also serves to stabilise RNA by denaturing ribonuclease enzymes 

(RNases) (Ginsburg & Schachman, 1960). This protocol whilst provided robust EdU 

labelling also provided consistent RNA quality from the cell dissociates (Table 5.3). 
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5.3.5 The FACS settings further minimized RNA degradation 

The FACS parameters were similar to live-cell experiment settings and conducted under 

chilled, RNase free conditions on two instruments, a Becton Dickinson Influx and an Aria. 

Cell membrane integrity was verified using a fluorescence microscope on subsamples of the 

cells (Figure 5.8 & Figure 5.10). These tests were done before, and after the click reaction, 

and after FACS. RNA quality was tested at multiple stages of the protocol and the RNA 

integrity and purity were tested under several FACS regimes (data not provided). The highest 

and most consistent RNA yields were obtained from the cells sorted on the Becton Dickinson 

Influx. Following sorting, the cells were pelleted, placed in RLT buffer and frozen 

immediately on dry ice, prior to RNA extraction.  

 

 

Figure 5.10 Cell membrane integrity following FACS 

Green reporter expressing Delta Gli-36 cells were engrafted and the animals injected with 

EdU 24 hours prior to the resection of tumours, 12 days following tumour engraftment and 

growth. The resected tumours were dissociated into a single cell suspension and isolated, 

prior to fluorescent labelling of the incorporated EdU using our revised protocols. The 

dissociation techniques were optimized to maximize cell viability, with minimal cellular 

debris, using tripan blue exclusion testing. The cells underwent FACS on a BD influx 

instrument configured for live-cell sorting and intact cells were obtained. Optimal FACS data 

was obtained using a large nozzle, low back pressure and a low drop frequency. These 

conditions were effective for cell separation and caused minimal damage to the cell 

membranes. (Scale 50µm) 
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5.3.6 Validation of the predicted gene expression profile  

EdU-labelled cells were isolated using FACS from heterogeneous populations collected from 

several tissue sources including neonatal and adult brain and brain cancer xenografts. Cell 

samples were lysed and total RNA extraction was carried out using the RNeasy Micro Kit. 

The RNA was stabilised by conversion into first strand cDNA using the SuperScript® III 

First-Strand Synthesis SuperMix. Micro-volume quantities of RNA were assessed for 

integrity and purity prior to further analysis. (Table 5.2 and Table 5.3). 

 

Table 5.2 RNA Quality without β-mercaptoethanol 

Dissociates of GFP expressing glioma cell line ΔGli36 provided quality RNA when collected 

both in vivo and in vitro (without β-mercaptoethanol). 

 

  Sample Concentration 

(ng/uL) 

A260/A28

0 

A260/A23

0 

in
 v

it
ro

  EdU+ 356.39 ± 153.74 2.03 ± 0.04 2.05 ± 0.06 

EdU- 280.68 ± 167.55 2.03 ± 0.02 2.00 ± 0.30 

in
 v

iv
o
  EdU+ 109.30 ± 031.78 1.99 ± 0.01 1.92 ± 0.19 

EdU- 165.68 ± 127.41 2.01 ± 0.02 2.01 ± 0.11 
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Table 5.3 RNA Quality with β-mercaptoethanol 

RNA quality was improved and the results became consistent on using β-mercaptoethanol to 

stop the reaction by reducing the copper ions and to remove RNase activity. 

 

 

 

Sample Concentration (ng/uL) 26/280 28s/18s Rin 

      

- 
B

M
E

 

Control  1278 2.01 1.8 9.9 

Standard click reaction 183 2.08 0 2.2 

with RNAse Inhibitor 426 2 13 2.1 

With DEPC 294 2.05 0 2 

With RNAse Inhibitor +DEPC 544 1.99 1.2 2 
      

+
 B

M
E

 

Standard click reaction 1190 2.08 1.5 5.1 

with RNAse Inhibitor 1366 2 1.3 4.3 

With DEPC 1356 2.05 1.4 59 

With RNAse Inhibitor +DEPC 1223 1.99 1.5 4.6 

 

The early marker gene expression in cells isolated from neurogenic zones when labelled with 

EdU 3 days prior to tissue collection reflected the longitudinal gene expression pattern of 

maturing cells within the adult brain. The gene expression profile of EdU labelled cells in 

tumours generated from xenografts of primary glioma cells was examined (Figure 5.11). The 

gene expression data corroborate the profile of EdU labelled cells using immunofluorescence 

markers. Interestingly, CD44 was significantly overexpressed in the GBM cells following 

division in comparison to the EdU negative fraction. This marked overexpression was 

apparent primarily in the cells that recently underwent cell division, as identified by EdU 

localisation.  
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Figure 5.11 mRNA expression changes  

All expression levels have been normalised to the endogenous control genes Actin B or 

GAPDH in three cell lines (A) patient derived glioblastoma cell line (B) δGli-36 (C) Mouse 

embryonic stem cells. Note the significantly increased expression across all cell lines of KI6 

and BIIT (tubulin, beta 3 class III) in the EdU positive proliferative cell population. 

A 

B 

C 
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Cells isolated from the olfactory epithelium showed differential expression of key genes 

when compared to a heterogeneous population, EdU positive and mouse neural stem cell 

cultures as a control (Figure 5.12). Note the defined tubulin band in all three samples (lanes 

2, 3, and 4), indicating the presence of undifferentiated cells. A lack of strong nestin 

expression in the EdU sample (lane 7) indicating minimal expression by cells in S-phase or 

shortly after division. Varying expression of geminin was observed in all 3 samples (lanes 

10-12). A lack of SOX2 expression in the EdU sample (lane 4) and the presence of β-actin in 

all three samples indicating a lack of involvement with cell division. 

 

Figure 5.12 Confirmation of PCR products 

A gel run with primers listed in Table 2 using three tissue samples; 1. Dissociated OE from a 

mouse pups 7 days post EdU injection, ‘Unsorted’ 2. A sub population of sample one 

containing only EdU positive cells isolated using FACS ‘EdU+’ 3. Mouse Neural stem cell 

cultures ‘Control’.  
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5.4 Discussion 

In this chapter, the characterisation of dividing cells has moved from an anatomical study to 

the study of the molecular profile of dividing cells as an isolated population. The molecular 

profile of dividing cells can now be studied under a variety of conditions including in vitro to 

in vivo comparisons, where marked changes in the expression profile of the same cells grown 

under differing growth conditions is clearly demonstrated, in a parallel study in our 

laboratory (Endaya et al., 2015).  The field can now expand from the study of 1-4 

proteins/markers specific for phenotype and cell state, to study hundreds to thousands of 

transcripts. This molecular fingerprint would allow a more in-depth characterisation at the 

mechanisms underlying cell proliferation as discussed below.  

5.4.1 The identification of proliferating cells 

Cell division occurs during embryogenesis and growth of tissues in both normal and disease 

states. These dividing cells are identified and characterized in development and during 

normal tissue growth and repair using several techniques. Replicating cells express unique 

transcripts and proteins as they undergo DNA synthesis in the highly regulated, S-phase of 

the cell cycle (Klug & Cummings, 2006; Messier et al., 1958; Taupin, 2007). These cells may 

be identified by targeting these unique molecules with radioactive, chromogenic or 

fluorescent probes, and their biology defined. Correlations may be made to other cells and 

tissues (Doetsch et al., 1999; Givogri et al., 2006; Nowakowski et al., 1989; Taupin, 2007). 

However, isolating these labelled cells was limited to laser microdissection and FACS, where 

previously, the cell numbers and quality were limited, constraining detailed biochemical or 

molecular biological studies (Kaler et al., 2006; Tajinda et al., 2010).  

Significant recent inroads, by the direct transfection of neural stem cells of the subventricular 

zone using GFP, their isolation using FACS and subsequent gene profiling has revealed key 

regulator genes including the mitogen receptors EGF-R and FGF-R in the labelled cells. EGF 

and FGF are known neurotrophic factors regulating SVZ stem cell proliferation (Balu & 

Lucki, 2009; Bespalov & Saarma, 2007; Hoglinger et al., 2004; Lee et al., 2002; Rossi et al., 

2006). Transcriptomic data for whole tissue, refined by fine dissection or laser 

microdissection has also been secured, providing significant understanding of the 

pathophysiology of disease. However, such data have limitations as infiltrative cells such as 
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the highly motile glial cells or endothelial cells of blood vessels contaminate the sample, 

highlighting the need for the unambiguous identification of specific cell classes. 

The use of EdU labelling both in the context of the native brain, and also in brain tumour 

xenografts was examined. Multiplex probes enable the correlation of varied anatomical data. 

This anatomical data was used to substantiate our molecular data, as obtained from isolated 

cells. The techniques used in this study, provide a robust method to obtain the molecular 

profile of proliferating cells from varied tissues. 

5.4.2 Benefits of EdU: strong rapid bond with minimal cellular 

disruption. 

The use of the Huisgen’s reaction (1,3-dipolar cycloaddition or ‘click chemistry’) (Huisgen, 

1961) to covalently bind a fluorescent azide probe to the thymidine analogue EdU, is a rapid, 

two-step technique that allows the identification of DNA within cells whilst preserving the 

structural and molecular integrity of the cells (B. L. Cavanagh et al., 2011; Park et al., 2013). 

As demonstrated previously, EdU labelling was detected in vitro and within native 

proliferating tissue. Here, multiple labelling immunofluorescence enabled the association of 

EdU labelling to the horizontal basal cell layer, a site of adult neurogenesis and to specific 

zones within xenografts. The distribution and the number of proliferating cells were 

confirmed with both Ki67 and EdU labelling.  

The collection of intact RNA from these cells following their isolation allows a direct 

comparison to be made of cell undergoing division in comparison to their differentiated 

offspring within a given population. Thereby, precise data on genes mediating cell 

proliferation may be secured. This provides us with a powerful tool for the study of cell 

division, fundamental to multiple fields of biological and medical sciences.  

5.4.3 Minimizing experimental interference when profiling 

proliferating cells 

Transcriptional profiling of stem and precursor cells have provided deep insights on the 

molecular mechanisms of a variety of tissues, where combinations of cell surface markers 

were targeted facilitating the isolation of the cells using FACS (Rietze et al., 2001). These 

cell surface markers are readily accessed by probes and thereby cause minimal experimental 
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artefact when identifying cellular proteins or the molecular signature. Unfortunately, a cell 

surface marker specific to the S-phase of DNA synthesis or actively proliferating cells 

remains to be identified. 

DNA synthesis has proof reading systems that prevent the contamination of the bases. During 

the S-phase if the cellular machinery is fooled into selecting and incorporating an “unnatural 

base” during DNA synthesis, it is possible to track the daughter cells and their offspring 

subsequent to that division. Whilst any error detected by this proof reading machinery causes 

cell cycle stasis or activates apoptotic pathways (Klug & Cummings, 2006; Messier et al., 

1958; Taupin, 2007), radiolabelled nucleoside and halogenated analogues have been used to 

track and characterize newborn cells, with EdU emerging as a recent candidate (B. L. 

Cavanagh et al., 2011). 

5.4.4 Limitations of thymidine analogues 

BrdU has been the method of choice for experiments on cell proliferation for over the past 

two decades. However, nucleoside analogues exert varied biological effects following their 

incorporation into nascent DNA. This is exemplified by the varied subclasses of nucleoside 

analogues used in the treatment of leukaemia and solid tumours such as colorectal and breast 

cancers (Malmstrom et al., 2010; Spindler et al., 2014). BrdU, in doses above 60mg/kg in 

rodents has cytotoxic effects in some animals and their progeny (Anisimov, 1994; Cameron 

& McKay, 2001; Taupin, 2007). Further, the detection of BrdU following its incorporation 

into DNA requires DNA denaturation to enable antibody targeting. This processing causes 

cell and tissue disruption and the degradation of proteins and nucleic acids, limiting the utility 

of BrdU where measurement of protein content or molecular analysis is required. 

EdU is structurally similar to the natural nucleoside, has a terminal alkyne group replacing a 

methyl group at the 5 position of the pyrimidine ring. EdU which is readily incorporated into 

DNA during S-phase can be coupled via a covalent bond using (Buck et al., 2008; Salic & 

Mitchison, 2008) copper [Cu(I)]-catalysis [3 + 2] to a fluorescent dye-conjugated azide. The 

small sized dye-azide allows for efficient EdU detection under bio-orthogonal conditions. 

However, high doses of EdU cause DNA disruption with consequences on gene expression as 

seen with BrdU (Qu et al., 2011; Ross et al., 2011), whereas low loading causes no detectable 

phenotype changes as evidenced by multiple studies on brain (F. Chehrehasa et al., 2009; C. 
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S. Lin et al., 2012) and other organ development, including our current data on tumour 

development. 

Copper mediated cell toxicity and death - The use of “click chemistry” for tracking DNA 

synthesis in living cells and animals is hampered by the cytotoxic effect of copper at 

concentrations required for catalysing the click reaction (Soares et al., 2003). Reducing the 

concentration and duration of copper exposure whilst providing consistent anatomical and 

molecular data is important. Further reduction of Cu2+ for catalysing the reaction may be 

achieved using copper chelating azides such as picolyl azides, where higher Cu2+ 

concentrations may be achieved at the reaction site (Uttamapinant et al., 2012). Effective 

labelling of target proteins using picolyl azides can be achieved in living cells in culture 

(Uttamapinant et al., 2012). 

The water soluble reducing agent and “biological antioxidant”, β-mercaptoethanol (also 2-

Mercaptoethanol; HOCH2CH2SH) was an integral component in our strategy to reduce the 

detrimental effects of CuSO4 on RNA quality. β-mercaptoethanol has the additional benefit 

of the breakdown of the disulphide bonds of RNase and its inactivation, thereby preventing 

the digestion of RNA. 

Recent data has emerged on the nucleoside analogues F-ara-EdU, and EdC ([2′S]-2′-deoxy-

2′-fluoro-5-ethynyluridine and 5-ethynyl-20-deoxycytidine, respectively) with lesser reported 

cytotoxic properties than either BrdU or EdU (Neef & Luedtke, 2011; Qu et al., 2011). 

Further experimental data on their impact on cell physiology, stability and detectability will 

determine their wider use. Notably, their continued dependence on the copper catalysed click 

reaction, together with the subtle difficulties encountered in the molecular profiling of cells 

post FACS, will impose the need for rigorous protocols for generating reproducible 

experimental outcomes.  

Avoiding copper - Promising experimental approaches using nucleoside analogues, including 

dibenzocylooctyne that can be detected using fluorescence probes in Cu-free conjugation 

reactions (Ning et al., 2008) promise an exciting future for the field, where detailed profiling 

of proliferating cells may be achieved with minimal experimental artefacts.  
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5.4.5 Isolating labelled proliferating cells 

The protocols used for tissue dissociation and FACS sorting in this study were similar to 

those applied previously to study skeletal muscle (Castiglioni et al., 2014; Conboy & Rando, 

2002), skin (A. Li et al., 1998) and brain stem cells (Rietze et al., 2001), where specific cell 

groups or populations were isolated from culture and organs using FACS. Cell dissociation 

was optimized to minimize disruption of the cell membranes as membrane fragility and cell 

lysis during FACS results in the rapid degradation of RNA by RNases.  

5.4.6 Advances and further applications:  

A direct comparison of the cell population undergoing differentiation was compared to their 

non-dividing counterparts, as reported by us previously (B. L. Cavanagh et al., 2011). 

Quantitative comparison of Ki76, a gene mediating cell proliferation; SOX2 a key early 

marker gene of neural stem cells and CD44, a marker gene of glioma; was made with the 

focus on demonstrating the utility of this technique. The collection of good quality RNA 

enabled us to show a massively elevated expression of CD44 in the population of cells that 

underwent division three days prior to sampling, with relatively little change from baseline 

when acutely dividing cells were assayed in a GBM cancer cell line. Elevated CD44 

expression in the tumour core, in more severe tumour types (Wei et al., 2010) and in brain 

metastasis has been demonstrated (Harabin-Slowinska et al., 1998). The expression of this 

adhesion molecule in newly divided cells may be related to the invasiveness of GBM tumours 

as described for primary brain cancers (Kaaijk et al., 1995) and for breast and skin cancers, 

where it is overexpressed. The ability to acutely analyse the gene expression profile of 

dividing cells and to study their gene expression in longitudinal studies will provide unique 

insights into differentiation and maturation related mechanisms in these highly heterogeneous 

cancers. 

The molecular profiling of proliferating cells from tissue sources can be further extended to 

isolate cells dividing at different times by sequential labelling the cells with thymidine 

analogues targeted using different click protocols and azides expressing varied fluorescent 

reporters. In the absence of reporters to recognize tumour cells on resection, vital dyes such 

as gliolan, used in glioma surgery, which target tumour cells may be combined with post-

collection EdU labelling to gain patient-specific data on mechanisms driving tumour 

proliferation. Isolation of specific cells from tissues may also be achieved with EdU and 
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immunofluorescence applied ex-vivo, targeting cell surface molecules in tissue sections with 

laser microdissection used to isolate the cells of interest. 

These advances in tracking DNA synthesis in specific cell types are complemented by 

parallel advances in molecular biology techniques. Increased sensitivity and automation of 

assays and detection technologies has extended our capacity to investigate DNA synthesis 

per-se, and the study of cell replication. The full potential of EdU and related molecules in 

biology and medicine, still largely remain to be elucidated, such as its extension to the human 

genome project and cancer genome atlas.  
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5.5 Conclusion & Summary 

Several fields including developmental, stem cell and cancer biology when studying dividing 

cells have been constrained to the study of protein expression. The ability to study the 

molecular profile of dividing cells was demonstrated. Thus, a direct comparison of a cell 

population undergoing division may be compared to their non-dividing counterparts 

providing data on genes mediating or controlling cell proliferation.  

The ability to isolate all proliferating cells and their differentiated progeny as demonstrated in 

this study will provide a powerful tool for elucidating the regulation of and pathways 

underlying cell proliferation and differentiation. While the ability to isolate and molecularly 

profile dividing cells, both acutely and after a given time period has wide application in 

biomedical science, including immunology, developmental and stem cell biology, and 

research into cancer and neurological disorders. 

  



 

131 

 

 

 

 

 

 

 

 

6 General Discussion 

  



 

132 

The objective of this thesis was to extend and improve our capacity to characterise cell 

proliferation in the nervous system. Towards this, multiple techniques were investigated, on 

whole tissues, whole cell, sub-cellular, organelle and molecular analysis of gene 

transcription.  

Anatomical investigations are central to the neurosciences. As such, the first aim of this study 

was to optimise anatomical investigations with the aim of multiplexing the various techniques 

used for investigating fixed tissues. As the physical properties of the tissue are critical for 

maximising data sourced from all imaging experimentation, all tissue preparation techniques 

were optimised. This included techniques used in the euthanasia of animals, tissue fixation 

and clearing, embedding, sectioning and the subsequent storage of the specimens.  

Of the multiple sectioning protocols available, two protocols namely OCT and PEG 

embedment were refined. Whilst both techniques have been used previously (A. J. Robinson 

et al., 2005; Schulz et al., 2004), further optimisation of the protocols as discussed in Chapter 

3 allowed the derivation of strong data from relatively delicate tissue (Figure 3.1). Following 

modification of the OCT impregnation protocol for tissues such as the olfactory mucosa and 

PEG embedment for the brain and spinal cord, it was possible to generate well permeabilised, 

thick tissue sections with well conserved ultrastructure and good optical characteristics (B 

Cavanagh et al., In submission; Nguyen et al., 2010). These specimens provided strong data 

on the molecular composition, cellular ultrastructure and gross tissue composition. 

Multiplexing cell proliferation markers together with profiling the protein composition of the 

cells and defining sub cellular associations, enables complex data such as the invasion of an 

engrafted human-derived glioma by mouse astrocyte cells, together with quantifying their 

interactions (Figure 6.1).  

Tracking cell division through incorporating unnatural bases into newly synthesised DNA is a 

powerful and widely used tool in biology. Initial difficulties with tritiated thymidine and 

subsequently its halogenated analogues, were overcome using EdU, with EdU labelling being 

compatible with both sectioning protocols used in this study. (B. L. Cavanagh et al., 2011; 

Salic & Mitchison, 2008).  

Both sectioning protocols allow the combination of multiple fluorescence probes (Figure 6.1) 

such as DNA (e.g. DAPI) and oligonucleotide (e.g. mouse microsatellite) probes, 

fluorescence histochemistry probes (e.g. EdU) together with multiple labelling 

immunofluorescence for a range of antigens including structural proteins, neurotransmitters, 
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enzymes and membrane associated proteins in nervous tissues that show good structural 

integrity (Chapters 3 & 4) (Nguyen et al., 2010) . EdU was show to be compatible with the 

existing antibody staining in the brain, brain cancers and olfactory mucosa (Figure 5.2 and 

Figure 5.3) (B Cavanagh et al., In submission; B. Cavanagh et al., 2016; F. Chehrehasa et al., 

2009; Clark et al., in preparation; A Norazit et al., in preparation). This facilitated the 

analysis of cellular and sub-cellular associations and allowed the tracking and accurate 

quantification of multiple cellular phenotypes within spinal tissue, xenografts in the brain and 

in the olfactory mucosa (B. Cavanagh et al., 2016; Endaya et al., 2015; A. Norazit et al., 

2010). Thus, fulfilling the first aim of this thesis to develop qualitative histological 

techniques for the study of cell proliferation in neural tissues. 

EdU was then used to quantify cell genesis in the substantia nigra with the hypothesis that a 

percentage of the proliferating cells would be of a neural phenotype and neurogenesis could 

be quantified. Cell phenotype markers were used to show that age related changes in cell 

genesis occurred in the substantia nigra. The absence of EdU positive cells colocalising with 

mature and immature neuronal markers, stem cell markers, and transcription factors used to 

drive a cell to a dopaminergic fate, elude to an absence of substantia nigra neurogenesis in the 

juvenile and adult under the given experimental conditions. 

Further efforts to visualise neurogenesis was performed using tissue from the olfactory 

mucosa. Using the same multi labelling technique, age related changed in both cell genesis 

and neurogenesis were observed in the olfactory epithelium (Figure 4.7, Figure 4.9 and 

Figure 4.10). Confirming that the technique worked and provided quantitative data with 

minimal tissue due to the simultaneous use of multiple markers.  

A quantification method for obtaining absolute cell numbers was developed, using the 

modified sectioning protocols and multiple labelling. As the olfactory system is difficult to 

process in its entirety due to its fragile nature, the more structurally robust substantia nigra 

was used to obtain accurate unbiased cell number estimates using stereology. 

Stereology can be used to obtain accurate and unbiased estimates of cell number data in 

definable regions, in both the rat and mouse brain (B Cavanagh et al., in preparation; 

Goodison et al., in preparation). This could by extension be combined with EdU to look at 

proliferation and phenotype in a more accurate manner, rather than the simple ratio estimates 

that often do not take into account the three dimensional variation throughout the tissue of 

interest. This concluded the second aim of this thesis. 



 

134 

With the successful characterisation of tissues by phenotype and division state, the final aim 

of this thesis, the development of a technique to gain insight into the mechanisms underlying 

cell proliferation in the nervous system, was developed. As EdU has already proven to be a 

reliable marker for cell division, the next step was to develop a method to isolate these EdU 

containing cells and extract viable RNA. The reproducible harvesting of good quality RNA 

from dividing cells would allow the transcription profile of cells under division to be 

characterised. 

This technique addressed a series of factors critical to the quality of the cellular RNA, 

including firstly, the integrity of the cell membrane. Gentle enzymatic tissue dissociation 

allowed us to maintain this membrane integrity despite the cell being subject to FACS 

sorting.  The temperature of the experimentation was also regulated as RNA degrades faster 

at higher temperatures. Therefore, once the cells were dissociated, the temperature was 

lowered to 4°C until the RNA was extracted, slowing RNA degradation and increasing the 

yield. 

Initially the EdU labelling was optimised for RNA preservation at 4°C by reducing the 

reaction time, amount of copper used in reaction catalysis and doubling the amount of sodium 

ascorbate used in the reaction. The RNA quality was found to vary between experiments and 

therefore required further optimisation (Table 5.2). The addition of β-mercaptoethanol to 

terminate the reaction at exactly 30 minutes from the onset of the labelling reaction, not only 

helped stabilise the RNA but also altering the oxidation state of the copper ions, neutralising 

the reactive ions. This resulted in reproducible yields of high quality RNA (Table 5.3).  

To obtain a pure population of proliferating cells FACS was found to be the optimal isolation 

method. This improves on the alternative, as laser capture microdissection is not suitable for 

processing large volumes of tissue in a timely manner due to its laborious nature and may 

lead to degradation of RNA (R. Jacquet et al., 2005).  

The FACS settings had to be optimised to preserve the cell membrane integrity and the 

unstable RNA inside. This was accomplished by using standard live cell sorting settings in a 

chilled environment. The isolated cells were pelleted, placed in RLT buffer and frozen 

immediately on dry ice, prior to RNA extraction. RNA quality was ascertained using a 

Bioanalyser. Having successfully isolated and extracted the RNA from EdU labelled cells the 

expression of regulatory and cell cycle associated genes were analysed using QT-PCR and 

compared with the non-dividing population. 
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This technique was the final aim of the thesis and was published as a manuscript in 

Neuroscience Methods (B. Cavanagh et al., 2016).  

 

Figure 6.1 The power of multiplexing in a glioma xenograft 

Here, it is seen that the multiple fluorescent antibodies (IF), fluorescence in-situ hybridisation 

(FISH) and fluorescence histochemistry (FH) can be used to characterise a human derived 

tumour that has been transplanted into a mouse. (Scale 30 μm) 

 

Neuroanatomical studies are challenging due to the delicate nature of the tissue, its high lipid 

content, the structure of the cells and the complexity of its chemical composition. The study 

of rare events within this tissue, such as cell proliferation and neurogenesis provided further 

challenges to this investigation. The heterogeneity of the tissue when experimenting on the 

olfactory mucosa added further complexity. However, moving logically through the 

IF : Human Nuclear 

IF : GFAP 

FISH: Mouse Alu Probe 

FH: EdU 
 



 

136 

parameters enabled us to maximise the anatomical data sets with data being derived from 

specimens in 3 dimensions, targeting molecules with vital fluorescence dyes (DAPI), with 

fluorescence antibodies, fluorescence in-situ hybridisation and fluorescence histochemistry 

(Figure 6.1). Notably, these maximised data sets were highly dependent on the major 

advances in probes, imaging and image analysis technology.  

As a major finding in this study, our labelling technology enabled us to extract molecular data 

from dividing cells within the CNS. This novel technology has wide applicability within the 

biomedical fields. 
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6.1 Future Directions 

The results achieved in this project suggest interesting future directions in many fields of the 

biological sciences. 

The histological work looked at a static cell population of cells taken at defined time points. 

The possibility of observing cells in a dynamic manner would mean that they could be 

tracked in real time and their interactions observed under experimental conditions. This might 

be accomplished using organotypic slices and 4D time-lapse imaging. Together with using 

instruments of high sensitivity, and precision, optimising the optical properties of the 

specimens would be important.  

Labelling proliferating cells with DNA probes in living cells, would require a click reaction 

and fluorescent cell labels that were compatible with intact live cells (B. V. Jacquet et al., 

2010; Johnson et al., 2016). It was shown here that the click reaction does not require a 

permeabilised cell membrane but the toxicity of copper would need to be addressed (B. 

Cavanagh et al., 2016; Soares et al., 2003). Assuming a thymidine analogue could be 

fluorescently labelled in the living cell the premise could be expanded to include the in vivo 

realm. Using sensitive in vivo imaging platforms, populations of proliferating cells could be 

monitored in the living animal. 

Alternatively bridging the gap between the histological imaging and the physiological 

dynamics of the cell, is also desirable. Being able to visualise targets identified using 

genome, transcriptome, proteome, glycomic and epigenetic approaches would provide 

temporal and spatial information in the cell. This would require the use of an imaging 

technique similar to super resolution microscopy, as the resolution possible with standard 

confocal (250nm) is insufficient to resolve individual biomolecule interactions, especially in 

thick tissue. Current super resolution techniques can resolve close to 20nm and the rate and 

sensitivity of acquisition possible with some techniques is almost compatible with live cell 

imaging of low temporal resolution (Galbraith & Galbraith, 2011; Huang et al., 2009; Lidke 

& Lidke, 2012; Schermelleh et al., 2010; Spahn et al., 2014).  

Molecular assay of isolated cells has a broad applicability and could be easily combined with 

antibody labelling of surface antigens or transgenic labels. The main areas that could be 

beneficially affected in the current research environment are developmental biology, disease 

models and potentially, personalised cancer therapy. 
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Personalised medicine in the context of cancer could be benefit from the selective nature 

afforded by the possibility to isolate the dividing sub population of cells from a tumour for 

screening. This would aid with target approaches based on not only the often heterogeneous 

tumour mass but also the damaging and invasive transiently amplifying population. 

The ability to isolate and profile dividing cells at defined time points in the developing 

animal would allow an in-depth analysis and comparison of physiological pathways regulated 

by proteins such as transcription factors. Such analysis could also provide insight into the 

molecular machinery that determines cell fate.  
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6.2 General Conclusion 

The techniques developed and adapted in this thesis provide methods of investigating 

proliferative cells in neural tissue. Multiple phenotypic markers can be visualised alongside 

proliferative cells and FISH probes in a single sample, allowing complex interactions and 

relationships to be identified in thick tissue sections. These labelled cells can also be 

quantified to give meaningful data that can be used when comparing between experimental 

models, or treatments. Proliferative cells from neural tissue can be isolated for molecular 

profiling which may provide insight into unique expression differences when compared to the 

non-dividing or heterogeneous cell population. All of these techniques used as a package or 

individually have a wide application in the sciences, including immunology, developmental 

and stem cell biology, and research into cancer and neurological disorders. 
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